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ABSTRACT: Some thermodynamic arguments are applied to polymerizations of biological interest with 
examples chosen from protein assembly reactions and the de novo synthesis of double strand polynucleotides. 
The effect of myosin fragments on the critical concentration of G-actin in its conversion to the F-actin bihelical 
aggregate is examined. For the bifunctional species heavy meromyosin, a maximum depression in this 
concentration is predicted at the midpoint of its binding isotherm and is strongly dependent on the extent 
of freedom of the second binding element following the attachment of the first. The influence of temperature 
and pH on the association of the cyclic trimer of the monomer coat protein of tobacco mosaic virus to yield 
successively a two turn disk or helical section and ultimately helical aggregates is discussed. A transition 
temperature can be defined below which no large helical species can arise. Above this temperature the mean 
size of the helical product depends critically on the ratio of an equilibrium constant for propagation to that 
for nucleation. A similar situation is encountered in the de novo synthesis of complementary homopolymers 
of double strand nucleic acids. The energetics of covalent bond formation are relatively unimportant in 
determining the mean size of the double helical species in equilibrium with monomeric nucleoside triphosphates. 
Only when the synthesis is joined to the catalyzed hydrolysis of the pyrophosphate byproduct does the role 
of “high energy phosphate bonds” become manifest. The utility of coupled most probable distributions in 
describing linear polymerizations in vitro exhibiting cooperative behavior is stressed. 

At the core of contemporary biochemistry and molecular 
biology are the investigations of the mechanisms of syn- 
thesis of macromolecules. These polymerizations are 
broadly speaking of two kinds. One category comprises 
the synthesis of linear polymers, nucleic acids, and proteins 
catalyzed by enzymes with covalent bond formation as the 
dominant concern. The spontaneous association of these 
species to yield assemblages such as nucleoproteins and 
homo- and heteroprotein aggregates constitutes the second 
category. Here secondary forces rather than covalent 
bonds provide the organizing impetus. 

Thermodynamic considerations have received far more 
attention in the latter instance where the notion of self- 
assembly specifically precludes the intervention of en- 
zymes. However, to  the extent that both classes of po- 
lymerization are studied in vitro in closed systems ther- 
modynamic factors cannot be ignored for either process. 

The fundamental concepts of polymer statistics as they 
apply to the synthesis of linear polymers were developed 
beginning four decades ago by Fl~ry.’-~ The invalidity of 
the central assumption-the reactivity of a given functional 
group being independent of chain length-often interferes 
with the utilization of this approach for enzymes inter- 
acting with complex copolymers. Most striking is the chain 
size variability to reaction of even homo-oligomers stands 
in the way of the easy extension of these results to kinetic 
descriptions of enzyme catalyzed polymerization. 

A happier situation prevails with respect to the ther- 
modynamic treatment of these processes. Here the divi- 
sion of the polymerizations or assemblies into a few dis- 
crete sets of species within which single standard free 
energies or equilibrium constants for association obtain 
seems quite secure. It is from the connection between 
these sets that some new and often cooperative features 
for linear polymerization emerge. 

In this article three macromolecular systems are dis- 
cussed. The de novo synthesis of double helical DNA from 
two complementary nucleoside triphosphates comes from 
the first category above. The other two examples involve 
the self-association of a single-coat protein of tobacco 
mosaic virus and the heteroassociation of the muscle 
protein actin with fragments of the second principal muscle 
protein component myosin. These belong to the second 
category. 
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Association of Myosin Fragments with Fibrous 
Actin 

As an initial example of the application of thermody- 
namic considerations to  the formation of biological mac- 
romolecules, we examine the polymerization of the globular 
protein G-actin to yield its bihelical product fibrous or 
F-actin. The latter comprises the thin filaments of muscle. 
Historically, this was the first system of protein aggregation 
to  be analyzed in thermodynamic terms by Oosawa and 
K a ~ a i . ~  The terminology introduced by them fails to em- 
phasize the essential equivalence of their results to  those 
of the most probable distribution of Flory. 

We are here concerned with the possible modification 
of this polymerization by the association of the actin both 
in its monomeric form and more importantly in its bihelical 
fibrous form with two hydrolytic fragments of the other 
principal muscle protein, myosin. The polymerization is 
accompanied by the hydrolysis of an adenosine tri- 
phosphate molecule strongly bound to each G-actin which 
we here ignore as has been the customary practice in an- 
alyzing this pr0cess.43~ 

Part a of Figure 1 depicts the addition of a monomer 
to one end of the growing polymer. We do not here con- 
sider the establishment of a critical nucleus as was done 
by Oosawa and co-workers4t6 and will be discussed below 
in our second example. Consequently, a single equilibrium 
constant Ka suffices to describe the synthesis with a mass 
action expression 

(1) 
This growth or propagation association constant relates 
the equilibrium concentrations of i-mer, [A,], and its 
precursor i - 1-mer, [Ai-1], to that of unreacted monomer, 
[G-A]. An equilibrium probability of chain extension or 
growth can be defined by 

p = [G-A]Ka (2) 
As in all such processes, the condition for obtaining high 
polymers is for p to approach unity.3 

Oosawa and Kasai4 recognized that starting with pure 
monomer a critical initial concentration would exist below 
which high polymers could not be formed. This concen- 
tration was given by 

[Ail /{[Ai-ll [G-AII = Ka 

[G-AIo,~ = 1/Ka (3) 
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terest in the simpler association equilibria of the myosin 
fragments with actin in vitro. 

The analyses of these equilibria have usually relied on 
the simple Langmuir adsorption isotherm for both mo- 
nofunctional and bifunctional species. The author earlier 
pointed out that a bifunctional or two-headed species in 
the muscle parlance will bind in a fashion not describable 
in the same way as a monofunctional element and sug- 
gested an isotherm'O of a type encountered with diatomic 
molecules bound to a linear lattice. A whole class of such 
models had been previously introduced in the context of 
divalent ion association with polymers by Hill." These 
have been most recently applied to  the HMM-actin 
equilibrium by Hill.'* 

If both elements of myosin and HMM are presumed to 
be identical as some studies suggest (though there are 
counter views on this point13) and attachment of one to 
F-actin does not produce a strain on the accommodation 
of the second at  a nearby site (a highly questionable as- 
sumption), any difference in association constants for 
HMM and S-1 can be interpreted in terms of an effective 
local concentration for the second element once the first 
is attached.l0 To be more precise let K, be the association 
constant for S-1 to an actin site in the fibrous form, then 
2(Ks)(K,[ML]) would be the effective equilibrium constant 
for binding an HMM species by both appendages to an 
i so l a t ed  pair of adjoining actin sites. The factor for the 
first appendage is 2K, (chosen in two equivalent ways for 
the bifunctional element) and K,[MJ, where [ML], the 
local concentration defined above, is contributed by the 
second appendage. This condition is encountered in an- 
tibody-antigen association as well.14 

The previous discussion serves as a preamble to con- 
sidering the actin polymerization in the presence of the 
two myosin fragments. We can write the mass action 
expression for the addition of an actin when subfragment 
1 can adsorb to the polymer as 

(4) 

In this equation the superscript prime refers to all the actin 
species with variable amounts of the myosin fragment 
bound. The weighing factors are I'/ = (1 + K8[S-l])i, and 
[S-11 is the concentration of f r ee  subfragment one. 

Under these conditions the critical initial concentration 
of G-actin is given by 

[G-AI,,' = (l/Ka)U'l')(l + KS[S-11)-' (5a) 

If the adsorbate has the same affinity for G-actin as for 
a monomeric element of the fibrous product rl' = (1 + 
K,[S-l]) and the critical concentration is not influenced 
by the presence of the associating subfragment. On the 
other hand, if rather than the picture in part b of Figure 
1 the affinity of [S-1] for the isolated monomer (which has 
bound ATP not ADP) is not significant, rl' = 1 and 

[G-A],,' = ( l /Ka)( l  + K,[S-l])-' (5b) 

and is expected to drop monotonously with the concen- 
tration of adsorbate. Present experimental evidence15 
would favor the former over the latter. The effect of simple 
equilibria of small molecule association on the critical 
concentration has been considered previously by Oosawa 
and Higashi.lG 

The situation with respect to HMM binding as depicted 
in part c can be analyzed in a similar fashion. The iso- 
therm proposed earlier can be developed by arguments 
familiar from the treatment of one-dimensional lattices 
employing a matrix M of statistical weights given by 

[Ai]'/ [Ai-l]'[ G-A] ' = K,( r[/ ri-l'rl') 

--c ... + 0 - ... a) * "  .. . 
Fibrous (actin) i-1 Globular octin Fibrous(octin)i 

octin and myosin 
subfrogment one 

t 

octin and heovy meromyosin 

Figure 1. The  addition of glubular actin monomers (G-actin; 
4.3 X lo4 daltons) to yield duplex fibrous actin (F-actin): (a) in 
the absence of myosin hydrolytic cleavage product; (b) in the 
presence of myosin subfragment 1 (S-1; 1.1 x IO5 daltons); and 
( c )  with heavy meromyosin (HMM; 3.5 X lo5 daltons) both singly 
and doubly attached. 

This condition is essentially one which follows from the 
most probable distribution statistics requirement that p - 1 as [G-A] a t  equilibrium must clearly be less than its 
initial concentration [G-A],. 

However, such a critical or perhaps more appositely a 
threshold concentration must arise in any polymerization 
in which the stoichiometry of reaction is as in part a. This 
phenomenon thus is not confined to polymerizations in 
which cooperative aspects such as nucleation arise. How- 
ever, for most syntheses of macromolecules from low mo- 
lecular weight monomers a critical concentration of say 
M corresponding to a quite favorable equilibrium constant 
for reaction occurs a t  a level far below that of practical 
interest. With protein assembly when the building block 
may have a molecular weight from 100 to loo0 times higher 
than the conventional monomers of synthetic high polymer 
chemistry such a molar concentration corresponds to a 
quite ponderable weight concentration. Moreover, the 
fibrous product of the protein assembly will owing to its 
highly asymmetric structure dramatize its presence above 
the critical concentration by contributing a large increment 
to the solution viscosity. Thus the focus on this property 
for these systems is not surprising. 

The actin monomer when incorporated in the F-actin 
bihelix will associate with the myosin hydrolytic cleavage 
products depicted in parts b and c-the monofunctional 
subfragment one (S-1) and the bifunctional heavy mero- 
myosin (HMM). As indicated in the legend of Figure 1 
the myosin fragments are substantially larger than the 
actin adsorbent. Nonetheless these adsorbates seem ca- 
pable of fully saturating the latter as revealed by among 
other methods electron micro~copy.~ The removal of the 
distal tail portion of myosin makes this process a kind of 
graft copolymerization as opposed to formation of a net- 
work (vide infra). 

The actin conjoining to myosin or its fragments leads 
to an enhancement of the rate of hydrolysis of ATP by 
these species and to contraction when the intact fibrous 
actin and the tail aggregated myosin filaments are laterally 
aligned either in nature in muscle or in artificial prepa- 
r a t i o n ~ . ~ , ~  Consequently, there has been considerable in- 
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1 
M =  (i ; i) (6) 

Here cy = 2K,[HMM], with [HMM] the concentration of 
unbound adsorbate, and /3 = KJML], if the assumptions 
regarding the freedom of access of the second element to 
an actin site are accepted. Otherwise /3 can simply be 
viewed as an experimentally measurable parameter. 

The effect of HMM binding on the critical concentration 
of actin can be readily determined by noting that in the 
limit of high degrees of polymerization I?/, which is a 
partition function for the adsorption process, approaches 
proportionality to  Amai-l where A,,, is the only positive 
nonzero eigenvalue of M. Hence 
[Ai]”/ [ Ai-l] ”[ G-A] ” = K,( rill / l?-l”r 1”) - 
or 

Ka(Amax / r 1”) (7) 

t G-AI 0,: = (1 /Ka) (I””/Amax) ( 8) 

with A,, = ((1 + a) + [ ( l  + a)’ + 4a/3]”*)/2. If a single 
element of the HMM binds to G-actin with the same af- 
finity as to F-actin, then f l”  = 1 + a and 

[G-AIo,,” = (2/Ka){1 + [ l  + (4cyO)/(l + cy)z]1/2)-1 (9a) 

At both low concentration levels of ligand HMM (cy << 
1) and very high levels (a >> l ) ,  the quantity in braces 
in eq 9a approaches with the critical concentration of 
G-actin unaffected by the presence of HMM. The critical 
concentration is not influenced at  such high levels of bi- 
functional ligand where the preponderant mode of binding 
is by one elmlent not two. The critical concentration is 
a mininium where cy = 1 and is given approximately by 

[G-AIo,,” z (1/Ka)(2//31’2) (9b) 

(cy = 1 is the midpoint of the isotherm; the midpoint for 
the approximate isotherm where binding is exclusively by 
both appendages occurs a t  substantially lower concentra- 
tion;1° namely, a = 3/4/3.) This maximum depression of 
the critical concentration occurs a t  a level of ligand where 
the passage from two-appendage binding to single-ap- 
pendage attachment is occurring. 

Most measurements of the relative affinity constants of 
S-1 and HMM for F-actin suggest that the latter is a factor 
of 10-20 times larger than the former.17J8 However, one 
recent report utilizing isotherms taking account of the need 
for neighboring pairs of vacant actin sites for strong 
binding of HMM claims that a factor of the order of 600 
is a p ~ r 0 p r i a t e . l ~  

Without specifying the origin of the enhanced affinity, 
we can define p = K H M ~ / 2 K s  (vide supra). Hence 
K ~ - I ~ M / K ~  = 600 leads to a maximum depression of the 
critical concentration in accordance with eq 9b to a fraction 
of 0.12 of its value in the absence of the bifunctional ad- 
sorbate. This is possibly detectable in light of the precision 
in determining this concentration level. By contrast a 
factor of 10-20 in the two affinities would probably result 
in a diminution of the critical concentration so slight as 
to escape verification. 

Another protein species, the largely cy-helical tropo- 
myosin, occupies seven contiguous sites on association with 
F-actinm and unsurprisingly exhibits no tendency to attach 
to a single G-actin.15 One might anticipate that this protein 
would show a more marked effect in diminishing the 
critical concentration. 

Finally, the phenomenon of “superprecipitation” in- 
volves the interaction of F-actin with filaments of myosin 
self-aggregated through the tail moietiesz1 hydrolytically 
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Figure 2. Some of the aggregated states derived (a) from the 
monomeric coat protein (1.7 X 104 daltons) of tobacco mosaic virus 
(TMV) classified according to increasing size. (b) The cyclic 
species (A-protein) is taken to be the predominant trimeric form. 
(c) The arrows for the two-layer species indicate growth confined 
to lateral accretion of units. (d) The  helical form has lateral 
addition of elements t o  the completed nucleus leading to  axial 
extension of the coat. 

removed in the preparation of the fragments. This process 
though not commonly regarded as an equilibration seems 
to exhibit properties rather like gel formation in poly- 
functional condensation polymerization.22 There is the 
added fillip of ATP hydrolysis seeming to assist the as- 
sociation-dissociation process leading to the development 
of a three-dimensional network. 

Association of the Subunits of Tobacco Mosaic 
Virus Coat Protein 

The association of the protein subunits which provide 
a coat for the infectious RNA of tobacco mosaic virus 
(TMV) is perhaps the most thoroughly studied example 
of a thermodynamically dictated or self-assembly process 
involving biological macrom~lecules.~~ This association will 
take place in the absence of the RNA constituent and is 
endothermic in nature and pH dependent.z4 A great va- 
riety of forms or partial aggregates has been reported of 
which some are tabulated in Figure 2. Without the RNA 
“yardstick” to fix the length of the helical coat, a het- 
erogeneity of sizes of polymeric products of this final type 
is not surprising (part d). 

There have been several treatments of this protein ag- 
gregation which endeavor to account for the multiplicity 
of  specie^.*^-^^ One of these employs the language of 
condensation polymerizationz5 in the form originally in- 
troduced by Flory. We consider here a limited aspect of 
this process utilizing this approach. Some modest modi- 
fications are made for adaptation to a situation where the 
character of the polymerization as well as the nature of the 
polymeric product change markedly with environmental 
variables, e.g., temperature and pH. 

In aqueous solution a t  low temperature the dominant 
form of the subunit is the trimer believed to be cyclic and 
designated the A protein.24 We examine on one hand an 
equilibrium between it and the two-turn disk (part c) (or 
its isomer, the first two turns of the helix) and partial 
aggregates intermediate in size between the two. To this 
is appended an equilibrium involving the final polymeric 
form-helical assemblages of diverse size. From column 
3 of Figure 2 it is apparent that  the assembly viewed in 
this fashion involves a passage of a typical internal mo- 
nomer from two to four and finally to six nearest neigh- 
b o r ~ . ~ ~  It  is an inference from the endothermic nature of 
the polymerization that if all protein contacts are not too 
dissimilar energetically there will be a steady increase in 
the A H  of reaction as one element passes through these 
various forms. 
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equilibrium constants. A temperature (T,) might be ex- 
pected where K, = Kg = K and pn = pg = p with the col- 
lapse of eq 10 to 

(12) 

This form was employed by Lauffer and c o - w ~ r k e r s ~ ~ ~ ~ ~  to 
f i t  the low-temperature and high-temperature polymeri- 
zation data but with different  choices for K. 

Below this crossover or transition temperature where K, 
> Kg, it is the first term in eq 10 which is significant- 
characteristic of the situation where the aggregates are 
primarily in the form indicated in part c of Figure 2. Here 
the approximation represented by eq 11 is reasonably valid 
with the consequence that at low extents of association the 
number average degree of polymerization is given by 

( i )  = (1 - pJ1 = (K,[T]o)'/2 (13) 

(presuming of course that K,[T], > 1 or the critical con- 
centration for nucleation is exceeded). 

At temperatures greater than T,, the second term of eq 
10 is dominant and the aggregates are the helical fragments 
of part d of Figure 2. Now if p g  = 1, pn = K,/Kg C 1 from 
eq 11 and 

( P ) / ( l  - P ) 2  = WTIo 

KDD 

I K~~ 

. - e p G P G  + GTP L- . . .pGpGpG + PP 

' C,C,... + CTP * C,C,Cp... + PP 

Sum for 
in vitro i GTP + i CTP t ' (dGl,  (dCJ, + 2 (1-1) PP 
reaction poly dG poly dC 

Kh 
d )  PP + H 2 0  --e 2 p  

Sum for 
simulated 
in vivo 
ryniherir I GTP + I CTP + 2 11 1)  H 2 0  t IdGI, (dC), t 4 (1.1) P 

Figure 3. The de novo synthesis of poly(deoxyguany1ate). 
poly- (deoxycytidylate), polydG-polydC, formulated in a sequence 
of steps a - c readily amenable to thermodynamic analysis. The 
inclusion of step d with the hydrolysis of the pyrophosphate 
byproduct leads to an effectively irreversible polymerization. The 
relative lengths of the arrows for the forward and reverse reactions 
are intended to  convey the degree of reversibility. 

A consideration of these equilibria produces a conser- 
vation equation for the trimer of total concentration [TIo 
in the forms denoted in parts b, c, and d of Figure 3. 

In eq 10, the probability of combination of cyclic trimers 
to yield species of all sizes defined in part c and the 
equilibrium constant for that process are designated p ,  and 
K,, respectively. The addition of cyclic trimer proceeds 
to the establishment of some critical nucleus of size N. 
Further accretion of trimer occurs with a different prob- 
ability p ,  and equilibrium constant Kg. These parameters 
are related to the free trimer concentration [TI by 

(11) 

which is the same form for the reaction probability as for 
F-actin synthesis from its G-actin monomer. 

Simple mass action considerations suffice to justify the 
description of TMV protein association in terms of geo- 
metric or most probable distributions. However, the 
representation of the process as only two such distribu- 
tions, one cut off a t  an upper size limit and the other 
truncated a t  a lower size limit, is a rather drastic ap- 
proximation. Short shrift is thus given to fragments such 
as a three-turn disk often reported to be present as well 
as different isomeric forms of other large (and smaller) 
aggregatesaZ4 

We persevere with this admittedly incomplete depiction 
because it illustrates some striking features of the ther- 
mally induced polymerization. Also, it facilitates making 
a t  least formally a quantitative connection between the 
effects of temperature and pH on the assembly process. 

From the previous remarks about the increasing mag- 
nitude of AH as the number of contacts grows, we would 
anticipate that AHg > AH, where these enthalpies are 
defined by the van't Hoff relations for the corresponding 

Pn/Kn = Pg/Kg = [TI 

For this state to be attained K,  1 2K, is more than suf- 
ficient. This means that a free energy difference less than 
RT shifts the system from small fragments to large helical 
products. With a value of N = 11 consistent with the entry 
in the last column for part c of Figure 2, a factor of about 
45 multiplies the critical concentration condition in eq 14. 
This corresponds to a number average molecular weight 
of the order of 2.3 X lo6 with K,[T], = 1. 

The dependence of helical size on the ratio of a propa- 
gation to a nucleation equilibrium constant was found by 
Oosawa and Kasai4 in their studies of F-actin formation. 
The striking effect of temperature is attributable to the 
large size of the nucleus here. 

The analysis of the influence of temperature on the 
polymerization alluded to above yielded a value for AH, 
of 30 kcal and for AS, of 126 eu.27 The molecular weight 
studies at higher temperature led to AH,,, = 206 kcal and 
AS?pp = 739 eu.28 From eq 14 we can make the identifi- 
cation that Kapp = (Kg/KJN-'(K,)  so 

AHapp = N(AHg - AI?,) + AH, (154 

AS,,, = N ( M g  - AS,) + AS, (15b) 

With N = 11, then AHg = 46 kcal and AS, = 182 eu. As 
four additional contacts are made for every trimer added 
to the growing helix, the positive enthalpy change per 
newly established contact over that assignable to the 
two-tier disk is (AHg - AH,)/2 = 8 kcal. This is less than 
the 15 kcal value for each contact in the growing nucleus. 

The transition or floor temperature (T,) below which 
only fragments are found is given by 

Tt = (AI?g - s n ) / ( A s g  - As,)  (16) 

which is equal to 286 K or 13 "C.  The rapid onset of 
turbidity with the appearance of large aggregates has been 
qualitatively judged to occur at about 14 OC." 

The transition temperature quoted above applies a t  a 
pH of about 6.5. The formation of helical rods is affected 
by pH so T,  will be dependent on this environmental 
variable. Recalling that the transition temperature is 
defined by a zero free energy difference for addition of 
trimer to the two-layer fragments and the helical or rodlike 
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species, we can employ a Clapeyron-like equation con- 
necting Tt and pH 

dT,/dpH = ( 2 . 3 0 3 ) ( R T , ) ( A n ~ + ) / ( h S ,  - AS,) (17) 

(18) dTt/dpH = (2.303)(RTt2)(An~+)/(AHH, - AH,) 
In equations 17 and 18 AnH+ is the difference in the num- 
ber of protons bound by an element in the two polymeric 
forms. It will depend on pH and the pKs of the proton- 
ation loci. Expressions of this type have been of utility 
in describing conformational changes in nucleic acidsa and 
proteins.30 

The increasing tendency of the subunits of TMV to 
polymerize as the pH is decreased has been attributed 
initially by C a ~ p a r ~ ~  and by to the protonation 
of two carboxyl groups with abnormal pKs in each mo- 
nomer. If these protons are taken up by the two additional 
contacts indicated in the passage from the species in part 
c to those in part d of Figure 2, then AnHt is at a maximum 
equal to four. With the previously quoted value of A S  
- AS,, dT,/dpH - 94 “C. A 0.1 of pH unit drop should 
shif t  t h e  equilibrium about  10 “C lower- 
semiquantitatively in accord with experimental findings.31 
This provides a further parallel with the cooperative 
transconformational changes of biological macromolecules. 

that most probable distributions 
are incompatible with cooperative transformations. For 
the assembly process described here this has led to the 
conclusion that treatments based on such distributions are 
i n a p p r ~ p r i a t e ~ ~  and antinomally to the view that the as- 
sociation of TMV subunits is not cooperative at  least as 
regards the steep rise of aggregate size with t e m p e r a t ~ r e . ~ ~  
However, the geometric progression characterizing these 
distributions is preserved in those coupled processes which 
manifest cooperative behavior as delineated above. Even 
the truncation of two such distributions at a common place 
is not a crucial requirement for their representation of 
cooperative behavior as will be seen in the next section. 
The essential feature is the coexistence of at least two serial 
or parallel equilibria jointly describing the association 
process. 

De Novo Synthesis of Double Helical 
Polynucleotides 

It was stated in the introduction that a thermodynamic 
approach to the spontaneous association of protein ele- 
ments has commended itself for some years. By contrast 
there has been scant examination of enzyme catalyzed 
polymerizations from this standpoint. 

We here review and extend some thermodynamic argu- 
ments for the synthesis of two-strand polyn~cleotides.3~-~~ 
The de novo synthesis of these species with pairs of com- 
plementary nucleoside triphosphates leads to a sequence 
of either (1) regularly alternating pyrimidine-purine bases 
in each strand36 or (2) to two strands one of which is 
composed exclusively of the pyrimidine nucleotide and the 
other of the complementary purine monomeric element.37 
There are several known representatives of both types 
which are the products of DNA polymerase action as well 
as more recently found examples of RNA polymerase ca- 
t a l y s i ~ . ~ ~ , ~ ~  

The mechanism advanced to account for their occur- 
rence rests on the assumption that the enzyme possesses 
an undetectably small amount of an oligonucleotide im- 
purity which serves as a template-primer progenitor of the 
long chains.” This scheme has been rather fully elaborated 
for the first example of this type of polymerization-the 
monotonously alternating poly(dAdT) where an oligomer 
of alternating adenylate (dA)-thymidylate (dT) monomers 

It has been 
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is the required p r e c ~ r s o r . ~ ~  This explanation is more 
difficult to sustaina@ for the homopolymeric paired chains 
such as poly(guany1ic acid).poly(cytidylic acid), polydG- 
polydC, where there perforce would need to be present in 
all enzyme preparations an impurity comprising two ho- 
mooligomers. It is the thermodynamics governing the 
synthesis of this type of product which will be discussed 
here. 

Commencing with deoxyguanosine triphosphate (here 
designated dGTP) and deoxycytidine triphosphate 
(dCTP), the duplex DNA product can be envisioned for 
thermodynamic purposes as arising in three steps. The 
first in part a of Figure 3 involves the synthesis of the two 
homopolymeric chains with the elimination of a pyro- 
phosphate moiety (PP) with each phosphodiester bridge 
formed in the polymer. Part b describes the first contact 
between the two strands which is a bimolecular association 
step. Subsequently in part c the two tenuously hydrogen 
bonded chains “zip up” to yield the final double helix. The 
sum of these three steps comprises the de novo synthesis 
of a bihelix of specified size from the equivalent number 
of monomers. 

Each of these steps makes a different contribution to 
the overall equilibrium. Three separate association pa- 
rameters must be introduced which are fortunately de- 
terminable independently of studies of bihelix synthesis.33 
For step a studies of single strand polyribonucleotide 
synthetic equilibria from nucleoside diphosphates as 
monomers yielding orthophosphate as a byproduct coupled 
with information on the hydrolysis free energies of ATP 
and ADP suffice to define K,,.33 In fact this quantity 
varies with the purine and or pyrimidine base of the mo- 
nomer in ways which can be rationalized by differing ex- 
tents of base stacking in the polymer.42 Such variation can 
here be absorbed in the parameter s which is raised to  the 
power of the number of base pairs formed minus one. This 
quantity and o0 are derivable from studies of the bihelix 
to coil conversion43 as a function of temperature. The 
nucleation association constant uo plays a significant role 
only in the thermal transition of complementary oligo- 
n u c l e o t i d e ~ . ~ ~ , ~ ~  

In the language of polymer statistics reactions a are 
characterized by a growth p r ~ b a b i l i t y ~ ~  p / K , ,  = 
[dGTP]/[PP] = [dCTP]/[PP] [NTP]/[PP] where the 
initial levels of the complementary nucleoside tri- 
phosphates are taken to be the same. (For reactions of this 
stoichiometry there is a critical concentration ratio for 
polymerization if product is initially present but not a 
critical or threshold monomer level.) After the first contact 
illustrated in b, the ensuing stitching up in c involving the 
bihelix stabilization constant s to  the appropriate power 
requires the introduction of a second probability equal to  
p2s. The latter can be construed as applying to the growth 
of the duplex by a nucleotide in each strand further aug- 
mented by the base-pairing affinity. 

Omitting the algebraic details, we can examine the 
equilibrium state in terms of the average size of single 
strands and double strands and the mean size of all species. 
This examination is here confined to the presence of long 
duplex chains where s > 1 which is a necessary condition 
for the helix-coil equilibrium to favor the former.& In this 
instance p2s = 1 and the conventional expressions for the 
number average degrees of polymerization cited above are 
given by 

(19) 

(20) 

( i ) s s  = (1 - p)-1 == (1 - s-W)-l 

( i ) d s  = 2(1 - p2s)-’ = ~ K , , ~ ~ / U ~ [ N T P ] ~ ~ ~ ~ ~  

(i)T = (K,,s”2)/2 (21) 
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with [NTPIo being the initial concentration of each tri- 
phosphate. 

From these relations and reasonable estimates of the 
three parameters a number of simple conclusions emerge. 
First for s = 10 which represents a reasonable degree of 
helix stabilization or a temperature significantly below the 
“melting” temperature of the double helix (s = l), ( i ) =  = 
1.5. That is to say unreacted monomer constitutes the bulk 
of the single strand species present at equilibrium. A larger 
value of s would push ( i ) ,  closer to unity. This is in accord 
with the experimental situation in ~ i t r o . ~ ~ , ~ ’  

(a value derived from some oligo- 
nucleotide association studies43), K ,  = 100 (with a 
provenance outlined above), and an initial concentration 
of monomer = M, we find that (i)& = 2 X lo5 in 
nucleotides corresponding to a molecular weight of 60 X 
lo6 daltons. This is a very high degree of polymerization 
in the world of macromolecules outside of the realm of 
naturally occurring DNAs. The second point about this 
process concerns the nature of the driving force for the 
reaction. The first factor, KPP, in eq 20 refers to the for- 
mation of covalent bonds or more precisely the exchange 
of phosphoanhydride bridges in the monomers for phos- 
phodiester linkages in the product. A variety of lines of 
evidence inter alia the demonstrable reversibility of this 
r e a c t i ~ n ~ ~ ~ ~ ~  suggest that the establishment of such bonds 
is not an overwhelmingly favorable process. This is re- 
flected in the magnitude of the equilibrium constant 
chosen to represent step a. 

Now the second factor in eq 20 can be viewed as the ratio 
of a propagation to an initiation equilibrium constant for 
the development of secondary structure in the product 
duplex. It is the large magnitude of this ratio or more 
specifically the low probability of nucleation of the double 
helix which is responsible for the high value of the calcu- 
lated degree of polymerization. Here the resemblance to 
the cooperative protein association reactions4 is patent. 
This is the second striking feature of this polymerization. 

Lastly, the estimate of the degree of polymerization of 
all species in eq 21 employing the same values for the 
parameters is of the order of 150. The small value of this 
quantity is a consequence of the measurable amount of 
unreacted monomer present a t  equilibrium. The combi- 
nation parameter Kpps1/2 can be regarded as an equilibrium 
constant for the incorporation of one nucleotide at  the 
growing end of the duplex.34 This expression for (i)T 
displays a dependence on the tendency for covalent bond 
formation and not on the nucleation constant which reg- 
ulates the relative number populations of single and double 
strand species. 

A biochemical view of this synthesis has the origin of 
long chain polynucleotide ascribed faute de mieux to the 
participation of “high energy” monomeric  precursor^.^^ 
This bit of conventional wisdom is plainly without foun- 
dation here. The free energy of covalent bond formation 
is not very negative and the presence of macromolecules 
arises from causes like those encountered in cooperative 
protein association reactions. More generally the ap- 
pearance of high molecular weight polynucleotides in vitro 
either of single or double strands whether template di- 
rected or not is always attributable to a limitation on the 
initiation step. These limitations may be provided by the 
presence of an oligonucleotide primer from which all chains 
issue, a kinetically diminished rate of i n i t i a t i ~ n , ~ ~  or a 
thermodynamic inhibition to nucleation as discussed here. 

Molecular weights in the range of tens to hundreds of 
millions of daltons while of the order of viral DNAs are 
still well below those estimated for the nucleic acid com- 
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ponent of chromosomes. More recently developed tech- 
niques for examination of these species where the hazards 
of breakage are mitigated reveal that tens of billions is the 
appropriate scale.50 

In vitro studies of nucleic acid synthesis either of de novo 
duplex formation referred to here or of replication of 
naturally occurring DNAs or RNA transcription of DNA 
invariably are conducted without utilizing the strongest 
driving force available for the process. The byproduct 
pyrophosphate is hydrolyzed to orthophosphate by the 
enzyme inorganic pyrophosphatase in all cells a t  virtually 
all  time^.^'-^^ This reaction is the most irreversible step 
in nucleic acid synthesis as it is in the metabolic pathways 
leading to the formation of many small molecules. An 
appropriate value of the equilibrium constant Kh for step 
d in Figure 3 under reasonable cellular conditions” is about 
lo5. When the polymerization is coupled to the hydrolytic 
action of inorganic pyrophosphatase, the equilibrium 
concentration of the pyrophosphate species falls by a factor 
of approximately 4[NTP],/Kh-a quite small number. 
This is the only place where the biochemical dogma of the 
crucial role of the “high energy phosphate bond” can be 
credibly invoked for nucleic acid synthesis. 

With this reaction coupled to polynucleotide synthesis 
the concentration level of pyrophosphate is depressed to 
immeasurable levels and the polymerization is driven to 
unimaginable (and in fact unattainable) extents. The 
previous equilibrium expressions are altered by the factor 
of Kh/4[NTP], mentioned above to yield 

(23) 

As this factor is of the order of 108-109, it is apparent that 
the new degree of polymerization for double strands is far 
above that corresponding to the DNA in the chromosomes 
of higher cells. While the value of ( i ) s s  cannot be much 
further lowered, the greatly elevated value of ( i )T  reflects 
the virtually complete disappearance of nucleoside tri- 
phosphate into double strand product. 

Studies of these reactions have focused on the enzymes 
responsible for the catalysis of phosphodiester bond for- 
mation and ancillary proteins constituting putative ap- 
paratuses for the process.5557 Consequently the question 
of the relevance of thermodynamic calculations of limiting 
extents of de novo polynucleotide synthesis to the problem 
of nucleic acid replication and transcription in vitro im- 
mediately arises. 

First, inasmuch as the replication (as well as transcrip- 
tion) takes direction from a template but leaves the 
template unaltered beyond acquiring two new comple- 
mentary chains bound to the parental strands, this must 
be viewed as equivalent thermodynamically to the gen- 
eration of paired new chains. Second, while synthesis in 
the cell takes place with a substantial amount of unreacted 
monomer present this does not represent a partial extent 
of reaction in a closed system (as with in vitro studies) but 
rather a replenishment of the triphosphates by oxidative 
metabolism in an effectively open system. 

For these two reasons we have long felt that  the esti- 
mated marginal degrees of polymerization in the absence 
of pyrophosphate hydrolysis should be d i ~ t u r b i n g . ~ ~  Fi- 
nally it should be noted that the polydispersity of chain 
length for in vitro replication of all but the smallest viral 
DNAs may also reflect the onset of a reverse or pyro- 
phosphorolysis reaction. In one case, the polydispersity 
of the template directed replication productm could indeed 
be fitted to a most probable distributioneM This is possibly 
a sign of the effect of pyrophosphorolysis in broadening 
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the size spectrum as well as limiting the attainable extent 
of polymerization. Both of these undesirable consequences 
can be annulled by coupling the synthesis to pyro- 
phosphate removal. 

Conclusion 
The equilibrium states of the polymerizing system dis- 

cussed here are characterized by one or two coexistent most 
probable distributions and thus encompass a wide range 
of macromolecular sizes. This situation sometimes ine- 
luctable €or in vitro studies can provide insights into the 
nature and limitation of the driving forces leading to po- 
lymerization. 

However, the products of such reactions in vivo are 
generally narrowly defined as to size. For the three ex- 
amples taken up here the circumstances conducive to this 
behavior are in some respects rather different. 

For the formation of F-actin a hypothetical initiator 
species from which all polymers could be engendered is 
one requirement. The irreversibility of monomer accretion 
as gauged by the critical concentration is probably suffi- 
cient to ensure the attainment of a Poisson distribution. 
Flory pointed out many years ago that this size distribution 
is so narrow as to be indistinguishable at  high degrees of 
polymerization from the generation of a single discrete 
 specie^.^ 

With regard to TMV protein association, the presence 
of the viral RNA “yardstick” must serve to stabilize the 
aggregation at  a given size. Furthermore, the RNA-protein 
interaction will provide an additional thermodynamic 
thrust to the process. 

For polynucleotide synthesis there is a directing tem- 
plate serving to delimit chain length. Also there is the 
presence of a byproduct removal agent, inorganic pyro- 
phosphatase, whose action serves two purposes. I t  ensures 
that the thermodynamic size ceiling is far beyond that 
dictated by the template. Also, by effectively eliminating 
the reverse reaction it safeguards the system from the size 
dispersion that depolymerization would cause. 
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