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HORST SUND and KLAUS MARKAU 
Fachbereich Biologie, Universitat Konstanz, Konstanz, West Germany 

(Received August 20, 1973) 

Association between biological macromolecules by non-covalent interactions is not only a 
wide-spread phenomenon in nature but also is of invaluable importance for life processes. 
In most cases the association is practically irreversible under experimentally accessible 
conditions, but a few examples are known where a reversible association-dissociation 
equilibrium can be studied. Such studies are of basic importance for the understanding of the 
association mechanisms and thus for the questions concerning the self-organization of 
living material. In addition, association-dissociation equilibria also must be assumed to 
play an important part in the regulative systems of the organisms. Very little data is available 
for the parameters of the micro-environment of the biological macromolecules in the 
different cell compartments, so that in ritr‘o studies of regulative processes under a wide 
variety of solvent conditions are not only of academic interest. In the present review some 
examples of association-dissociation equilibria involving, e.g. ,  chymotrypsin, chymo- 
trypsinogen, glutamate dehydrogenase, hemerythrin, hemocyanins, phosphofructokinase, 
phosphorylase, tobacco mosaic virus protein, are compiled which are among the most 
thoroughly studied and which are considered to be typical representatives of the different 
aspects of this phenomenon. Both regulative and probably non-regulative associations are 
discussed. Closed equilibria serving as models for self-assembly of concrete structures, as well 
as open equilibria showing possibilities of looser but wide-ranging organizations are pre- 
sented. Association between identical subunits is compared to that between different com- 
ponents, especially between proteins and nucleic acids, e.g., tRNA and aminoacyl tRNA 
synthetase, repressor and DNA. The physico-chemical data which are known tip to now are 
presented and the physiological aspects are discussed. 

1 INTRODUCTION: 

One of the most basic principles of Nature is organization. The complex 
molecular organization of the living organisms is based on the association 

t Presented at the Midland Macromolecular Meeting on “Order in Polymer Solutions”, 

For reviews and symposia dealing with the general problems,just outlined in the Intro- 
August 20-24, 1973. 

duction see Refs. 1-12 and also the other papers read during this meeting. 
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252 H .  SUND AND K .  MARKAU 

of different kinds of biopolymers and small molecules, e.g., proteins, nucleic 
acids, carbohydrates, and lipids. The level of organization and the number of 
constituents do not seem to be restricted. On the molecular level the association 
of polypeptide chains or nucleic acid strains yields. biologically active mole- 
cules such as enzymes, respiratory proteins, antibodies, muscle proteins, 
double-stranded DNA, and viruses. Ribosomes, contractile systems, and 
membranes may be considered as supramolecular structures below the level 
of subcellular particles like mitochondria, chloroplasts, and nuclei. The next 
step in the hierarchy of the organization of living matter is the cell which in the 
case of microorganisms exists as a single cell organism, or as assemblies with 
other cells forming higher organisms. 

A characteristic feature of all these organized structures is their stabilization 
mainly by non-covalent bonds. Polypeptide chains, polysaccharides, and the 
single-stranded nucleic acids are real molecules in that all atoms forming these 
molecules are connected by covalent bonds. However, in biology this classical 
concept of molecules has to be extended. For instance, myoglobin and hemo- 
globin are respiratory proteins with similar biological functions. The former 
consists of only one, the latter of four polypeptide chains. According to the 
classical concept of molecules only the myoglobin is a molecule, but there is no 
reason why hemoglobin should not be considered as a molecule too. Only in  
the tetrameric state stabilized by non-covalent bonds it can exhibit its bio- 
logical function. Therefore, in biology, such units which occur in solution 
as homogeneous and biologically active particles are called molecules too, 
even if their constituents are not connected exclusively by covalent but also 
by non-covalent bonds. Analogous examples are single-stranded transfer 
RNA and double-stranded DNA. 

The association of biopolymers into specific ordered structures by self- 
assembly processes is an extension of the principle saying that the sequence of 
amino acid residues in a polypeptide chain, or the sequence of nucleotide 
residues in a nucleic acid is the main determinant of the specific folding of the 
chain into the native conformation instead of forming a random coil. An 
aspect accompanying these processes is the influence of the environmental 
conditions such as ionic strength, pH, and temperature, on the self-assembly 
processes. The interaction of the solvent with the biopolymer is of great 
importance and may therefore be one of the most important means by which 
these processes can be controlled. 

Non-covalent bonds are very important for the phenomenon of life. These 
bonds are stable enough to facilitate the formation of differentiated and 
specific structures. On the other hand they are labile enough to accommodate 
to modified conditions by minor alterations in the microstructure of the mole- 
cules. This leads to the existence of a dynamic state of the ordered structures. 
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ASSOCIATION-DISSOCIATION PHENOMENA 253 

This dynamic behavior allows conformational changes in biopolymers 
needed, e.g. ,  for regulatory processes. 

The investigation of the mechanisms of association reactions provides an 
insight into the dynamic nature of the interactions observed in many biological 
processes. Despite the great progress in understanding the structure and 
function of biopolymers we are still facing many problems which we under- 
stand only partially. This can be demonstrated, for instance, for the growth of 
bacteria flagella and for a cell attacked by a virus. What is the mechanism of the 
elongation process from the biosynthetically produced flagellin to the flagella ? 
How is the limited association of the flagella controlled? Where is the infor- 
mation located, causing that after a cell has been attacked by a virus (e .g . ,  
tobacco mosaic virus) only the viral nucleic acid is introduced into the cell 
whereas the coat protein is cast off? Is this disassembly simply due to the 
interaction of the virus with the cell wall? How will the viral nucleic acid and 
the coat protein assemble to the entire virus after their biosynthesis by the 
host cell? Is there an equilibrium between unassembled and assembled 
components and do the cell conditions favor the assembly, or does the cell give 
a signal for the initiation of the assembly process which then proceeds spon- 
taneously? Such questions have been investigated and partially answered for 
a number of systems. 

Despite the fact of their dynamic nature, most of the mentioned associated 
structures do not show association-dissociation phenomena. The stabilization 
of the associated particles is so strong that the equilibrium lies far on the side 
of the associated particles and, therefore, dissociated particles are practically 
not observed, or observed only after denaturation. This holds, for instance, 
for DNA and many enzyme molecules which are built up from a limited 
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FIGURE 1 Schematic diagram for the change of the secondary and tertiary structure of 
tRNA under the influence of Mg++. Reprinted from Ref. 13, p. 163, by courtesy of Elsevier- 
Excerpta Medica-North-Holland, Associated Scientific Publishers. 
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254 H .  SUND AND K .  MARKAU 

number of polypeptide chains. They show intramolecular association- 
dissociation equilibria only if a change of the environment or the interactions 
with effector molecules occur, causing, for instance, the dissociation of some 
hydrogen bonds of DNA during the replication, or a limited helix-coil transi- 
tion in proteins. (An example for intramolecular equilibrium is presented in 
Figure I . )  
As regards the complete subject of this field, this review deals only with 

those systems which exhibit an association-dissociation equilibrium. Com- 
pared to the “irreversibly” associated systems, these systems are of particular 
advantage because the equilibrium can be influenced by a change of the 
environmental conditions, offering the possibility of the study and the elucida- 
tion of the association process. 

2 ASSOCIATION-DISSOCIATION EQUl LI B RIA 0 F 
POLYMERS? 

2.1 General 

As mentioned in the introduction, in many cases the stabilization of associated 
particles is so strong that the equilibrium lies completely on the side of the 
associated particles and, therefore, dissociated particles practically can not be 
seen. This is the case, e.g., of DNA and many enzymes which can be dis- 
sociated into their constituent nucleic acid strands or polypeptide chains 
only under denaturing conditions. In other cases {he stabilization is weaker 
and, therefore, association-dissociation phenomena can be observed. How- 
ever, there is no sharp delimitation between bolh processes. The general 
nature of the stabilizing forces is always the same but there is a considerable 
difference in the interaction energy. The sedimentation behavior of glutamate 
dehydrogenase (Section 2.2.2) at medium concentrations demonstrates 
directly the association-dissociation equilibrium, whereas in the case of 
hemerythrin (Section 2.2.4) it is detected only at very low protein concen- 
trations. For lactate dehydrogenase composed of four polypeptide chains, 
only hybridization experiments yielding isoenzymes indicate the existence of 
unimers.15 

The interaction between polypeptide chains and subunits may be important 
for control mechanisms. Allosteric proteins (aspartate carbamyl transferase, 
hemoglobin, phosphorylase) can exhibit their allosteric properties only in the 

t For these processes often the terms aggregations or polymerizations are used. These 
terms are incorrect because polymerization denotes a process which links the components 
together by covalent bonds. Aggregation is  used for rather unspecific association observed, 
c’.,~., in colloids. 
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ASSOCIATION-DISSOCIATION PHENOMENA 255 

associated state where the cooperativity between the polypeptide chains is 
possible; in the dissociated state this property is lost. But the associated state is 
not essential in all cases for biological activity. The association of the six 
polypeptide chains to the beef liver glutamate dehydrogenase oligomer seems 
to be essential for its enzymatic activity, but the association to higher associated 
particles observed in some animal enzymes seems to be a by-product of the 
evolution and, at least at the present time, insignificant for its role in 
metabolism. 

Protein-protein interactions were recently reviewed in detail by Frieden.9 
This author gave a detailed list of self-associating systems. Additional proteins 
have been studied : amylase,16 ATPase," casein,18119 enolase,2°s21 esterase,22 
estradiol dehydrogenase,23 flagellar protein,2* ,%galactosidase,25 glyceral- 
dehyde 3-phosphate dehydrogena~e,~6.27 he~okinase,~8-~" insulin,31 lacto- 
g l o b ~ l i n , ~ ~ - ~ 4  malate dehydrogenase,35 phosphatase,36 pyruvate carboxy- 
lase,37 RNA p o l y m e r a ~ e , ~ ~  steroid alcohol ~ulfotransferase,~~ and urea~e.~O 
In the present review only typical examples for association-dissociation 
phenomena will be given. 

Chymotrypsin is an example of an enzyme in which the functional groups 
responsible for the association have been identified. The two limiting cases, 
open and closed equilibrium, will be described by means of hemerythrin and 
glutamate dehydrogenase. The latter is also an example of an enzyme whose 
activity is independent of the state of association, whereas in the case of 
phosphofructokinase the activity of the associated particles is higher than that 
of the unimer. On the contrary, the activity of phosphorylase is higher in the 
dissociated state. The hemocyanins with molecular weights of more than 
ten million belong to the biggest protein molecules that exist. Like other 
viruses, the tobacco mosaic virus is composed of a tremendous number of 
identical polypeptide chains interacting with the viral nucleic acid. Finally, 
the repressor and the aminoacyl tRNA synthetase are examples for the 
specific interaction between dissimilar biopolymers. 

2.2 Protein systems 

2.2. I Chymotrypsin andrhymotrypsinogen Chymotrypsin is an enzyme of the 
molecular weight 25,000 (241 amino acids) which hydrolyzes peptides, amides, 
and esters at bonds involving specifically the carboxyl groups of aromatic 
L-amino ac ids .41~~~ It is formed from chymotrypsinogen by tryptic hydrolysis 
of four peptide bonds yielding the dipeptides Ser(l4)-Arg(l5) and Thr(l4T)- 
Asn( l48), and the three polypeptide chains of chymotrypsin molecule held 
together by disulfide bridge~.41-~3 

In solution a-chymotrypsin exhibits an association-dissociation equili- 
brium. At pH 2.3 it exists in a predominantly unimeric state, at  higher pH a 
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256 H. SUND AND K .  MARKAU 

unimer-dimer equilibrium is developed. Above pH 6 it associates not only 
to dimers, but also to higher associated particles.44~45 

The pH dependence of the equilibrium constant K for the unimer-dimer 
equilibrium was determined by sedimentation equilibrium measurements 
(Figure 2).45 It may be the result of several factors. There are two types of 
charge interactions which could cause the association to increase as the pH is 
decreased : (a) if there were a pair of interacting carboxyl groups, protonation 
of one of them would eliminate the unfavorabli: electrostatic interaction ; 
(b) protonation of a neutral side chain, with the creation of a positive charge, 
could result in a favorable interaction (with respect to association) with a 
negatively charged side chain. There are two types of charge interactions which 
could cause a decrease in association with a decrease in pH: (a) the elimination 
of a favorable cationic-anionic interaction by the protonation of the anionic 
group; (b) the increasing unfavorable long-range electrostatic repulsion 
between the two protein molecules with a net positive charge. 

Y 

c 
-I 

3 4 

PH 

FIGURE 2 The pH dependence of the equilibrium constant for the unimer-dimer 
equilibrium of a-chymotrypsin. Measurements in 0.01 M acetate buffer-0.1 M NaCl at 
25 C. (0) Experimental points; (-) theoretical curve calculated from Eq. ( I ) ;  (- - - - -) 
theoretical curve calculated from Eq. (2). Reprinted from Ref. 45 by courtesy of the 
American Chemical Society. 

Assuming that no conformational changes are involved in the dimerization 
of a-chymotrypsin, the pH dependence was analyzed in terms of interaction 
between ionizable groups fixed in space.45 Since dimerization neither creates 
nor destroys the number of ionizable groups, it may be assumed that the total 
number of groups is constant although their energy of ionization may be 
altered. 
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ASSOCIATION-DISSOCIATION PHENOMENA 257 

The interpretation of the experimental data in terms of the simplest possible 
analysis is based on the assumption that the overwhelming contribution is 
made by direct interaction of a pair of oppositely charged ionized groups.45 
The pH dependence of the equilibrium constant is then given by 

where U H  is the activity of the protons, K1 and Kz are the dissociation constants 
of the groups I and 2 which are involved in the association, and the subscripts 
M and D denote the dissociation constants of these groups in the unimeric 
and in the dimeric state. Figure 2 shows that the experimental data are well 
fitted by the curve calculated from Eq. ( I )  with K1.111 = mol/l, K ~ , D  = 
1.6 x mol/l, K ~ . M  = 2.5 < 

The results further indicate that during dimerization the two groups shift 
their pK’s: one shows a pK of 5.0 in the unimer which is shifted to a pK of 
about 6.2 in the dimer; the other has a pK of 3.6 in the unimer and 2.4 in the 
dimer. This reciprocity confirms the assumption that a cationic group interacts 
directly with an anionic group when the dimer is formed. Considering the pH 
range in which the effect is observed, the groups appear to be most likely a 
terminal or side-chain carboxyl and the imidazole group of a histidine residue. 

The total free energy of association, A A a ,  can be calculated if a special pair 
of ions with the known distance (from X-ray analysis46959) is assumed to be 
responsible for the association. I t  is found that A A a  is given by 

mol/l and K2.u = 4 .: lop3 mol/l. 

where c is the dielectric constant, e the electronic charge in esu, K the Debye- 
Huckel screening parameter, and R the distance between the centres of the two 
ions. Reasonable agreement with the experimental data is obtained with 
R : 4.7 A, the distance between the histidine residue 57 and the C-terminal 
a-carboxyl of the tyrosine residue 146.45 

The agreement obtained in both analyses strongly supports the conclusion 
that the observed pH dependence of the association is almost entirely due to the 
short-range electrostatic interactions between two identical pairs of ionizable 
groups in the enzyme protein, and there is no need to invoke the participation 
of any other specific or nonspecific interaction in the dimerization of a- 
chymot rypsi n. 

From the influence of ionic strength and temperature on the equilibrium 
constant for the unimer-dimer equilibrium of a-chymotrypsin, it was con- 
cluded47 that this reaction is accompanied by the apparent preferential 
binding of salt, a negative change in heat capacity, and a positive entropy 
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258 H. SUND AND K .  MARKAU 

change at low temperatures. Analysis of the thermodynamic data led to the 
conclusion that water leaves the domain of the intermolecular contact region 
when the dimer is formed, and that the released water does not come only 
from the hydrophobic sites but also from the hydration shells of charged 
groups in the contact region. 

Binding studies by light scattering and sedimentation measurements in 
the presence of the competitive inhibitor /3-phenylpropionate show that the 
association of a-chymotrypsin to dimers and trircers does not influence the 
active sitee48 Each associated particle contains the same number of binding 
sites as unimers. In addition to this result a-chymotrypsin which has been 
reversibly acetylated at the active site serine group by p-nitrophenyl acetate 
shows the same association behavior as the unmodified enzyme protein.49 

The analysis of the hydrodynamic properties of chymotrypsinogen by 
sedimentation equilibrium measurements at pH 7.9 and at an ionic strength 
of 0.03 did not lead to a definite answer50 (for the results obtained at pH 9.3 
see Ref. 51). The experimental data can be fitted with the assumption of either 
a unimer-dimer-trimer equilibrium with equilibrium constants of KI  ,2 = 

90.8 ml/g and K1.3 = 84.4 (ml/g)2, or of an indefinite association-dissociation 
equilibrium with the equilibrium constant of 49.58 ml/g identical for all 
steps.50 From the pH-dependence, the influence of ionic strength and D20, 
it was concluded52 that the dominant stabilizing force is electrostatic in 
origin although the hydrophobic interactions also make a significant 
contribution. 

2.2.2 Glutanlate dehydrogenase Glutamate dehydrogenase catalyzes the 
stereospecific reversible oxidation of L-glutamate to 2-oxoglutarate according 
to the equation 

HOOC-CH2-CHz-CH-COOH 4- NAD(P) ' 1- H20+ 
I 

N HZ 
HOOC-CH~-CH~-C-COOH -1 NH4' -1 NAD(P) (3) 

II 
0 3 

Like some other animal glutamate dehydrogeniises, the enzyme from beef 
liver exhibits in solution an associatioil-dissociation equilibrium with sub- 
units which are all enzymatically active. The smallest enzymatically active 
subunit,53-56 the oligomer, has a molecular weight of 336,000, is characterized 
by the sedimentation coefficient s O 2 0 , ~  = 13 S and is composed of six identical 
polypeptide chains (each of 500 amino acids, molecular weight 56,000). 
The sequence of the 500 amino acids has been analyzed.57 
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The association-dissociation equilibrium, directly seen in the sedimentation 
diagram, can be described as an open equilibrium without any limitation 
according to the equation (M indicating the oligomer = unimer) 

with identical equilibrium constants for all steps (Figure 3).s495'3 The decrease 
of the apparent molecular weight at higher protein concentrations is attributed 
to the effect of nonideality as expressed in the first approximation by the 
second virial coefficient 

1 
~- + 2 A 2 ~  (5 )  

1 
~- 

M w , s p p  Mw 

where Mw is the true weight average molecular weight, Az the second virial 
coefficient, and c the protein concentration. At 20°C and pH 7.6 in phosphate 
buffer of ionic strength of 0.115, the equilibrium constant K was found to be 
9.0 x lo5 l/mol, corresponding to the standard free energy change of -7.8 
kcal/mol for each consecutive step in the association reaction, and Az to be 
9 nmol x 1 x g-2.54 From stopped-flow investigations it was concluded that the 
rate of dissociation of the associated particles was very high and that any con- 
formational change must have been completed during the dissociation.54 

The introduction of only one particular value of the virial coefficient for all 
particles is based on the assumption that all glutamate dehydrogenase particles 
have a rodlike shape with a high length-to-diameter ratio. In the region where 
the virial coefficient plays an important role, this assumption is well fulfilled 
(see below). The curve calculated from the equation 

(with M I  being the molecular weight of the unimer) is shown in Figure 3 
(Mw). In the same figure several other curves (Mw,app) are shown which have 
been calculated from Eq. ( 5 )  including the second virial coefficient. The 
curve I1 matches well the experimental data. By means of the mechanism of 
the association-dissociation equilibrium described, the n-mer distribution 
functions for various concentrations can be calculated (Figure 4). From 
these values it can be seen that, even at  medium concentrations, the contri- 
bution of very highly associated particles is important. 
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I 

FIGURE 3 Weight average molecular weight Mw of glutamate dehydrogenase as a 
function of protein concentration [El. Measurements performed in phosphate buffer, 
pH 7.6, at  20°C. Experimental data (+) obtained from light scattering measurements at 
A = 436 nm for [El i 8 mg/ml; for [El > 8 mg/ml the data obtained by extrapolation to 
A+ to. Curves Mw,npl, calculated for an open association-dissociation equilibrium according 
to Eq. (4) with K x = 8.0 (BI), 9.0 (BII) and 10.0 (Blll) I/mol, and A2 = 9.0 nmol x 
I x g-"andwith K x 10 = 9.0I/mol,and A2 = 8.0(AI),Y.O(AIl)and lO.O(AII1) nmol Y 

1 x g2. The dotted curves M ,  calculated with K = 9.0 x 10 I/mol without considering Az.  
In all cases M I  = 307,000. Reprinted from Ref. 54 by courtesy of Springer-Verlag, Inc. 
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FIGURE 4 The n-mer distribution functions of glutamate dehydrogenase for different 
protein concentrations, calculated from an open association-dissociation equilibrium with 
K = 9.0 x lo5 I/mol (phosphate buffer, pH 7.6 at 20C).  The ordinate gives the molar con- 
centration of unimer contained in the corresponding n-mer. The total concentration of 
glutamate dehydrogenase increases from 0.17 mg/ml (the lowest curve) to 6.28 mg/ml (the 
highest curve) with the intermediate concentrations 0.51, 1.17, 2.19, 3.15 and 4.75 mg/ml. 
Reprinted from Ref. 54 by courtesy of Springer-Verlag, Inc. 

X-ray small-angle investigations confirmed the assumption based on 
sedimentation and viscosity data, that in the associated state the glutamate 
dehydrogenase particle has a prolate shape. The cross-section of the associated 
particles is independent of the molecular weight.60 The radius of gyration of the 
cross-section, R4, was found to be 30.3 8, and the molecular weight per unit 
length, M,,, to be 2,340 dalton/A. The molecular dimensions of the oligomer 
have been obtained from the X-ray small-angle measurements in the presence 
of GTP and NADH which cause a complete dissociation of the associated 
particles into the oligomers.61 Comparison of the experimental data with 
theoretical scattering curves (Figure 5) shows that the overall shape of the 
oligomer corresponds to a rounded cylinder with a length-to-diameter ratio of 
1.5, a length of 126 A and a diameter of 84 A. The relatively high value for the 
volume (6.68 x 105 A3) indicates that the oligomer is loosely built, and from 
the height of the side maximum of the scattering curve it must be assumed that 
the oligomer contains larger voids. 

The experimental results show a linear relationship between the length and 
the molecular weight of the particles, indicating that the association must occur 
at the ends of the oligomers. Such ii process excludes side group effects and 
explains why an open association-dissociation equilibrium is found with 
identical equilibrium constants for all steps. In the electron microscope, 
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262 H. SUND AND K. MARKAL; 

the prolate particles can be seen directly.55J32 At the highest protein con- 
centration which could be investigated (50 mglml), the true weight-average 
molecular weight is in the range of eight million (equivalent to 25 oligomers) 
with the length of these particles in the range of 3.000 A. 

0 

-0.5 

-1.0 

G .. ., 
"I - 

-1.5 

- 2 0  

-2.5 

FIGURE 5 Comparison of the experimental scattering curve of the oligomer (dashed line) 
obtained by X-ray small angle measurements with theoretical scattering curves of the 
following triaxial ,bodies: Circular cylinders (full lines) of the diameter-to-length ratio 
I :  1.5. Void volume percentage: curve (1) 0% (full cylinder), curve (2) 4%, curve (3) 9%. 
Ellipsoid of revolution with the axial ratio I : I : 1.5 (dotted line). Reprinted from Ref. 61 
by courtesy of Springer-Veriag, Inc. 

The specific enzymatic activity is independent of the degree of association. 
This was shown by experiments in the presence of' toluene64 which enhanced 
the association considerably, and with isolated oligomers of definite molecular 
weights, which were obtained by crosslinking oligoiners with glutaraldehyde.55 
Moreover, the coenzyme binding capacity is also independent of the state of 
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association.63 From these results it follows that there is no overlapping 
between the association sites and the active sites of the oligomer. A variety of 
effectors (nucleotides, phenanthroline and similar compounds, steroids, 
thyroxin and other halogenophenols, inorganic ions, and even the coenzymes) 
or conditions influence the association-dissociation equilibrium as well as the 
enzymatic properties. 5 3 ~ 6 5  

Although at  a much slower rate, glutamate dehydrogenase also catalyses 
the oxidative deamination of monocarboxylic amino acids. The oxidation of 
alanine has been particularly well studied in connection with the association- 
dissociation equilibrium. It was found that compounds or solvent conditions 
that favored the dissociation simultaneously caused an activation of the alanine 
oxidation and an inhibition of the glutamate oxidation. Therefore, a non- 
associating oligomer, more active for alanine and less active for glutamate, and 
an associating oligomer with opposite kinetic properties have been postu- 
lated.66 But it was established later on that this model was too simple. On the 
one hand, i t  is known that some of the effectors do not influence the activity for 
glutamate or alanine in only one defined sense but exhibit kinetic effects in both 
directions, depending on the substrate and coenzyme levels,G7*68 and, on the 
other hand, solvents are known (e .g . ,  benzene or derivatives which favor 
association,Gg or dioxane which favors dissociation70) which influence the 
association state without any significant kinetic effect. Besides, it can be stated 
that glutamate dehydrogenases with relatively low association tendency (e .g . ,  
the enzyme from rat l i ~ e r ~ l , ~ ~ )  show only small differences in the kinetic 
behavior as compared to the beef enzyme. 

Up to now very little is known about the question how the association state 
is influenced by the effectors. Except for the coenzymes which induce associa- 
tionat least at moderate c o n c e n t r a t i o n s , ~ ~ ~ ~ ~ ~ 7 ~  all effectors which influence the 
association-dissociation equilibrium induce dissociation, and most of them 
need cooperativily with the coenzymes (generally the oxidized form of the 
coenzyme must be combined with substrate analogs to be bound to a sufficient 
extent7"). ADP which has been regarded as an associating effector, only 
protects against some dissociating agents but is ineffective under normal 
conditions. Since substances as different as Znl + and GTP in combination with 
NADH induce the same effects, it may be concluded that primarily a change 
in the coenzyme binding is induced by the effector, and this causes the 
dissociation. 

It is well established that NADH occupies two binding sites73975 per poly- 
peptide chain, and the same can be assumed for NADt, but since NADPH, 
which seems not to bind to the nonactive binding site to a sufficient extent 
under the conditions investigated, exhibits the same dissociation effects as 
NADH it can be concluded that the binding change at  the active site is res- 
ponsible for the dissociation. From stopped flow experiments it has been 
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concluded that the dissociation is complete if three sites in the hexamer are 
occupied by NADH.76 The stopped flow experiments also sh0w7~ that the 
dissociation is slower when the enzyme is preincubaled with NADH indicating 
that upon binding of GTP, NADH is first removed at least partially from its 
original position and moves to another type of binding within the same 
binding site before inducing dissociation. Since these effects are most easily 
explained if also GTP is bound near the active center, and since there is no 
overlapping between the active center and the association sites of the oligo- 
mer5G (indeed the observed negative 3 + 3 interaction in the binding of the 
coenzymes74975 could provoke the assumption that the active centers are near 
the inner contact areas of the oligomer), a conformational change has to be 
held responsible for the dissociation. This is confirmed by experiments with 
I-anilino-8-naphthalene-sulfonate as a fluorescent label77 which show that this 
dye is bound much tighter and to a more hydrophobic area of the enzyme upon 
treatment with GTP and NADH, as compared to the apoenzyme. But this 
conformational change has to take place very fast arid with very low activation 
energy since the dissociationvelocity under the influence of the effectors is much 
higher and less sensitive to temperature than the sp'ontaneous 

A more detailed picture of the association process can be drawn from the 
influence of pH, ionic strength and organic solvents upon the association 
equilibrium but here also, a number of different eficts must be regarded. 

At low ionic strength the association decreases from low to high pH, 
following a typical sigmoidal curve with a pK of' 7 . 5 4  This could indicate 
attractive electrostatic forces at low pH ; but heterologous interactions between 
the oligomers are very unlikely for reasons of symmetry. Thus only dipolar or 
higher polar interactions at the association areas are possible which in totality 
can be attractive because the electric charge pattern at the two association 
areas of the oligomer should be oriented in opposite rotational senses. Besides, 
long-range repulsive forces must exist between the oligomers carrying negative 
net charge (the isoelectric point is below pH 4) which rises with increasing pH. 
At pH 7.6 and still low ionic strength, the ultracentrifuge sedimentation 
pattern shows two peaks79 and the relative area of the oligomer peak increases 
with increasing pH. That leads to the discussion of'a second non-associating 
(obviously active) conformer. The enzyme is protected against this dissociation 
by high ionic strength (probably screening the increasing electrostatic repul- 
sion) and by ADP which seems to stabilize a native conformation. Very high 
pH values cause dissociation into the polypeptide chains with simultaneous 
unfolding and irreversible denaturation. 

The effects of ionic strength and of special salts are also dependent on the pH. 
At high pH the screening effects seem to prevail which protect the enzyme 
against dissociation and superficial unfolding by repulsive forces. There seems 
to exist a special protection by phosphate which probably is more specifically 
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bound to the enzyme and protects the native structure. At  low pH the associa- 
tion decreases with increasing salt concentration.w The screening of attractive 
electrostatic forces partially explains this effect. But since phosphate at the 
same ionic strength shows a much higher dissociating effect than NaC1,8" 
the specific binding of anions such aS phosphate and citrate, but probably 
also to a lower extent chloride, can increase the negative net charge of the 
oligomers and thus the repulsive forces. Therefore, substrate and coenzyme 
which are negatively charged show much higher Michaelis and dissociation 
constants at high phosphate concentration, especially at low pH. Salts like 
KSCN and C104- dissociate the enzyme even at relatively low concentra- 
tions.81 Since they too are strong inhibitors, i t  can be assumed that they are 
bound specifically in the vicinity of the active center. 

Concerning the organic solvents. only benzene and some of its derivatives 
increase the as~ociation.~g In the presence of toluene the equilibrium constant 
for the association-dissociation equilibrium at 20°C in 0.2 M phosphate 
buffer, pH 7, increases from 6.3 i lo5 I/mol to 9 Y lo6 I / rn01 .6~  This leads to 
the hypothesis that aromatic interactions (sandwich compounds) play a 
certain part in the association or in inducing a favorable conformation. A 
number of other organic substances dissociate the enzyme. These are mostly 
molecules which should be able to inhibit hydrophobic interactions (e.g., 
dioxane, polyalcohols, dimethyl s u l f ~ x i d e ~ ~ ~ ~ ~ ~ ~ ~ )  ; thus a significant part of the 
interaction should be hydrophobic. On the other hand, urea shows dissociating 
effects only at relatively high concentrations and some unfolding is indicated 
by denaturation,g4 so that i t  can be concluded that hydrogen bonds are not 
very important for the association and t h a t  urea mainly acts indirectly by 
destroying the tertiary structure of the enzyme. The fact that D20 increases the 
association has been explained by an increase of hydrogen bonds and water 
bridges.85 

More insight should be obtained by the analysis of the temperature depen- 
dence of the association. Unfortunately at low ionic strength where the system 
is sufficiently simple, the temperature range for light scattering measurements 
is very small. The different association curves are presented in Figure 6. 
Comparison of the measurements at 10°C and 20'C shows small temperature 
effects (ca. 5%)  in M /  15 phosphate (pH 7.6) and M / 3 0  phosphate (pH 6.5).72,80 

A t  higher phosphate concentrations a much larger temperature range is 
available and the temperature effects are much more pronounced. Thus a 
preliminary temperature study in M / 5  phosphate at pH 7 86 has shown an 
association maximum at ca. 28°C which was interpreted by assuming that at 
low temperatures entropic (hydrophobic) forces are more important, whereas 
at higher temperatures the energetic (electrostatic, hydrogen, aromatic bonds) 
contribution becomes prevalent. But  such an analysis which separates the 
free enthalpy change, AC, calculated from K into the enthalpy difference, A H ,  
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FIGURE 6 Dependence of the experimentally found weight average molecular weight 
M, of glutamate dehydrogenase on protein concentration [El in various buffer systems at 
10°C. (A) M/30 phosphate buffer, K = 1.8 x loG I/mol, A Z  - =  8 nmol I g 2; (B) M i l 5  phos- 
phate buffer, K = 9.6 x lo5 I/mol, A2 = 8 nmol I g-2; (C) 0.99 M NaCI-M/30 phosphate 
buffer, K = 8 Y lo5 l/mol, As = 8 nmol I g-s; (D) S vol % dinxane-M/l5 phosphate buffer, 
K -= 6.3 x lo5 l/mol, AZ = 8 nmol I g-*; (E) 2 Methylene glycol-M/lS phosphate buffer, 
K =- 2.4 x lo5 l/mol, Az = 9 nmol I g-z; (F) 0.5 M phosphate buffer, K ~= I . S  x: lo5 I/mol, 
As = 9 nniol I g-'. The pH is always 6.5 with the exception of (B)  where pH 2 7.6. Reprinted 
from Ref. 80 by courtesy of Springer-Verlag, Inc. 

and the entropic part, T A S ,  gives unambiguous results only for a true two- 
component system. If this is not so as in the case of the association equilibrium 
of the glutamate dehydrogenase at higher buffer concentrations, a large 
number of measurements at variable solvent conditions would be needed to 
isolate the different temperature-dependent solvent effects. 

As a first contribution, some studies were made at constant pH and different 
salt concentrations and with addition of glycol and dioxane. In M / 3 0  phos- 
phate a much higher association constant (1.8 7 I OG Ijmol) is observed than 
under the other conditions. Also in this case maxima of K are observed 
(Figure 7); AC, however, shows monotonous trends (Figure 8). A character- 
istic difference between solutions with high salt concentrations and those con- 
taining organic solvents is observed. In the former case -AC increases with 
increasing temperature, whereas in the latter case i t  decreases. In all cases 
A H  and AS decrease with growing temperature, but in the presence of organic 
solvents the reaction is energy driven whereas in the presence of salts the 
association enthalpy seems to be positive. These findings are comprehensible 
if it is assumed that there is a positive electrostatic interaction between the 
oligomers which is screened by salts, whereas the relatively long-range net 
charge effects are partially retained. A preferential binding of the anions near 
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FIGURE 7 Dependence of the association constant for glutamate dehydrogenase on 
temperature in various buffer systems at pH 6.5. (A) 0.99 M NaCI-M/30 phosphate buffer; 
(m)  5 vol % dioxane-M/lS phosphate buffer; (V) 0.5 M phosphate buffer; ( 0 )  2 Methylene 
glycol-M/15 phosphate buffer. Reprinted from Ref. 80 by courtesy of Springer-Verlag, 
I nc. 

the positively charged centers by specific interactions, which could be stronger 
with phosphate than with chloride ions, could even increase the net charge 
effects. 

With increasing temperature the salts could dissociate from the protein and 
therefore the association should increase. On the other hand, organic solvents 
should not change the electrostatic forces to a great extent but they should 
bind to hydrophobic areas of the enzyme with their more hydrophilic parts 
outside, thus preventing hydrophobic association. In this case the association 
should be energy driven and since these agents should bind by hydrophobic 
interactions to the enzyme more tightly at higher temperatures, the increase of 
the dissociation with increasing temperature is obvious. The relatively high 
values of the specific refractive increment h / d c  i n  high concentrations of 
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FIGURE 8 Dependence of thermodynamic parameters for the association-dissociation 
equilibrium of glutamate dehydrogenase on temperature in various buffer systems at pH 6.5. 
The symbols have the same meaning as in Figure 7. Reprinted from Ref 80 by courtesy of 
Springer-Verlag, Inc. 

phosphate and organic solvents also indicate preferential binding. In the 
presence of phosphate, the dn/& values decrease with growing dialysis tem- 
perature, whereas with glycol an inverse temperature effect is observed. The 
explanation of the decreasing enthalpy is more difficult but it must be kept in 
mind that on the one hand, conformational changes of the enzyme are very 
likely (as indicated by ORD measurement)*7 and on the other hand, all 
interaction energies between the solvent components make contributions to the 
thermodynamic values. Higher concentrations of organic solvents lead to 
complete dissociation so that temperature effects are inaccessible in this 
way. 

In addition to the bovine liver enzyme a number of other enzymes are 
known to associate in a similar way. For the enzyme from pig liver it  has been 
found that a perfect mixed association must occur.8;' 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
4
:
0
5
 
2
3
 
J
a
n
u
a
r
y
 
2
0
1
1



ASSOCIATION-DISSOCIATION PHENOMENA 269 

Contrary to previous results,71 rat liver glutamate dehydrogenase was 
found to  associate under conditions favorable for the association (low pH 
and ionic strength, addition of benzene).88 Under less favorable conditions 
(pH 7.6, M j l 5  phosphate, l 0 T )  an association constant of I .3 x lo4 I/mol has 
been estimated from light scattering measurements.72 Light scattering data for 
mixtures of both enzymes subjected to  an iterative computer procedure (which 
calculates the association using three different association constants) show that 
there exists a mixed association between the rat and the bovine enzymes with 
the mixed association constant of 2 x 105 I/mol, not very far from the geo- 
metric mean value of the constants for the pure enzymes72 (Figure 9). Thus i n  

2 1 4 6 B 10 

[Ellrng/4n/mll 

FIGURE 9 Mixed association between glutamate dehydrogenase from beef and rat liver 
as indicated by light scattering in 0.067 M phosphate buffer at pH 7.6 and IO’C. Curves A 
and B represent the concentration dependence of the weight average molecular weight for 
pure bovine and rat enzyme, calculated from the association constants Kbt, = 9.6 x lo5 I/mol 
and K,, : I .3 x lo4 I/mol for the beef and the rat enzymes respectively, which are determined 
in separate experiments. In all measured mixtures of the two enzymes (0 )  of the total con- 
centration [E l ,  the rat enzymeconcentration is constant, [E l ,  = 2.2 mg/ml. Calculated curves: 
(-.-.-.)mixed association neglected; (-) the best fit to the experimental data using the 
constant Kbr = 2 x lo5 l/mol for mixed association. Reprinted from Ref. 72 by courtesy of 
Springer-Verlag, Inc. 

principle the mechanism of association is the same for both enzymes. This 
finding has been supported by ultracentrifuge measurements which show that 
the unimer schlieren peak in a mixture of both enzymes becomes smaller with 
increasing bovine enzyme concentration, compared to  the unimer content of 
the pure rat enzyme (Figure lo), and that the average molecular weight of 
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FIGURE 10 Mixed association between glutamate dehydrogenase from beef and rat liver 
as indicated by sedimentation analysis. Experimental conditions and the concentration scale 
the same as in Figure 9, but at  20°C. Ordinate indicates the area under the symmetrized 13 S 
schlieren peak of the mixture relative to that of the pure rat liver enzyme. Curves are calcu- 
lated with K b b  = 9.0 A lo5 I/mol (from light scattering data at 20 'C), Krr = I . 3  x lo4 I/mol, 
and (-. - . - .) K b r  = 2 x lo5 I/mol (from light scattering data at 10°C); (-) K b r  = I .5 X 
lo5 I/mol (the best fit to the sedimentation data at  20°C); (-- --) K b r  = 0 (mixed association 
neglected). Reprinted from Ref. 72 by courtesy of Springer-Verlag, Inc. 

higher associates of the bovine enzyme decreases in the presence of the rat 
enzyme, indicating a chain termination effect of' the less associating rat 
oligomer (Figure 1 I ) .  

2.2.3 Hemerytkriti Hemerythrin is the oxygen-carrying protein of sipunuclid 
worms, some brachiopods, and a few annelids. Almost all investigations 
have been carried out with the hemerythrin from Golfingia gouldii which 
contains non-heme iron, two ions per polypeptide chain of a molecular weight 
of 13,500.89 The sequence of the 113 amino acids has been determined.90 
The sedimentation analysis at protein concentrations in the milligram range 
shows only one symmetrical peak with a sedimentation coefficient of 7 S and a 
molecular weight of 107,000. Under the influence of denaturing agents91 or 
organic  mercurial^,^^ the protein dissociates into eight polypeptide chains. 

Of particular interest is the all-or-none nature of the reaction with mer- 
curials. Merely the unimeric or the octameric forms are seen and no inter- 
mediates between these two e~tremes.9~ One possible explanation for this 
all-or-none process is that the octamer is in equilibrium with a very small 
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FIGURE 1 1  The sedimentation coefficients of beef liver glutamate dehydrogenase and of 
its fast sedimenting (multimer) peak in its mixture with the rat enzyme as a function of the 
concentration [El of the beef enzyme. (0) Pure beef glutamate dehydrogenase; ( A )  the fast 
peak of glutamate dehydrogenase in the mixture with a constant concentration of 2.19 nig/rnl 
of the rat enzyme.The curves are theoretical fits obtained as Snpp = sw - k [ E ] ,  where sw is the 
weight average sedimentation coefficient calculated with the association constants of Figure 
10. The szo value of the unimer was assumed to be 12.3 S and the frictional coefficients were 
calculated for prolate ellipsoids with an axial ratio of 1.5 (126/84). The empirical constant 
k = 0.7 S rnl/mg contains the influence of the second virial coefficient and particularly the 
intrinsic viscosity corrections. From Ref. 72. 

amount of unimer and that some of the unimer has a -SH group in a condition 
more accessible to mercaptan-blocking reagents. Then the mercurials would 
react almost exclusively with the unimeric form removing it thus from the 
equilibrium. 

If this explanation is correct, i t  should be possible to demonstrate the 
existence of the unimer even though its concentration might be extremely small. 
Hybridization experiments between native and succinylated octamers estab- 
lished the existence of unimer and its presence at the equilibrium.sg The 
quantitative analysis of the association-dissociation equilibrium by spectro- 
scopic measurements of complexes between hernerythrin and small ligands 
and by sedimentation equilibrium measurements in the presence of azide ions 
resulted in the conclusion that a closed association-dissociation equilibrium 
exists between unimers and octamers without intermediates such as dimers or 
tetramers in significant quantities, as described by the equation 

The value of 1038 (l/mol)7 was found for K1.8 by spectroscopic analysis89 and 
3.4 x 1036 (l/mol)7 from sedimentation equilibrium (Figure 12),93 corres- 
ponding to a standard free energy change of = 6 kcal/mol for the formation of 
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1.0 2.0 3 0  4 0  
CONCENTRATION ( m g / m l )  

FICL!RE 12 Weight average molecular weight of methemerythrin-N3 as a function of 
protein concentration. Data obtained from sedimentation equilibrium measurements at pH 7 
and 5'C. The curve has been calculated with K l . 8  = 3.4 ,/ lo3'; ( l / m ~ l ) ~ .  Reprinted from 
Ref. 93 by courtesy of the American Chemical Society. 

one mole of unimer from the octamer.93 Since only the final octamers are 
detectable and no intermediates, the association process must be highly 
cooperative. Based on these results, hemerythrin behaves differently from the 
mammalian oxygen-carrying protein, hemoglobin. This is composed of four 
polypeptide chains, two u chains and two j? chains. Especially oxyhemo- 
globin easily dissociates into uj? dimer~."*~5 

2.2.4 Hernocyanins Hemocyanins are the oxygen carriers for a wide variety 
of invertebrates. These proteins appear to have little in common with the 
other respiratory proteins.96 Instead of iron they contain copper, which 
accounts for their typical blue color, and they do not have porphyrins. The 
binding capacity for oxygen is one molecule of oxygen per two copper ions. 
The hemocyanins exist in the hemolymph rather than in blood cells, as giant 
molecules with molecular weights up to ten million. The biological function 
of their high degree of association might be that hereby a high concentration 
of oxygen carrier capacity can be achieved whereas the osmotic pressure 
remains low. 

Hemocyanins were among the first proteins investigated by Svedberg and 
his coworkersY7~9* in their pioneering ultracentrifuge studies. They are re- 
markable because of the variety of subunit arrangements they can form. 
Dependent on the solution conditions (pH, ionic strength, salts, temperature), 
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a given hemocyanin can exist in a number of discrete states of association, 
generally three or four (Figure 13 and Table 1 ) .  These discrete states are 
homogenous or very nearly so. It  is evident that under some conditions only 

120 
I 
I 1 

PH 

I I 1  1 I I 
2 4 6 8 1 0 1  

FIGURE 13 The pH-stability diagrams for hemocyanins of different species. Abscissae 
in the diagrams-pH; ordinates-szo in S. The dotted lines indicate the positions of the 
isoelectric points. Hemocyanins from Helix poniufiu (A), Helix arl~ustrorum (B), Helix 
rienioralis (C), and Helix horterisis (D). Reprinted from Ref. 97 by courtesy of the Marine 
Biological Laboratory. 
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TABLE I 
Molecular weights of hemocyanin components" JJ 

Source of hemocyanin 
~~~~ 

Arthropoda 60 S 
. ~ _ _ _ _ _ _ ~  

Crustacea 
Cancer magistet - 

Eriphia spinifrons 
Homarus americanus - 
Jasus lalandii - 

Merostomata 
Limuluspolyphemw 33 (SE) 

~~~~~~ ~ 

Mollusca 
~ 

Gastropoda 
Helix pomatia 
Helix pomatia ( n )  
Helix pomatia (b) 
Paludina vivaparir 
Pita leopoldvillensis 

Loligo pealei 
Omnatostraphes 

Cephalopoda 

sloanii pacificits 

100 s 
~ . ~~ 

89 (SD) 
87 (SD) 
90 (SD) 
87 (SD) 
87 (SD) 

~ 

- 

Molecular weight, M x 10 J 

24 S 

9.4 (SE) 
9.5 (SD) 
9.5 (LS) 
8.3 (SD) 
- 

-. 

~~ 

20 s 
~~~ ~~ 

10.0 (SD) 
9.9 (SD) 
8.9 (SD) 

1 I .O (SD) 
- 

7.7 (SE) 

6.1 (SD) 

I6 S 

4.7 (SE) 
~ 

4.5 (LS) 

4 .6  (A) 
4.5 (LS) 

~ 

- 

~~ ~ 

11 s 
- 

- 

- 

- 
- 
- 

3.9 (SE) 

- 

5 s  

0.78 (SE) 

0.80 (LS) 

0.88 (A) 

- 

- 

- 

0.65 (SE) 
0.80 (SD) 

~ 

~~ 

The expressions in parentheses following each number indicate the method of meastire- 
ment: SE-sedimentation equilibrium; SD-sedimentation plus diffusion; LS-light 
scattering; A-Archibald method. 

b From van Holde and van Bruggen.O0 Reprinted by courtesy of M .  Dekker, Inc. 

one component is present. Furthermore, the changes with pH are very abrupt 
and the pH dependent dissociation is generally reversible. 

Within the two classes of hemocyanins, arthropod and molluscan, a remark- 
able uniformity in the sedimentation coefficients is observed. From Table I i t  is 
evident that there exists a limited number of size classes for the hemocyanins of 
each phylum.gB 

In the arthropod hemolymph the 25 S and 16 S components are the principal 
constituents. At high pH or in the presence of denaturing agents, the 16 S 
component dissociates into the 5 S components. l h e  latter do not generally 
appear to be homogenous but correspond roughly to one-sixth of the 16 S 
comp0nent.9~*~9 For instance, in the case of the hemocyanin from Cancer 
mugister two polypeptide chains of molecular weight 76,000 and 83,000 are 
present in about equal q u a n t i t i e ~ . ~ ~  The 25 S component, on the other hand, is 
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formed by two 16 S particles and, therefore, represents a dodecamer with 
respect to the 5 S component. 

The detailed studies of the subunit interaction in the hemocyanin from the 
lobster Homarus americanus by ultracentrifuge and temperature-jump 
methods have shown100J01 that the equilibrium between the 17 S (M, mole- 
cular weight 460,000) and the 25 S component (D, molecular weight 940,000) 
is a rapid and reversible unimer-dimer equilibrium. The equilibrium constant 
for this dimerization depends very much on pH and the presence of Ca++.The 
stoichiometry of the general reaction according to the equation 

2 M  + n C a + +  + m H ’ + D  (7) 
reveals that 5 i- I Ca + - I  ions and three protons are taken up upon formation 
of the dimer, and that the calcium ions and the protons must be regarded as 
reacting species. According to the general equation with n = 5 and m = 3, the 
equilibrium constant K M , D  is 2.48 i I O 4 l  (mol/l)-g, where 

The molluscan hemocyanins appear to be built on an entirely different plan 
of subunit architecture, compared to the arthropod hemocyanins. Again as in 
the case of the arthropod hemocyanins, the various states of association of the 
molluscan hemocyanins appear to be molecularly homogenous. The smallest 
unit has a sedimentation coefficient of about 11 S and a molecular weight of 
about 400,000. It dimerizes to a 20 S component which then forms decamers 
and eicosamers with molecular weights of about four and eight to  nine million 
(Table I). The latter two components predominate in the hemolymph of most 
molluscs. Still larger associated particles have been observed. For instance, 
there is some evidence for 155 S and 175 S components in Busycon cana- 
liculatum. These probably represent trimers and tetramers of the 60 S 
hemocyanins.96 

The molecular weight of the polypeptide chain of the hemocyanins from 
Murex trunculusl02 and Helix pomatia1°3 are as high as 220,000 and 265,000, 
respectively. The three-dimensional image reconstruction from electron 
micrographs shows that gastropod hemocyanins consist of three distinct 
parts: the outer wall, the collar, and the cap.104 The outer wall consists of 120 
structural units of a molecular weight of 50,000. This result together with the 
molecular weight of the polypeptide chain indicates that these structural units 
are partly covalently linked together. Since the hemocyanin molecules bind 
one oxygen molecule per 50,000 daltons it has to be assumed that these poly- 
peptide chains have five active sites.102y103 

In general, the larger associated particles of both the molluscan and arth- 
ropod hemocyanins are stable near neutral pH, whereas at low or high pH the 
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dissociation occurs. The transitions with changing the pH are exceedingly 
abrupt and not fully understood. While in many cases such transitions are 
reversible they do not appear to depend on the protein concentration in the 
expected manner. For instance, the equilibrium between the 20 S and 60 S 
components of the Helixpomatia hemocyanin simply does not behave accord- 
ing to the mass action law. It has been suggested'""10G that these results may be 
explained on the basis of microheterogeneity. ln  an apparently homo- 
geneous protein a number of isomers may exist, each with a different and very 
sharp pH transition region. At any given pH, each component would be either 
fully associated or dissociated. 

The association-dissociation equilibrium of hernocyanins is in many cases 
affected by the presence of divalent cations or by a high ionic strength."q107 
These equilibria may also be linked to the oxygenation of the protein. For 
instance, Figure 14 shows that in the case of the hemocyanin from Loligo 

Ye O X Y G E N A T I O N  

FIGURE 14 The effect of oxygenation upon the component equilibria of the hemo- 
cyanin from Loligo penlei. The equilibrium involves a 59 S component which dissociates into 
19 S and 1 1  S subunits. The percentage of 59 S component is shown as a function of the 
relative oxygenation in the pH range 6.4-9.0. (From Ref. 108.) 

pealei both the deoxygenated and the wholly oxygmated protein exist mainly 
in the 60 S form, whereas partially oxygenated molecules dissociate into 
smaller particles.]"* 

From all the experimental data available it is obvious that the effects of pH, 
oxygenation, ionic strengths and cations on the association-dissociation 
equilibria of hernocyanins are very complex, with some of the details still 
obscure. Much more research is required before the whole pattern can be 
understood. 

2.2.5 Phosphofructokinase Phosphofructokinase catalyzes the ATP depen- 
dent phosphorylation of fructose-6-phosphate and plays an important 
regulatory part in the energy metabolism. 
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Highly purified and crystalline preparations of rabbit muscle phospho- 
fructokinase show a complex sedimentation pattern.109v11n At medium protein 
concentrations the sedimentation diagram reveals three components (szo.wo = 

14 S, 21 S, and 31 S) which are incompletely separated from each other; 
therefore, the exact sedimentation coefficients are still uncertain. At very low 
protein concentrations, a single peak of phosphofructokinase activity was 
observed in sucrose density gradients corresponding to a sedimentation 
coefficient of about 12 S.l10 

In the presence of denaturing agents, at low pH values or  a t  low enzyme 
concentrations phosphofructokinase is rapidly inactivated. In  2 M urea at  pH 
5.8, i.e., conditions which lead to complete inactivation of the enzyme, an 
almost homogenous 7 S component with a molecular weight of 192,000 was 
reported."' Furthsr degradation of the enzyme was obtained in the presence 
of stronger denaturing agents. A molecular weight of 93,000 was determined by 
the Archibald method in the presence of 4 m M  sodium dodecylsulfate a t  pH 
11-12. This particle seemed to be identical in size to the smallest symmetrical 
subunit, the uninier (molecular weight about 90,000), of the enzyme because 
phosphofructokinase binds one molecule of fructose-6-phosphate and of 
several allosteric effectors, and three molecules of ATP per 90,000 da1 t0ns . l~~  
Moreover, one single highly reactive cysteine and one tryptophan residue could 
be titrated per 92,000 daltons.l14-11fj These findings suggested that the 7 S 
component consisted of two unimers and that two 7 S components contri- 
buted to one 14 S component (molecular weight about 400,000, tetramer).ln9 
The unimers themselves seemed to be composed of four polypeptide chains.l13 
Contrary to these results, molecular weights as low as 75,000 have been reported 
for the unimer suggesting that it is composed of three polypeptide chains 
only.l17*l18 A subunit structure with two polypeptide chains is indicated by the 
reported molecular weight of 44,000 for the polypeptide chain.119 

Isolated unimers d o  not exist in the absence of strongly denaturing agents. 
However, a reversible transition between inactive dimers and active tetramers 
must be taken into account which seems to be accompanied by protonization 
of the pr0tein.l14*1183~~" 

As pointed out above, components with sedimentation coefficients greater 
than 14 S were also observed, indicating further association of the enzyme. 
The experimental characterization of these forms is complicated by the low 
stability of the enzyme at  physiologically relevant pH values in the absence of 
substrate or  fructose-I ,6-diphosphate. 

Molecular weights of 750,000 and 1.5 million were attributed to the 21 and 
31 S components and, therefore, they were assumed to  be composed of four 
molecules of the 14 S component.l12 The sedimentation constant of the fastest 
peak increases with increasing enzyme concentration and thus contains even 
higher associated particIes.12n A complicated scheme of association including 
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different types of 14 S components and different association velocities has been 
proposed.120 

An increase in the z-average molecular weight of the enzyme with increasing 
protein concentrations was also observed in sedimentation equilibrium 
experiments, following a sigmoidal function.117 Preferential closed association 
of six tetramers has been postulated to account for this behavior. 

It is of interest that at physiological pH values, not only the activity under 
optimum substrate conditions (extrapolated to infinite fructose-6-phosphate 
concentration) but also the concentration of fructor;e-6-phosphate required for 
apparent half-saturation is a function of the enzyme concentration.12' A 
similar phenomenon was reported for bovine hearit phosphofructokinase.122 

The change in the catalytic activity measured under optimal substrate 
conditions (Figure 1 3 ,  is best explained by the dissociation of the active enzyme 

FIGURE 15 Dependence of the catalytic activity v / v , ,  ILx of phosphofructokinase on 
enzyme concentration. The curves were calculated as the best fits to the experimental data 
for three association models: (A) 2 M2 + M4 and 6 M4 + M24, with KZ,4 9 .( los limo1 
and K4.24 = 9 K 10-z9 (l/m01)~; (B) 2 M2 F.' M4 and Mgn i M4 ;=? M ~ ( " , I ) ,  with Kz.4 
7 x lo5 I/mol and K4n,4(nb1,  = KZ,4; (C) 2 Mz + M4 with K2,4 ~ I > loe l/mol. (From 
Ref. 121 .) 

into inactive dimers at  low protein concentrations.. But a simple dissociation 
ofthe active tetramer into inactive dimers would not be fullyconsistent with the 
experimental data. The further increase of the specific activity at high enzyme 
concentrations is well matched when particles with higher molecular weights 
and higher activities than the tetramer are assumed to be present at the con- 
centration-dependent association-dissociation equilibrium. However, the 
experimental data do not allow to make a decision between an open 
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association-dissociation equilibrium and a closed association of six tetramers 
(Figure 15). 

The problem concerning the change in the apparent affinity for the sub- 
strate-6-phosphate is more complicated. It must be noted that the increased 
requirement for fructose-6-phosphate does not necessarily imply a reduced 
affinity of the enzyme for this substrate. This behavior may also be due to an 
increase of the ATP inhibition at low enzyme concentrations since this in- 
hibition is known to influence the slope of the activity versuS fructose-6- 
phosphate concentration plot, but not the extrapolated activity for infinite 
concentration of this substrate. Sufficient experimental data of substrate 
binding at various enzyme concentrations are not available to answer this 
question. An indirect method was employed using the enhancement of the 
fluorescence of 2(N-methyl-anilino)-6-naphthalene-sulfonate by phospho- 
f ructokina~e.1~~ The fluorescence enhancement is reduced at increasing con- 
centrations of fructose-6-phosphate (Figure 16). The half-points of the plots of 

5 
Frnax -Frnin 

101 

fluorescence decrease versus fructose-6-phosphate concentration change with 
the enzyme concentration, suggesting a higher affinity of the enzyme for its 
substrate in the associated state. The kinetic data thus suggest an influence of 
the association state on the regulatory function of the enzyme. 

Sedimentation velocity experiments do not clearly favour any of the two 
association models discussed above. Computer simulated schlieren patternslZ4 
assuming a rapid equilibrium between unimers, dimers and tetramers seem 
to reflect some characteristics observed in the case of muscle phosphofructo- 
kinase, and the agreement could possibly be improved by considering slow 
equilibration processes which evidently are more realistic for this enzyme, 
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2.2.6 Phosphorylusr A well established correlation between the association 
state and the activity has been reported for phosphorylase a, the active (phos- 
phorylated) form of the enzyme which catalyses the phosphorylating de- 
gradation of glycogen. The enzyme from rabbit mLiscle has been reported to 
have a molecular weight of about 380,000125-127 and to consist of four poly- 
peptide chains.12* At a high ionic strength (2.8 A4 NaCI)12g or in the presence of 
glucose130 a dimer consisting of only two polypeptide chains is formed which 
shows higher activity than the tetramer. Since the association-dissociation 
equilibrium is relatively slow, a correlation in the time dependence of associa- 
tion and activity could be shown.131 Also the activation of the enzyme by the 
substrate glycogen thus has been attributed to the formation of the dimer.132 
Due to the low time constant of this process, initial velocities could be deter- 
mined before any activation occurred. 

Spontaneous dissociation of the tetramer has been indicated by light 
scattering measurements carried out down to very low concentrations. The 
correlation of these data (Figure 17) with the concentration dependent 
enzymatic activity leads to the limiting reaction velocities for the pure tetramer 
and the pure dimer. The ratio between the two activities increases with ' 
decreasing temperature, and a value of 6.3 is obserked at 25"C.1:33 

The thermodynamic parameters for the dissociatiion have been determined 
from the differences of the reaction parameters of the two enzyme states. 
Their analysis yielded a relatively high value of 60 kcal/mol for the dissociation 
enthalpy, which was considered to be difficult to explain. The fact that high 
ionic strengths show a dissociating effect could be considered as an indication 
for electrostatic forces. The effect of the association state on the activity cannot 
be explained simply by the assumption that two of the four active centers are 
blocked by association since different Michaelis constant values for glycogen 
are observed in both forms. 

The association constant of the association-dissociation equilibrium of the 
frog enzyme is lower than that of the rabbit enzyme, and also the velocity of 
dissociation is higher. This has been attributed to the fact that the frog enzyme 
has to work at much lower temperature than the mammalian enzymes.131 

The inactive form of the enzyme, phosphorylase h, normally occurs in the 
dimeric state, but also tends to associate to a tetramer when it is activated by 
the effector AMP,135 so that here the higher associatzd form can be considered 
to be the more active one. The association is repressed by higher tempera- 
t u r e ~ , ~ ~ ~  suggesting a large enthalpic contribution to the free energy of 
association. 

2.2.7 Tobacco mosaic virus proteint Tobacco mosaic virus (TMV) is a rod- 

t This chapter is based on the reviews given in Refs. 139-142. 
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CALCO FROM ACTIVITY -' I 

p l -  1- ~ i -1 - - -1  _1 ,L--I-L I 1-1 1 
0 0 4  08 12 16 2 0  0 2  0 4  0 6  0 8  10 

PROTEIN C O N C E N T H A T I O N ~ m g / m l l  PROTEIN CONCENTRATION Imq / m i l  

FlGURE 17 Molecular weight and specific activity 01' phosphorylase a as a function 01' 
protein concentration at 30 C. (A) Reciprocal apparent molecular weight of phosphorylase 
u as a function of protein concentration. Molecular weights measured by light scattering at 
546 nm in different media: ( 0 )  40 nM glycerol-P, I mM dithiothreitol, and 0.5 NaCl 
buffer (pH 6.8); (A) 40 m M  glycerol-P, I niM EDTA, and I NaCl buffer (pH 6.8). (-) 
Theoretical curve calculated from the specific activity curve shown in €3. Values used for the 
calculation: the specific activity of the tetramer = 3.30 Ipniol/(min mg), the specific activity of 
dimer = 15.8 Irmol/(min mg). (- -.---)Theoretical curvecalculated from the specificactivity 
data shown in B assuming an inactive tetramer. The specific activity of dimel- used for the 
calculation is 13.5 Irniol/(min mg). (B) Specific activity of phosphorylase CI as a function of 
protein concentration. Assay was carried out in AMP-free substrate. Assay time varied 
from 10 sec to 5 min as the protein concentration varied from 1.42 mg/ml to 0.0056 mg/ml. 
Specific activity is expressed as niicromoles of Pi released per minute per milligram of protein. 
Reprinted from Ref. 133 by courtesy of the American Chemical Society. 

shaped virus with a molecular weight of about 40 million, consisting of a 
single-stranded RNA (5" , , )  embedded in a helical groove between adjacent 
turns of the helically associated coat-protein (95",,). The latter consists of2,130 
identical polypeptide chains each having a molecular weight of 17,530. The 
sequence of the 158 amino acids has been analyzed. The coat-protein can be 
isolated from the RNA by treatment with dilute alkali o r  acetic acid. The 
protein obtained in such a way is called A-protein. 

The A-protein associates endothermically and reversibly; hence, it may be 
concluded that the negative standard free energy of association must derive 
from an  increase in entropy. This increase is caused by the release of water 
molecules during the association reaction. The stability of the products 
obtained, whether intermediates with varying degrees of transience or the 
ultimate cylindrical rod, results largely if not entirely from the protein-solvent 
interaction. 
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The TMV protein occurs in many polymorphic forms. The extent of associa- 
tion is known to  be increased by decreasing pH, increasing ionic strength and 
increasing temperature. A complete analysis of the equilibria between poly- 
peptide chains, different subassemblies and rods as a function of pH and 
ionic strength is given in the phase diagram of Figure 18. The polymorphic 
forms include the single helix whose structure and the bonding pattern between 
adjacent polypeptide chains are identical to that in the virus, and the A- 
protein consisting of a mixture of small associated particles which, unlike the 
unimeric polypeptide chain, are believed to be two-layer complexes, the 
smallest of which is the trimer. Because of the way it fits into the structure of 
the TMV particles, the polypeptide chain must be anisometric with one 
dimension of approximately 80 A and the other two much less. The trimer then 
is a particle in which the long dimensions of the polypeptide chains are more or 

0 9  

0 8 5r9k hellr 

0 1  

0 6  

0 1  

5 0  60 
I -L 

I 

I , 
_ - -  _ -  Iwh~washer ’ , ’ 

I / 

I 
I disk x ) 5  ’ I 

- -  - -  

FIGURE 18 Diagram showing the ranges over which the particular associated species of 
TMV protein participate significantly in the equilibrium. This is not a conventional phase 
diagram: a boundary is drawn where a larger species becomes detectable, and does not 
imply that the smaller species disappears sharply. The “lock-washer” indicated on the 
boundary between the 20 S disk and helix is not well defini:d, and represents a metastable 
transitory state. The boundaries are approximately correct for a protein concentration of 
5 g/l at 20‘C, but not all the species which have been observed are shown, Reprinted from 
Ref. 143 by courtesy of Macmillan Journals Limited 
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less parallel, and each of the three polypeptide chains touches the other 
two so that the particle cross section is more or  less triangular. 

Larger two-layer complexes can be formed by the addition of further 
subunits, yielding a disk with a hole in the center and two rings each containing 
17 polypeptide chains. Because in the helical form the rings are open and 
slightly changed, they contain only 16.34 polypeptide chains per turn. The disks 
can stack on top of each other forming reversibly short stacks. 

Two pathways lead to structures which are associated quasi-irreversibly : 
Under certain conditions the stacked disks assemble into long rods of stacked 
disks in which the polypeptide chains are bound very strongly. The other 
pathway which involves the viral RNA as well as disks, leads to the infectious 
virus particles. Also these particles are very resistant to dissociation. 

The normal product of the association of the TMV protein is a rod with a 
helical arrangement of the polypeptide chains similar to that which is found 
in the TMV particle itself. There is some evidence that the TMV protein also 
associates in the form of open helices, at least as a transient structure. 

The thermodynamic parameters for the association of the trimers to the 
disks were obtained from osmotic pressure measurements in  phosphate 
buffer at an  ionic strength of 0.1 and pH 6.5. The enthalpy of association d H 
was found to  be 30 kcal/mol, A F  to be -4.56 kcal/mol, and A S  to be 124 
cal/mol grad. Since the mathematical formulation of this association process 
is based on the assumption that i t  is linear and open-ended, it is surprising 
that this formulation fits data in a process leading to the formation of ring 
structures. The assumption involved in the association mechanism requires 
AFO for adding a unit to the chain to be constant regardless of the chain length. 
If for the final unit that closes the ring the AFO is twice its normal value, then 
disks should form in a sufficient number to distort significantly the molecular- 
weight distribution. Since the data do fit this assumption, it can be concluded 
that ring closure is inhibited, probably because it is accompanied by strain. 

The variable which appears to exhibit the major effect on the mode of 
association is the pH. The exact pH at which the transition between different 
modes occurs, depends slightly on the temperature and ionic strength, but i t  is 
always about pH 6-7, with the helical association predominating below the 
transition region and the two-layer associates above. This transition p H  is 
found to correspond to the pK value of two carboxyl groups which titrate 
abnormally in the virus but not in the stacked disk rods, and in the titration 
ofthe protein helix an abnormally sharp release or uptake of protons correlates 
with the dissociation or formation of the helix. 

Since the subunits in any single disk must change their mode of association, 
any such transition is inherently cooperative and can be considered to be 
allosteric, with the protons as the allosteric effectors. The effectors act by 
protonating two pairs of carboxyl groups to give two carboxyl-carboxylate 
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pairs. This abolishes both the repulsion between the charged carboxyl groups 
and the pairing interaction of the two-layer associate, enabling the polypeptide 
chains to take up the strictly equivalent positions of ;i helix. Were it  not for the 
carboxyl-carboxyl pairs the bonding in the helix would presumably be more 
favorable than that in the disk, but the unfavorable interaction of these 
groups acts as a negative switch to prevent the helix being the most favored 
form under all conditions. 

In  physiological conditions of pH and ionic strength the dominant form in 
the association-dissociation equilibrium of TMV is the disk. This key position 
of the disk in the phase diagram suggests that it has an important biological 
function. One possible role for the disk is in the initiation or nucleation 
of assembly of the virus particle. Once the nucleoprotein helix has been 
started, the continuing growth is readily compreherided : subunits can add to 
the growing end of the rod just as in the growth of a screw dislocation in ;I 

crystal. The problem lies in the nucleation of helix growth: the formation of a 
single ring of protein subunits, each of which is bonded to only one neighbor 
on each side, is clearly a much less favorable process. The disk made of two 
layers of polypeptide chains represents a more stable bonding arrangement 
because its structure is cross-strutted, and it could provide a pre-formed 
surface to which the R N A  could bind: growth could then proceed from this 
first turn. I t  has already been seen that a disk is capable of being transformed 
into a small stretch of a helix, when protons are added to overcome the negative 
switch provided by the carboxyl-carboxyl pairs. In the relevant biological 
process this could provide a mechanism for helix initiation brought about, 
however, by interaction with the viral R N A  rather 1 han by protonation. 

The major control in the assembly of the virus protein lies in the pairing of 
the carboxyl-carboxylate groups. By preventing the association of the protein 
alsne into the helical form when R N A  is not present, this ensures the availa- 
bility of a supply of disks that can act as a subassembly for the complete 
assembly of the TMV particle. These disks are not, however, incorporated into 
the growing particle as such, but they are transformed by the interaction with 
the R N A  which provides enough energy to overcome the negative switch and 
allows the protein polypeptide chains to take up their final mode of association, 
the nucleoprotein helix. 

2.3 Nucleic acid-protein systemsl4 1 

A protein molecule can combine with a specific section of a polynucleotide or a 
nucleic acid. Examples for the protein component ofthis specific interaction of 
two dissimilar and large molecules are the aminoacyl t R N A  synthetases,38 
the repre~sors,145*~ $6 the polyrnerase~,~*~~47 and the histones.148 These inter- 
actions are especially important for the biosynthesis of proteins and nucleic 
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acids and their regulation. Further examples are DNAase and RNAase. 
Very little quantitive data is available for these systems. 

2.3. I Biriding of t R N A  to uniinoucyl t R N A  synthetuses The biosynthesis of 
proteins involves the formation of aminoacyl t RNAs. These compounds, in the 
anticodon, contain the information needed for the specific incorporation of the 
amino acids into a polypeptide chain by interaction with the corresponding 
codon in the messenger RNA. The synthesis of an aminoacyl tRNA is catalyzed 
by a n  activating enzyme, the arninoacyl tRNA synthetase. Like the repressor, 
this enzyme has two kinds of recognition sites, one for the amino acid and one 
for the tRNA. For each amino acid there is a specific activating enzyme. In the 
first stepofthe reaction (Figure 19) an aminoacyl AMPcompound ( I )  is formed 

NH,- 
R 

NH CtCCO-Ab$P-tRNA synthetase CH-COOH s + ATP I K N A  i y r i t h e t a r r  

( 1 )  
PP 

t IRNA 

-----pCpCpA CO C H  N H  + tRNAsynthetase + A M P  
( 1 1 )  R 

F I G U R E  19 The activation of an amino acid and i t s  attachment to tRNA catalyzed by 
the specific aminoacyl t R N A  synthetase. The amino acid is bound to the t R N A  at the CCA 
end of the nucleic acid. (See, c’.g., Ref‘. 149.) 

in the presence of ATP which is not liberated into the solution but remains 
bound to the activating enzyme. This compound then reacts with the amino 
acid-specific tRNA yielding aminoacyl tRNA ( I I ) ,  as illustrated in Figure 19. 

The quantitative analysis of the interaction between tRNAs and their 
cognate aminoacyl t RNA synthetases has been investigated by fluorescence 
titration, stopped-flow and temperature-jump experiments. Not very much is 
known about the structural requirements for this interaction. 

The analysis of the binding of tRNAser to the corresponding synthetase 
from yeast indicates the occurrence of at least two binding processes.150 In the 
first process two moles of tRNAsKr per mole of enzyme are bound with a 
dissociation constant of 2 A 10-8 mol/l. In the second process about one mole 
is bound with a much lower dissociation constant. The tRNAPhe is also bound 
to the serine-specific enzyme with a similar dissociation constant exhibiting a 
lower stoichiometry. 

Temperature-jump fluorescence experiments with seryl tRNA synthetase 
and tRNASer revealed a relaxation process with a small amplitude, super- 
imposed on a fast quenching process arising from temperature inactivation 
of the fluorescence of the synthetase.lSo A single concentration-dependent 
binding process was found with the rate constants for binding and dissociation 
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of 1.3 :.: 107 1 x mol ~1 sec-1 and 24 sec-l, respeci.ively. The analysis of the 
interaction with tRNAPhe similarly indicates a process with rate constants 
close to lo9 I >; mol- sec-1 and lo3  sec-l. The dissociation constants for both 
systems are similar, but the rate constants are more than one order of magni- 
rude higher for the unspecific interaction with tRNAPhe, compared to the 
specific one with tRNASer. The reaction rate constant may reflect a diffusion 
controlled binding of tRNA to the unspecific sites on the enzyme surface and in 
addition, for the cognate tRNA, to a specific but less accessible site. According 
to the dissociation rate constants the cognate tRNA remains longer on the 
enzyme than the other tRNAs, as expected in a recognition process. Because of 
the high rate constants for the unspecific interactions, the process of selection 
of the right tRNA by the synthetase will not be rate-limiting.1") 

The phenylalanine-specific synthetase from yeasi: binds only one molecule 
of tRNAPhe with a dissociation constant of 1.3 >: mol/l in the absence 
and 1.4 x: 10-7 mol/l in the presence of 0.1 M KC1.*51 The association rate 
constant, k R ,  for the binding was found to be 1.6 ,i, 1081 x mol- 1 sec-1, and the 
dissociation rate constant, ku ,  to be 27 sec-l. Binding experiments with the 
phenyl tRNA give values of 5 ;.: molil for the dissociation constant, 
8 

Theassociation rateconstant of 1.6 x 1081 :.: mol-l sec~ 1 isclose to thevalue 
expected for a diffusion controlled process. According to eq. (9)152 

lo7 I x mol-' sec-l for kR. and 40 sec-l for kl,. 

thediffusioncontrolled rateconstant, kRd"', is estimated to be4 lo8 I x mol I 

sec-1 ( D t R N A  and Dsyn are the diffusion coefficients of tRNA and the syn- 
thetase, and r is the reaction radius, r = cm). Electrostatic interactions 
can increase the rate constant estimated from Eq. (9) by a hctor of five due to 
electrostatic attraction.152 With these uncertainties in mind, it is concluded151 
that the experimental rate constant is no more than one order of magnitude 
slower than that for a totally diffusion controlled reaction. Furthermore it is 
interesting to note that the rate limiting step in the entire process of amino- 
acylation occurs prior to the release of the acylated tRNA from the synthetase. 
Since the dissociation rate of the aminoacyl tRNA has been determined 
separately i t  can be shown that this step is more than one order of magnitude 
faster than the rate limiting process which is observed as a slow fluorescence 
increase of the tRNA under the conditions of the aminoacylation. 

2.3.2 Repressor- D N A  binding The Escherichia i d i  lac repressor was the 
first repressor isolated and studied in detai1.1",14"1ss I t  is the protein product 
of the regulatory gene of the lactose operon. The molecular weight of the 
repressor is 150,000, it consists of four identical polypeptide chains and has 
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two kinds of binding sites, one for the binding to the lac operator, the other for 
the binding of the inducer.145 

The repressor protein appears in two conformational states, R and R', which 
are in equilibrium. One of these states (R') can bind the inducer but not to the 
operator D N A  of the lactose operon, the other (R) binds to the operator DNA 
but cannot bind the inducer. When the repressor is bound to the operator 
DNA, it will then prevent the RNA polymerase from transcribing the structural 
genes of the operon and, therefore, inhibit the protein synthesis. 

The binding between the repressor in the R state and the DNA is very 
strong. A dissociation constant K R , I ) N . ~  = [R] [DNA]/[R-DNA] of 
10-13 mol/l was determined in vitro for the complex with the lac operator 
DNA.154~~55 In  reasonable agreement, estimates based on the conditions in 
viw (one operator and ten repressor molecules per Escherichiu coli cell) 
yield a value of 10-11 mo1/1.145 From comparative investigations with different 
polynucleotides it was found that the repressor bound preferentially to  non- 
operator DNA with a high A + T content. The equilibrium constant KR,DNA 
for poly[d(A-T)] is lo-@ moI/l.l5'j A large part of the binding energy comes 
from the electrostatic attraction between the negatively charged DNA and the 
positively charged groups of the lac repressor (arginine, histidine, lysine), as 
suggested by a strong dependence of KR,I)NA on salt c ~ n c e n t r a t i o n . ~ ~ ~ , ~ ~ ~  

The lac repressor interacts very specifically with a unique region of the 
Escherichia coli chromosome, with high affinity and efficiency selecting one 
short sequence from the four million base pairs available. Therefore the 
question arises how does the lac repressor recognize the operator. In order to 
find a unique site on the DNA of the Escherichiu coli chromosome, the lac 
repressor must be able to recognize, a t  the very minimum, a sequence of 12 
base pairs. The ability to recognize such a sequence goes naturally with the high 
affinity that the lac repressor shows for the operator. The binding energy in 
the order of 18 kcal/mol is easily accounted for by 12 to 15 contacts. There has 
been no evidence reported that the lac repressor unwinds the DNA strands. 
Based on genetic and chemical data it is presumed that with its N-terminal 
part and in the a-helical conformation, the protein recognizes the outside of the 
bases in the large groove of the DNA molecule in its B-form, which means that 
the lac repressor, unlike a typical enzyme, binds to the lac operator with a 
protrusion rather than a cleft.1453146 

Binding to non-operator DNA is probably an important part of the overall 
binding mechanism. The extreme rapidity with which the lac repressor is able 
to find the lac operator may be due to the repressor binding to non-operator 
DNA first and then moving (at least for a short distance) one-dimensionally 
along the DNA to the 0 p e r a t 0 r . l ~ ~  

Assuming that all four polypeptide chains of the lac repressor interact 
with DNA, the operator would then consist offour identical recognition blocks 
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separated by (probably) identical It is not necessary to invoke any 
other region for contact. This restriction might be wrong, but it is unnecessary 
to invoke other regions to explain the specificity and the binding energy of such 
a complex. This assumption is confirmed by experiments in which the sequence 
of DNA shielded by the repressor against degradation by DNAase was found 
to be about 20 base pairs I0ng.14~9157 Four recognition blocks consisting of five 
pairs each, separated by a spacer of one base pair, would give 23 base pairs. 
The sequence is furthermore sufficiently similar to poly[d(A-T)] to explain 
the tight binding of the repressor to synthetic oligonucleotides. 

The minimal mode1157 implies that only one or very few protein sequences 
(with regard to the hydrogen bond-forming amino acids) exist which bind one 
particular DNA bequence. If this is true there must exist rules (a code) which 
describe the binding of protein sequences to DNA sequences. It has been 
suggested furthermore that these interactions were crucial i n  the evolution of 
self-replicating systems consisting of DNA and prc1tein.1~7 
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