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I. INTRODUCTION 

Surface active agents and certain other groups of organic anions have 
long been known to act as metabolic inhibitors. Their common feature 
is the presence in their molecules of strongly electronegative charges which 
occur either in conjunction with certain other functions, such as lipophilic 
groups in surface active compounds, or which repeat themselves many 
times in the same molecule, as in macromolecular polyanions. 

The structural analogy between surface active agents and macromolecu
lar polyanions, such as sulfated polysaccharides, becomes more striking 
when one considers the well-known ability of fatty acids and of their 
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analogues to form oriented multilayers (1, 2) and micelles. In such lami
nar structures the hydrophobic groups of one layer are directed toward 
the hydrophobic groups of a second layer, while in turn the hydrophilic 
groups of one layer are in contact with the hydrophilic groups of another 
layer. In an aqueous medium this leads to aggregated particles or micelles 
of surface active compounds in which each micelle is covered by a multi
tude of negatively charged groups and thus closely resembles a macro
molecular polyanion (8, 4). Because of this analogy, surface active agents 
and macromolecular polyanions exhibit many similarities in their biologi
cal behavior, and this group of substances will be referred to in the follow
ing discussion for short as "polyanions." 

It appears that the strongly electronegative nature of polyanions is 
responsible for their high affinity toward a large variety of substances 
carrying opposite charges. Among biological materials, proteins are the 
principal targets, independent of whether or not they possess biological 
activity. The interaction of polyanions with proteins causes various 
changes in the physicochemical and biological behavior of the latter sub
stances and appears to be the principal reason for the ability of polyanions 
to function as metabolic inhibitors. 

The following discussion will deal with the phenomena which lead to 
metabolic inhibition by surface active agents, by other low or medium 
molecular weight organic sulfones and sulfate esters, and by macro
molecular polyanions. 

II. SURFACE ACTIVE AGENTS AS METABOLIC INHIBITORS 

Surface active compounds are substances capable of lowering surface 
tension in gas-liquid systems, and interfacial tension in liquid-liquid sys
tems. The common feature in their chemical structure is the presence of 
both hydrophilic and hydrophobic groups, especially at distant points or 
at opposite ends of the molecule. They are mainly used as detergents or 
wetting agents, and the number of surface active agents commercially 
available in this country well exceeds 200 (δ, 6). Although soap is no 
doubt the most widely used detergent, and while the classic studies by 
Langmuir (7) on the phenomena underlying detergency, i.e., the orienta
tion of detergent molecules on a liquid surface, have been carried out 
with fatty acids, the surface active agents to be discussed in this chapter 
are essentially sulfate esters of long-chain aliphatic alcohols; cationic 
detergents will not be included. 
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A. Denaturat ion of Proteins 

The denaturation of proteins by sulfated alkyl detergents was first de
scribed by Bull and Neurath (8). Among a number of anionic detergents 
of varying chain length. Anson (9) found that sodium dodecyl sulfate 
(SDS) possesses the highest potency to denature beef methemoglobin or 
other proteins. These effects are due, no doubt, to complex formation 
which, in the case of the interaction between crystalline horse serum 
albumin and SDS, has been found to result from stoichiometric combina
tion (10). On the other hand, complex formation between protein and 
detergent may also lead to the opposite effect, namely to protection 
against denaturation, as in the case of the complex of β-lactoglobulin with 
SDS (11). This complex is crystallizable and has been found to contain 
two equivalents of firmly bound detergent (12). The basic requisites for 
structure of stabilizing agents of human serum proteins against heat have 
been studied by Boyer et al. (13). An anionic function with a nonpolar 
group attached to it has been found essential; fatty acids are less effective 
than the corresponding sulfate esters, and the presence of carboxyl or 
hydroxyl groups has been observed to decrease the effectiveness. 

B. Complex Formation with Proteins 

A mechanism for the complex formation between protein and detergent 
has been proposed by Lundgren (3) and is based upon the tendency of 

Alkyl oryl sulfonate- CH3CH2(CH2)XCH2 jQ 

Alkyl sulfate- CH3CH2(CH2)xCH2OSO; 
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FiG. 1. Structural properties of organic detergents in aqueous media; the 
long-chain hydrocarbon anions appear to associate to give spherical or lamellar 
micelles, according to Lundgren (3). 
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detergents in aqueous media to exist in the form of multilayer aggregates 
(see Fig. 1). This mechanism suggests a structure of the protein-detergent 
complex in which several peptide chains are connected to one another by 
a detergent aggregate through electrostatic forces, whereas the detergent 
aggregate itself is held together by nonpolar bonds (see Fig. 2 ) . 

Protein-detergent complexes 
F I G . 2 . Proposed structure of protein-detergent complexes, according to 

Lundgren (3). 

Since this type of complex formation is predominantly due to electro
static attraction forces between the component parts, the interaction is 
greatly dependent, among many other factors, on the number of electro
positive charges of the protein molecule and hence on the pH of the 
medium. The pH dependence of the protein-detergent complexes has been 
studied by Putnam and Neurath (14)- Maximum precipitation is gen
erally attained at a pH near the isoelectric point of the protein, as seen 
from the data in Table I. The precipitation ceases abruptly on the alka
line side of the isoelectric point of the protein, indicating that only the 
cationic form of the latter is precipitated. However, the formation of 
soluble complexes takes place also on the alkaline side of the isoelectric 
point, as evidenced by ultracentrifugal, diffusion, and electrophoretic 
studies (14,15). Such soluble complexes are probably of a structure some
what different from the one suggested by Lundgren, and they more closely 
resemble those obtained at high detergent concentrations near the iso
electric point, which are equally soluble (14)- Under these circumstances, 
detergent aggregates will combine with protein, without, however, con-

+ 
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TABLE I 

R E L A T I O N S H I P B E T W E E N ISOELECTRIC P O I N T S A N D M A X I M U M P R E C I P I T A T I O N OF 

P R O T E I N S B Y S O D I U M D O D E C Y L S U L F A T E 0 

Isoelectric pH of maximum 
Protein point precipitation 

Pepsin 2.7 2.7 
Egg albumin 4 .6 4 .6 
Horse serum albumin 4.75 4.85 
Beef serum albumin 4 .8 4 .8 
0-Lactoglobulin 5 .2 5.2 
Horse pseudoglobulin GI 6.0 5.9 
Human carboxyhemoglobin 7.1 6.4 

° According to Putnam and Neurath (14) · 

necting several protein molecules to each other, either because less 
positively charged groups are available on the protein (on the alkaline 
side of the isoelectric point) or because of the presence of an excess of 
detergent. 

Numerous are the observations of interactions between proteins and 
detergents, and this subject has been extensively reviewed (4, 16). Only a 
few cases will be mentioned in addition to the complex formation of SDS 
with the proteins listed in Table I. Egg albumin has been reported to form 
complexes with sodium lauryl sulfate, a reaction proceeding in several 
steps, whereby the detergent is at first adsorbed at the surface of an 
albumin film and penetrates this film only during the later stages of the 
reaction (17). Ovalbumin interacts with dodecybenzenesulfonate (18, 19), 
insulin with Duponol, a commercial mixture of sulfated aliphatic alcohols, 
with chain lengths ranging from C 8 to C 1 8 (15), and serum a- and ^-lipo
proteins form complexes with SDS or with the arylalkyl sulfonated deter
gent Lakeseal (20). 

In the case of proteins possessing biological activity, such as enzymes, 
proteohormones, toxins, antibodies, and many antigens, or in the case of 
more complicated biological systems in which proteins play a major part, 
such as in viruses, bacteria, and erythrocytes, an inhibition of the biologi
cal function will be the ultimate consequence of the interaction with 
surface active agents. Valko (21) describes the sequence of events in the 
action of surface active agents on various biological systems in the fol
lowing way. Surface active agents possess a strong affinity for proteins 
and cause combination. As a result, the balance of the electrostatic forces 
and of the noncoulombic cohesion in the molecule is upset, while profound 
changes occur in the interaction of the protein with solvent molecules. 
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Then bonds between components of conjugated proteins may be disrupted, 
and, finally, denaturation and unfolding of the protein occurs, resulting 
in the inactivation of enzymes, viruses, and bacteria. 

C. Inhibition of Enzymes 

At pH 2, a 0.5% solution of SDS has been reported to inhibit peptic 
activity completely (22). This inhibition takes place at a pH slightly on 
the acid side of the isoelectric point of the enzyme, i.e., in a medium more 
acid than that at which maximum precipitation with SDS occurs (see 
Table I ) ; this is in good agreement with the type of complex formation 
discussed above. It has been reported, however, that pepsin can also be 
inactivated by SDS at pH 4.0 (28). Marini and Levey (24) observed that 
SDS is able to inhibit both the proteolytic and the milk-clotting activity 
of crystalline pepsin, while other inhibitors of the type of macromolecular 
polyanions, e.g., chondroitin sulfate, inhibited only the proteolytic ac
tivity, but increased the clotting activity. 

Trypsin was found to be inactivated by SDS (25), sodium decyl sulfate, 
and sodium octyl sulfate, in order of decreasing effectiveness (26). Octyl-
benzenesulfonate and decylbenzenesulfonate were also inhibitors. In con
trast to these observations, Wills stated that the tryptic hydrolysis of 
serum proteins was stimulated by SDS, but that of casein was hardly 
affected (27). 

Urease is completely inhibited by 0.001 Μ SDS at pH 5.0, but the 
inhibition falls sharply with increasing pH (27). At pH 5.4 and at higher 
pH values, urease activity is no longer affected by 0.001 Μ SDS (28). 
A decrease in detergent concentration reduces the sensitivity of the en
zyme toward the anion. While the inhibition is irreversible at 0.001 Μ 
detergent concentration, it becomes reversible at 0.0005 Μ SDS (27). 

Malt amylases have been reported to be inhibited by SDS (29, 80). 
It is generally agreed that /^-amylase is more strongly inhibited than 
α-amylase. The inhibition of pancreatic α-amylase by SDS has also been 
observed (25). Measuring the triolein hydrolysis, Wills (81) found that 
pancreatic lipase could be inhibited by the majority of anionic detergents. 
He also observed that SDS inhibited triacetin hydrolysis, but stimulated 
tributyrin hydrolysis. 

Other enzyme systems which could be inhibited by SDS were ribo-
nuclease (82), lecithinase of human serum (88), acetylcholinesterase from 
bovine erythrocytes (84), and invertase (27). The inhibition of the latter 
enzyme could be abolished by 0.067 Μ fructose, but not by glucose. 

Keilin and Hartree (85) noted a reversible change in cytochrome c 
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activity under the influence of SDS. Since the absorption spectrum was 
modified, they concluded that the change was due to an effect on the 
heme-protein linkage. Cytochrome oxidase is inhibited by SDS and also 
by laurate or oleate, but only slightly by stearate, palmitate, and sorbitan 
esters of fatty acids or their polyoxyalkylene derivatives (the Spans and 
Tweens) {36). 

The inhibition of succinic dehydrogenase by sodium cetyl sulfate or 
sodium isopropylnaphthalenesulfonate does not appear to be dependent 
on the anionic nature of the detergent (37). In fact, neutral substances, 
such as cetylpolyethylene oxide, or cationic compounds, like cetyltri-
methylammonium chloride, also inhibit this enzyme; and anionic sub
strate analogues which are obviously in competition with the substrate, in 
particular 1,2-ethanedisulfonic acid and β-sulfopropionic acid, are strong 
inhibitors of succinic dehydrogenase (38). I t may be assumed, therefore, 
that the inhibition of succinic dehydrogenase by anionic detergents does 
not necessarily follow the same pattern as that of many other enzymes. 

Finally, the oxidative and phosphorylative systems of rat liver mito
chondria are inhibited by SDS (89). 

D. Other Modes of Action with Enzymes 

The transformation of protyrosinase to tyrosinase can be accomplished 
in several ways, i.e., by dialysis, by heating to 65° C for 10 minutes, or 
by treatment with SDS (40). I t appears likely that this mechanism is due 
to a rearrangement of the protein molecule. 

Lactic dehydrogenase has been reported not to lose, but to gain activity 
by the treatment with SDS (41). 

E. Inhibition of O the r Biological Mater ia ls 

The tendency of anionic surface active agents to form complexes with 
proteins is reflected by their ability to decrease, abolish, or sometimes to 
enhance biological activity wherever the latter is attached to proteic 
material. Thus, among proteohormones, sheep pituitary gonadotropin is 
precipitated by SDS in a slightly acid medium (42), and insulin dis
sociates under the influence of a mixture of sulfated aliphatic alcohols 
with chain lengths ranging from C 8 to C 1 8 (15). The latter hormone is 
partially inactivated by SDS; the activity of the former is slightly stimu
lated by SDS (42). Lactogenic hormone is also inhibited by anionic deter
gents (48). 
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Diphtheria toxin is neutralized by SDS (44)· This detergent also 
prevents the precipitin reaction of serum proteins with their specific 
antibodies (45). 

Numerous animal and plant viruses are inactivated by anionic deter
gents. SDS splits tobacco mosaic, tomato bushy stunt, and potato X 
viruses into the nucleic acid and protein moieties, entailing loss of activity 
(46-50). SDS and other anionic detergents have been reported to inacti
vate vaccinia virus {51, 52) and many other animal viruses. In many of 
these cases, cationic detergents were also capable of inactivation. 

F. Antibacterial Activity 

According to Bayliss, only gram-negative organisms may be lysed by 
SDS (53). Other authors have stated, however, that anionic detergents 
exert germicidal action only against gram-positive organisms although 
the effect of cationic detergents on these microorganisms is much more 
pronounced (54). Among the straight-chain derivatives, SDS, and 
myristyl and cetyl sulfates were the most active compounds. A secondary 
alcohol sulfate with a branched chain, i.e., 3,9-diethyltridecanol-6-sulfate, 
produced a strong inhibition (54). 

The germicidal action of anionic detergents depends on the pH in a 
manner analogous to that observed with the interaction between enzymes 
or other proteins and polyanions. Maximum inhibitory effects were found 
in an acid medium, whereas cationic detergents inhibited mostly in the 
alkaline range (55). 

Actively growing cultures of Escherichia coli resisted to a concentration 
of 0.2% SDS (56). Only after the cell metabolism had been inhibited by 
potassium cyanide was the detergent able to lyse the cells. This was 
accompanied by an extraction of lipoprotein from the cell walls. 

At subbacteriostatic concentrations, SDS retarded the growth of 
Staphylococcus aureus and prevented the culture from reaching the maxi
mum number of cells (57). 

According to Hotchkiss (58) the antibacterial activity of synthetic 
detergents is due to a succession of events. At first, positively charged 
groups on the bacterial surface combine with the polyanion. This stage is 
followed by damage to the membrane which results in cytolysis and 
autolysis. Finally, the detergent acquires access to the metabolic systems 
of the cell, causing inactivation of enzymes. Dubos (59) remarks that the 
effect of detergents is not limited to interference with one single enzyme 
but depends on a nonspecific effect on cell membranes and proteins. 
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G. Miscellaneous Physiological Inhibitory Actions 

Surface active agents have also been observed to inhibit the mobility, 
fructolysis, and respiration of spermatozoa (60, 61). Both anionic and 
cationic detergents were found to be active. A more physiological example 
of the function of anionic detergents is the inhibition of gastric acid 
secretion by 0.5-6% SDS, which supposedly acts directly and selectively 
on parietal cells (62). 

H. Specificity a n d Mechanism of Inhibition 

It is evident that the inhibition of biologically active proteins by 
sulfated alkyl detergents is a general and totally unspecific reaction. 
Practically every kind of protein or protein-containing material is sus
ceptive to inactivation by these substances. Hydrolytic, desmolytic, oxi
dative, and phosphorylative enzyme systems, proteohormones, toxins, 
antibodies, viruses, bacteria, etc. have been observed to be more or less 
strongly inhibited, and, in addition, a number of proteins with no known 
biological activity have been found to be denatured by or to undergo com
plex formation with many of these detergents. A small number of excep
tions exists, however, where activation has been observed, such as the case 
of lactic dehydrogenase (41) and the tryptic hydrolysis of serum proteins 
(27). ^ 

While sodium dodecyl sulfate is generally considered to be the strongest 
inhibitor of this class of substances, homologue compounds with longer or 
shorter chain length, as well as certain branched-chain alcohol sulfate 
esters are also known to possess marked inhibitory action. In a great 
many cases, the phenomenon is by no means limited to sulfate esters of 
aliphatic alcohols alone; fatty acids, a few nonpolar, water-soluble alkyl 
derivatives, e.g., cetyl polyethylene oxide and polyoxyalkylene derivatives 
of sorbitan esters of fatty acids (Tweens), as well as cationic detergents 
have frequently been found to behave in a similar fashion. 

I t thus appears that this type of inhibition is due to a completely 
unspecific interaction between proteins and, in most cases, polar sub
stances. That electrostatic forces appear to play an important role in the 
resulting soluble or insoluble complexes follows from the marked depend
ency of the inhibition on the pH. The anionic detergents act only on the 
acid side of the isoelectric points of each protein, where the number of 
positive charges is predominant. Direct evidence for complex formation 
has been obtained in numerous instances by the observation of precipita-
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tion and of changes in the physicochemical behavior, such as electro-
phoretic mobility, ultracentrifugal sedimentation, diffusion constant, and 
spreading characteristics. 

The inhibition may be due to denaturation, to blocking of essential 
electropositively charged groups of the protein, to precipitation of the 
protein as a complex with the anionic detergent, or to other modes of 
interaction. Whether additional nonelectrostatic forces are involved in the 
complex formation is not known. It is likely, however, that the mecha
nism of inhibition of one protein may differ in this respect from that of 
another protein. 

III. INHIBITION OF ENZYMES BY ORGANIC M O N O - OR 
POLYSULFONATES 

This group of substances includes mainly the following compounds: 
suramin with six sulfonate groups per molecule, trypan red with five 
sulfonate groups, trypan blue with four, Congo red and the /?-naphtha-
lenedisulfonic acids with two sulfonate groups each, and methyl orange 
and taurocholate with one sulfonate group per molecule. Five out of these 
seven substances contain, in addition, more or less strong basic groups. 

Although these compounds are not considered to be of macromolecular 
structure—the molecular weight of suramin sodium is 1429 and is the 
highest in this group—they assume an intermediate position between the 
low molecular anionic detergents and the macromolecular polyanions to 
be discussed later on. While the former are known to exist in aqueous 
media as oriented aggregates or micelles of considerable particle size, they 
usually do not contain other functional groups besides the sulfate ester 
residues. Like many of the naturally occurring macromolecular poly
anions, the mono- and poly sulfonates contain one or several additional 
functional groups, such as hydroxyl, amino, dimethylamino, or carboxyl-
amino. Hydrogen bonding may add, therefore, to the polar bonds in the 
formation of complexes between these polyanions and proteins. 

The interaction of crystalline bovine serum albumin and of other pro
teins with acid dyes has been studied by Klotz et al. (63). These workers 
observed that the interaction is accompanied by an electrostatic effect, 
and that the binding follows the principles of the law of mass action. They 
also reported that the complex formation is reflected by spectral changes 
(#4). Bile acids were found by Anson (9) to denature beef methemoglobin 
and other proteins, but SDS was more active in this respect than sodium 
glycocholate and sodium taurocholate. 
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Quastel (65) reported the inhibition of fumarase by suramin, trypan 
red, trypan blue, Congo red, and β-aminonaphthalenedisulfonic acids. 

A great deal of work on the inhibition of enzymes by suramin has been 
carried out by Wills and his co-workers. Urease was inhibited at pH 5.0 
but not at pH 7.5; trypsin lost activity at pH 8.5 (66). The inhibition of 
trypsin by ilf/1920 suramin at pH 8.9 shows that suramin concentrations 
of the magnitude found in plasma after intravenous injection of the drug 
may have inhibitory effects (67). The pH was found to be of high impor
tance in the inhibition of urease, carboxylase, hexokinase, succinic 
dehydrogenase, cytochrome oxidase, cholinesterase, tyrosinase, arginase, 
D-amino acid oxidase, and catalase (68). The pH dependence of suramin 
inhibition has been used to estimate the isoelectric points of a number 
of enzymes (69, 70), and good agreements with determinations of the 
isoelectric point made by physicochemical methods were found for a 
number of enzymes (see Table I I ) . 

TABLE II 

C O M P A R I S O N O F ISOELECTRIC P O I N T S O B T A I N E D B Y T H E S U R A M I N M E T H O D W I T H 

T H O S E D E T E R M I N E D B Y PHYSICOCHEMICAL P R O C E D U R E S ' 1 

Isoelectric point (pH) 

Values recorded in the 
By the literature, obtained by 

suramin physicochemical 
Enzyme method methods 

Urease 5.1 5 .0 -5 .1 
Catalase 

Ox liver 5.8 5.7 
Horse liver 5 .2 -5 .3 5.4 

Amylase 
Human saliva (a) 5.3 5 .0 -5 .5 
Hog pancreas (a) 5.2 5 .2 -5 .6 
Malt (a) 5 0 5.7 

Malt (β) 5.7 5 75 
Carbonic anhydrase 

Ox blood 5 .2 -5 .4 5.3 
Peroxidase 4 .9 7 .2 
Tyrosinase 

Potato 4 .3 5.4 
Mushroom 3.9* 5.0 

Invertase 4.1 4.42 
/3-Glucosidase 4 .4 5 .7 -5 .8 

a Data from Wills (69). 
h Using catechol as substrate. 
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Suramin has also been reported to inhibit ribonuclease (32), and sodium 
taurocholate has been found to inhibit acetylcholinesterase (34), as well 
as the oxidative and phosphorylative enzyme systems of rat liver mito
chondria (39). Mono- and disulfonic derivatives of polycyclic hydro
carbons were observed to inhibit certain enzyme systems, such as the 
pyruvate-triosephosphate system of rabbit skeletal muscle, the oxal-
acetate-triosephosphate system of the same preparation, and also lactic 
and succinic dehydrogenases (71). Sulfated or phosphorylated derivatives 
of hesperidin were shown to be powerful inhibitors of hyaluronidase (72). 
This inhibition could be reversed by the addition of salmine. Obviously, 
the reversal was due to a competition of electropositive groups of salmine 
with positive groups of the enzyme for negative charges of the inhibitor. 

There exists a considerable analogy between the inhibition of enzymes 
by alkyl sulfate esters and by organic mono- or polysulfonates. In both 
cases, the inhibition is totally unrelated to the nature of the enzyme, as 
well as to the chemistry of the organic anion, while the pH dependency 
is the same for both groups of inhibitors. I t appears, therefore, that the 
presence of one or several strongly electronegative groups per molecule 
is a sufficient requisite for the structure to give organic substances the 
capacity of inhibiting the biological activity of proteins. Occasionally, the 
negative charge of carboxyl groups may be sufficient, as in the case of the 
methemoglobin denaturation by glycocholate, and of the inhibition of 
cytochrome oxidase by fatty acids. Most frequently, however, sulfonate 
or sulfate ester groups are necessary for the inhibition. 

IV. MACROMOLECULAR POLYANIONS AS METABOLIC 
INHIBITORS 

The interaction of proteins with high molecular weight polyanions is 
an extremely widespread phenomenon. Macromolecular polyanions of 
greatly varying structure have been investigated in this respect, and 
their number exceeds considerably that of the anions discussed in the two 
preceding sections of this review. A considerable number of papers on this 
subject matter has appeared in the literature, in particular on enzyme 
inhibition by a large variety of macromolecular polyanions. 

A. Macroanionic Enzyme Inhibition 

The inhibition of enzymes by macromolecular polyanions is an un-
specific phenomenon which has been observed with a great number of 
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enzymes and with a large variety of polyanions. Because of the lack of 
specificity and general nature of this phenomenon, Spensley and Rogers 
(73) have introduced the term "macroanionic enzyme inhibition" for the 
general effect. 

1. CLASSIFICATION OF MACROMOLECULAR P O L Y A N I O N I C I N H I B I T O R S 

Three main classes of macromolecular polyanions can be distinguished, 
according to the chemical nature of the groups carrying the negative 
charges. The first group consists of sulfate esters and sulfones, the second 
group is made up of phosphate esters, and the third group includes the 
carboxylic acids. I t is convenient to further subdivide the first group into 
two subgroups, i.e., those polysulfates which do not contain additional 
functional groups (with the exception of hydroxyl) and those which do 
contain other groups, such as carboxyl, iV-acetyl, and others. Conse
quently, the enzyme inhibition by macromolecular polyanions has been 
summarized in four separate tables (Tables I I I - V I ) . 

In Table V the salts of two inorganic heteropolyacids, i.e., phos-
phomolybdate and silicotungstate, were included. Although these sub
stances are neither polyphosphates nor polymers, their inclusion in this 
table appeared justified because their molecular weights are quite ele
vated ( 2 3 4 8 and 3 4 2 0 , respectively, for the crystalline, hydrated, free 
acids) and because they bear certain analogies with the polyphosphates. 
These heteropolyacids resemble macromolecular polysufate esters not 
only with regard to the inhibition of enzymes, but also with respect to 
other biological functions, such as the prolongation of clotting time and 
the in vivo induction of plasma lipemia-clearing factor (117). 

Polymetaphosphate has also been mentioned in Table V because it is 
usually considered to be a true high polymer (118), and molecular weights 
from 1 5 0 , 0 0 0 to 2 , 5 0 0 , 0 0 0 have been reported for this substance (119). It 
appeared logical to include also tetrametaphosphate in the same table 
because of its close structural relationship to polymetaphosphate. 

2 . P H D E P E N D E N C E OF I N H I B I T I O N 

Most attempts to inhibit enzymes by macromolecular polyanions have 
been made near the optimum pH of the enzymic action. The pH depend
ence of the inhibition has been studied, however, in a few cases. Berdick 
and Morawetz (116) observed that catalase is not appreciably precipi
tated by low concentrations of polyacrylic acid and by other polycar-
boxylic polymers below pH 4 . 3 and above 5 . 3 , but that as much as 9 7 % 
of the enzyme is precipitated at pH 5 . 0 by 0 . 0 1 2 5 mg/ml of the polyanion. 
Thus, very little precipitation is achieved near the isoelectric point of 
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the enzyme (pH 5.6-5.7). The addition of barium ions shifts the pH 
of maximum precipitation to a slightly more alkaline region and causes 
substantially greater precipitation near the isoelectric point (116). Kidney 
alkaline phosphatase was found to be more strongly inhibited by poly-
phloretin phosphate on the acid side of the pH optimum (106). Bacterial 
hyaluronidase was inhibited by the same polyanion at pH 6, but not at 
pH 7 (106). The inhibition of ribonuclease (cyclic phosphatase activity) 
by polyxenyl phosphate was most striking between pH 6 and 7, while the 
inhibitory effect became insignificant above pH 8 (111). The RNA-
depolymerizing activity of RNase was moderately inhibited by this poly
anion at pH 5, but no inhibition was noted at pH 5.8 (111). 

The marked pH dependence of the inhibition and the preference in 
many cases of a pH on the acid side of the isoelectric point of the enzyme 
are analogous with the conditions of enzyme inhibition by anionic deter
gents. It appears likely, therefore, that the macroanionic enzyme inhibi
tion is due to interaction of cationic groups of the enzyme protein with 
anionic groups of the inhibitor. Complex formation through electrostatic 
forces will ensue and will lead to either precipitation of the enzyme or to 
blocking of the active sites of the enzyme. Unlike the case of sodium 
dodecyl sulfate and suramin, inhibitory effects of the macromolecular 
polyanions are also noticeable, though weaker, on the alkaline side of the 
isoelectric point of the enzyme (106), where both enzyme and inhibitor 
have negative charges, e.g., in the case of the cyclic phosphatase activity 
of RNase (111) the isoelectric point of which is at pH 7.8. In contrast 
to enzyme inhibition by S D S and suramin, other than polar forces must 
be assumed to contribute also to the interaction between enzymes and 
macromolecular polyanions. 

3. S P E C I F I C I T Y OF I N H I B I T I O N 

Considerable quantitative differences in the strength of the various 
inhibitors, as well as in the susceptibility of the individual enzymes have 
been noted. Thus, polysaccharide sulfates are more potent inhibitors of 
ribonuclease than the inorganic heteropolyacids (86). Heparin, pectin 
sulfate, and poly-p,p'-dioxydibenzyl phosphate inhibit ribonuclease more 
strongly than poly-L-aspartate and considerably more strongly than tetra-
metaphosphate (102). Polyvinyl sulfate, cellulose sulfate, and amylose 
sulfate proved to be more powerful inhibitors of ribonuclease than a 
number of other polysaccharide sulfates, including amylopectin sulfate, 
dextran sulfate, heparin, and others (84). Acid phosphatase was most 
strongly inhibited by polyxenyl phosphate, followed in order of decreasing 
potency by polyhydroquinone phosphate, chitosan sulfate, polystyrene-
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sulfonate, polydiphenyldimethylmethane phosphate, heparin, and poly
metaphosphate (74). Lysozyme is approximately 100 times more inhibited 
by polyglucose sulfate than by ribonucleate (79), and the potency of 
macroanionic inhibitors on hyaluronidase decreases in the following order: 
polystyrenesulfonate, heparin, sulfated pectic acid, polymethacrylate, and 
amylopectin sulfate (77). 

The comparison of the action of a given inhibitor (polyxenyl phos
phate) toward a number of different enzymes on the acid side of their 
pH optimum, where the protein-polyanion interaction is supposedly 
favored, showed that acid phosphatase was most strongly inhibited, fol
lowed by glyceraldehydephosphate dehydrogenase, chymotrypsin, deoxy-
ribonuclease, ribonuclease, and catalase, which was only slightly inhibited, 
while the activity of pepsin remained unaffected by the same concentra
tions of the polyanion (74). Although polymethacrylate is a strong 
inhibitor of ^-glucuronidase (75) and of hyaluronidase (76, 77), liver 
esterase has been found not to be inhibited by the same polyanion (120). 
Some enzymes require a contact period with the polyanion (polyphloretin 
phosphate) in order to be inhibited, e.g., urease, β-amylase, and brain 
hexokinase (106). 

The long list of enzyme-polyanion inhibitions (Tables I I I -VI) docu
ments that there appears to exist no general rule governing the relation
ship between the chemical or physicochemical nature of the polyanion 
and the potency of enzyme inhibition, nor between the specificity of the 
enzyme and the nature of the inhibitor. The reasons for such a lack of 
relationship may be manifold, but they may possibly be explained, at 
least in part, by the conditions found in the case of two enzymes, i.e., 
hyaluronidase and ^-glucuronidase, which will be described below (Sec
tion III , B ) . These conditions may very well also prevail in other enzyme 
systems. 

4. POLYCATIONIC D E I N H I B I T I O N 

In the case of ^-glucuronidase and hyaluronidase, the macroanionic 
inhibition was observed to be closely interlinked with other phenomena, 
one of which is the reversal of the inhibition by polycations (75, 77). 
Actually, the inhibition of these two enzymes by polyanions appeared to 
be a secondary effect only, whereas the action of polycations on the en
zymes was found to be a true activation. This "activator-competitive" 
enzyme inhibition will be discussed later on in more detail. I t is note
worthy, however, that the reversal of macroanionic enzyme inhibition by 
polycations, frequently also called deinhibition, is a more general phe
nomenon. Vandendriessche (102) abolished the inhibitory effect of heparin 
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on ribonuclease by the addition of protamine, and that of poly-L-aspartic 
acid by poly-L-ornithine. The inhibition of alkaline phosphatase and 
hyaluronidase by polyphoretin phosphate and related polyphenol phos
phates could be reversed by protamine or by methyl gelatin (106). 
Hummel et al. (74) showed that the addition of protamine, globin, 
salmine, or ovalbumin considerably weakened the inhibition of acid phos
phatase by polyxenyl phosphate. That the inhibition of ribonuclease, 
lysozyme, and hyaluronidase by polyglucose sulfates can be completely 
reversed by protamine has been demonstrated by Mora and Young (79). 
A large number of polycations have been reported by Bernfeld et al. (75) 
to reverse the inhibition of β-glucuronidase by polymethacrylate. These 
polycations consisted mainly of positively charged or amphoteric macro
molecular substances, such as chitosan, deacetylchondroitin sulfate, crys
talline bovine serum albumin, crystalline β-lactoglobulin, and crystalline 
ovalbumin, but included also low molecular weight cations like 1 , 1 0 -
diamino-n-decane. Even certain preparations of deoxyribonucleate proved 
to possess sufficient positive charges to counteract the inhibitory effect of 
the polyanion. Hyaluronidase inhibition by polystyrene sulfonate was 
reversed by protamine, poly-L-lysine, chitosan, or 1,10-diamino-n-decane 
(76, 77). 

5. M A C R O A N I O N I C VERSUS MACROCATIONIC I N H I B I T I O N 

In a few enzyme systems the roles of polycations and polyanions are 
reversed. Thus, Katchalski, Berger, and Neumann (121) have found that 
pepsin is inhibited at pH 1.7 and 6 . 0 by poly-L-lysine and that the 
inhibition is overcome by heparin. In a similar way, Person and Fine 
(122) observed that heart muscle cytochrome c oxidase is inhibited by 
basic proteins, such as protamine, histone, lysozyme, or ribonuclease, 
whereas polyglucose sulfate completely reverses the inhibition of this 
enzyme. Whether an enzyme is inhibited by a polyanion or a polycation 
probably depends on its chemical and physicochemical nature. Pepsin has 
been reported, however, to be inhibited by polycations (121) and poly
anions as well (83). 

In the light of the experience obtained with ^-glucuronidase (75) and 
hyaluronidase (76, 77), where the activation was the primary effect and 
the inhibition by polyelectrolytes of opposite charge consisted in the 
sequestration of the activator, the in vitro activation of lipoprotein lipase 
by heparin (105) and its reversal by protamine seemed to follow the same 
pattern as the effect of polyelectrolytes on pepsin and on cytochrome c 
oxidase. Actually, the case of lipoprotein lipase is different because its 
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in vitro activation is strictly specific for only those polyanions bearing 
sulfoamino groups, like heparin (88, 89). 

The inhibition of trypsin by polyglutamic acid can also be reversed by 
a large excess of the polyanion until the activity of the enzyme is actually 
enhanced (115). Similarly, pepsin inhibition by poly-L-lysine is abolished 
by an excess of the polypeptide (115). The activation of lipoprotein 
lipase by heparin has been found to turn into inhibition when high con
centrations of the polyanion are present (105). Dellert and Stahmann 
(115) believe that the mechanism for this behavior, at least in the case 
of the two proteolytic enzymes, is the same. They assume complex forma
tion at low polypeptide concentrations, probably due to electrostatic 
attraction, which leads to aggregation and precipitation. At high peptide 
concentrations, the complex would dissolve and enzyme activity would 
be restored. It should be emphasized, however, that the reversal of the 
effect of polyelectrolytes by higher concentrations of the same substance 
is limited to a few cases only, whereas the large majority of enzyme 
inhibitions by polyanions cannot be abolished, reversed, or even weakened 
by an excess of the same polyanion. 

B. "Activator-Competi t ive" Enzyme Inhibition 

It is generally taken for granted that the mechanism of macroanionic 
enzyme inhibition lies in a direct interaction between negative groups of 
the inhibitor and positive functions of the enzyme protein; this interaction 
is then assumed to lead to complex formation through coulombic forces, 
which in turn causes a decrease in enzyme activity as a consequence of 
precipitation of the complexor of masking the active sites of the enzyme. 

A different mechanism has been found to prevail in the case of at 
least two enzymes and is believed to be applicable to a much larger 
number of enzyme systems. Testicular hyaluronidase and mammalian 
^-glucuronidase have been observed to be inhibited by macroanions with
out necessarily interacting directly with the inhibitors. This mechanism 
is based upon two other phenomena, (1) the decrease of specific enzyme 
activity upon dilution and (2) the reversibility of this decrease of specific 
activity by the addition of polycations. 

1. D E C R E A S E OF S P E C I F I C E N Z Y M E A C T I V I T Y U P O N D I L U T I O N 

Loss of enzyme activity upon dilution has been described to occur with 
prostatic acid phosphatase (124, 125) and with carbonic anhydrase 
(122a). 
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Kinetic studies on the specific activity (ratio of enzyme activity 
over quantity of enzyme protein) of hyaluronidase (76, 77) and of 
/^-glucuronidase (123) have been carried out over a wide range of enzyme 
dilutions. Highly purified preparations of ^-glucuronidase from calf liver 
and spleen exhibit marked losses of specific activity when the enzyme is 
diluted below concentrations of 100 jug /ml , as seen from curve A in Fig. 3. 

FIG. 3. Reversible decrease of specific activity (ordinates) of highly puri
fied calf liver ^-glucuronidase, measured with phenolphthalein glucuronoside 
as subtrate, as a function of the logarithm of enzyme concentration (abscis
s a s ) . Curve A : without added activator; curve B : in the presence of 100 μg 
chitosan/ml. 

At enzyme concentrations of 0.1 ftg/ml, the specific activity drops to less 
than 10% of the original value. Commercial preparations of testicular 
hyaluronidase or preparations of this enzyme which had been partially 
purified by zone electrophoresis showed the same phenomenon at enzyme 
concentrations below 1 USP unit/ml (77). In both cases, the specific 
enzyme activity decreased progressively upon dilution, and this behavior 
followed the law of mass action. 

I t was possible to rule out experimentally the participation of surface 
forces during this effect, and the most likely interpretation of the decrease 
of specific enzyme activity upon dilution is the assumption that the 
active enzyme protein dissociates during dilution into enzymically in
active products. While it appears evident that the bonds which are 
severed upon dilution are essential for the enzymic activity, it is not possi
ble, however, at the present state of our knowledge, to decide whether the 
dissociation involves the cleavage of inter- or intramolecular bonds, and 
whether the nature of the bonds in question is polar or is of the secondary 
or tertiary protein structure. 

MICROMOLES SUBSTRATE 
S P L I T PER MG ENZYME 
PER HOUR 

- 4 - 3 - 2 - I 
L O G A R I T H M OF P R O T E I N C O N C E N T R A T I O N (MG/ML) 
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The phenomenon of dissociation of active enzymes into enzymically 
inactive subunits has now been recognized to occur, also, under various 
other conditions. Bovine pancreatic ribonuclease was found to undergo 
reversible intramolecular dissociation by reduction and oxidative recon-
stitution of disulfide bonds (123a-e). Stellwagen and Schachman (128]) 
as well as Deal and Van Holde (123g) demonstrated that rabbit muscle 
aldolase reversibly dissociates into three subunits when the enzyme is 
exposed to urea, to acid, or to sodium dodecyl sulfate. Similar phenomena 
of reversible dissociation accompanied by loss and recovery, respectively, 
of enzyme activity were also observed with lysozyme, fungal α-amylase 
(123h), and with alkaline phosphatase (123%). 

2. R E V E R S I B I L I T Y OF T H E D I L U T I O N E F F E C T B Y POLYCATIONS 

The dissociation of active enzyme into inactive products has been shown 
to be reversible (76, 77, 123). Unfortunately, the reversion could not be 
achieved by simply concentrating the highly diluted enzyme solutions, 
because of the marked instability of the dissociation products toward 
freeze-drying. 

However, the addition to the diluted enzyme solutions of polycationic 
substances, mostly of macromolecular nature, was capable of restoring the 
specific enzyme activity. Consequently, the specific activity remained inde
pendent of the enzyme concentration when the enzyme was diluted in the 
presence of polycations (see curve Β in Fig. 3 ) . The latter substances thus 
proved to be activators of the diluted enzymes. Since this type of activa
tion is the reversal of a dissociation upon dilution, the extent of activation 
also depends greatly on the enzyme concentration. It becomes less and 
less important as the enzyme concentration is increased, and is practically 
nil at high enzyme concentrations where no dissociation occurred at all, as 
seen from the decreasing difference at rising enzyme concentration be
tween curves A and Β in Fig. 3. A threshold of specific activity is reached 
for each enzyme preparation and will not be exceeded by further increases 
of either enzyme or activator concentrations. 

This phenomenon will be called macrocationic enzyme activation, in 
analogy to the term macroanionic enzyme inhibition (73). All of the 
enzyme activators of this group but one are indeed macromolecular 
substances. The one exception is 1,10-diamino-n-decane (and related 
α,ω-diaminoparafEns), which is, however, a considerably less potent acti
vator than the substances of high molecular weight. The latter include 
chitosan and other deacetylated mucopolysaccharides, such as deacetyl-
hyaluronate and deacetylchondroitin-4-sulfate, further basic proteins like 
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protamine, but also less basic proteins like crystalline bovine serum 
albumin, and finally also basic polypeptides, e.g. poly-L-lysine. 

Macrocationic enzyme activation and reversible dissociation on dilu
tion has also been found to occur with crystalline ^-amylase from sweet 
potatoes (91). 

3 . STABILIZATION OF E N Z Y M E S B Y POLYCATIONS 

While the decrease of specific enzyme activity of ^-glucuronidase and 
hyaluronidase upon dilution has been found to be a reversible effect, 
another phenomenon has been observed to occur simultaneously with 
^-glucuronidase (75) and, to a lesser degree, also with hyaluronidase. It 
has been noted that highly diluted solutions of these enzymes lose their 
specific activity slowly but irreversibly, unless the solutions are protected 
against the contact with rough surfaces, such as glass, in particular 
scratched glass, quartz sand, or filter cel. Such rough surfaces will be 
provided under normal working conditions by the container material. The 
use of containers with smooth surfaces, such as polyethylene or silicone-
coated glass, has actually been found to prevent the irreversible surface 
inactivation of the enzymes. 

On the other hand, it has been possible to stabilize the diluted enzyme 
solutions, even in glass containers, by the addition of any of the poly-
cationic substances which had been found to activate the dilute enzymes 
(75). It appears reasonable to assume, therefore, that the irreversible 
inactivation is due to an interaction between the products of enzyme dis
sociation and the surface of the container. Whether such an interaction 
produces irreversible adsorption or denaturation of the enzyme cannot 
be decided. I t should be emphasized, however, that the decrease of specific 
activity upon dilution and the irreversible surface inactivation are two 
distinctly different phenomena. The first occurs independently of the 
container material, is a fast process, and is completely reversible. The 
second is dependent on the presence of rough surfaces, is a relatively slow 
action, and can be prevented but not reversed by polycations. 

The protective effect of polycations has also been reported in other 
cases. Jeffree (124) found that polyamines are capable of protecting 
prostatic alkaline phosphatase against surface denaturation. It is possible 
that the same polyamines may also activate this enzyme under proper 
conditions (125). 

4 . R E V E R S A L OF T H E E F F E C T OF POLYCATIONS B Y M A C R O A N I O N S 

The inhibition of hyaluronidase and of ^-glucuronidase by macro
molecular polyanions, such as polystyrenesulfonate, amylopectin sulfate, 
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pectic acid sulfate, heparin, and polymethacrylate, has been found to be a 
reversal of the activation of these enzymes by polycations ( 7 5 - 7 7 ) . A plot 
of the reciprocal of enzyme activity versus the reciprocal of the activator 
concentration (see Fig. 4) indicates a complete abolition of the inhibitory 

0 o.i 0.2 
I /Activator concentration (jxg/ml) 

FIG. 4. Plot of the reciprocal of specific activity (ordinates) of highly puri
fied calf liver /3-glucuronidase, measured with phenolphthalein glucuronoside 
as subtrate, versus the reciprocal of the polyanionic activator concentration 
(abscissas) . The activator was salmon milt deoxyribonuclease ranging in con
centration from 5 to 1000 μg/m\. Triangles: with 50 /-ig/ml of polysulfonic 
polymer extracted from finely ground Amberlite IR-120; rectangles: with 1 
μg/m\ polymethacrylic acid; open circles: with 15 /xg potassium saccharate; 
black dots: without inhibitor (75). 

effect of polyanion when sufficiently high concentrations of polycationic 
activator are added. In analogy to the graphic representation of enzyme 
inhibition by Lineweaver and Burk (126), where the inverse value of 
enzyme activity is plotted as a function of the inverse value of the sub
strate concentration, the data in Fig. 4 denote an activator-competitive 
type of enzyme inhibition (75). For the purpose of comparison, the 
inhibition of ^-glucuronidase by saccharolactone has been studied as a 
function of activator concentration. While this substance is known to be a 
substrate-competitive inhibitor of ^-glucuronidase (127), it can be clearly 
seen that it is a noncompetitive inhibitor with respect to the activator 
concentration (see Fig. 4 ) . 

Obviously, the macromolecular polyelectrolytes of opposite charges 
interact with each other through electrostatic forces, whereby soluble and, 
in some instances, insoluble complexes are formed. The mechanism of the 
activator-competitive type of inhibition is, therefore, the sequestration 
of activator by the polyanion. Consequently, this leads to a promotion of 
the dissociation of the enzyme and, hence, to the loss of specific enzyme 
activity (see schematic representation in Fig. 5 ) . The protection of 
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FIG. 5. Schematic representation of the interrelationships among reversible 
dissociation, activation by polycations, inhibition by polyanions, and stabi
lization against irreversible inactivation through contact with rough surfaces, 
as observed for the enzymes hyaluronidase and ^-glucuronidase (75). 

enzyme by polycations against surface inactivation can be explained by 
the same mechanism, and polyanions would therefore be expected to cause 
irreversible inactivation of highly diluted enzyme in the presence of 
rough surfaces. This has actually been observed (75). 

The activator-competitive inhibition of hyaluronidase and ^-glucuroni
dase by macromolecular polyanions is therefore a process during which 
the enzyme and the polyanion do not necessarily have to interact or get 
in direct contact with each other. Whether there is an additional mecha
nism by which a small portion of the enzyme also forms a complex with 
the inhibitor is not known. It appears likely, however, that the activator-
competitive type of inhibition is not limited to these two enzyme systems, 
and that it may be a much more general type of inhibition, especially in 
view of the large number of enzymes which have been reported in the 
literature to lose activity in the presence of macromolecular polyanions 
(see Tables I I I - I V ) . Negative results in this regard were obtained, how
ever, with crystalline aldolase and lactic dehydrogenase, both from rabbit 
muscle; neither enzyme exhibited any loss of specific activity upon dilution, 
although both of them were markedly inhibited by polystyrene sulfonate 
and sodium dodecyl sulfate (91). These two enzymes were not inhibited 
by most of the other polyanions, and none of the polysaccharide sulfates 
listed in Table III and IV had any effect on their activity; the only other 
polyanion which was found to inhibit lactic dehydrogenase was poly
vinyl sulfate, but this substance had no influence on the activity of aldo-
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lase. The inhibition of aldolase and lactic dehydrogenase by polystyrene 
sulfonate appears to be significantly different, therefore, from both the 
activator-competitive enzyme inhibition and from the common macro
anionic inhibition characterized by a broad spectrum of the chemical 
nature of the inhibitors. 

Irreversible enzyme inhibition by polyanions at low enzyme concen
trations may be due in many other instances to a dissociation phenom
enon and to the presence of rough surfaces. 

The number of both polyanionic inhibitors and polycationic activators 
is large, and their chemical nature is highly diversified. The affinity be
tween any two polyelectrolytes of opposite charges and their tendency to 
undergo complex formation must be expected, therefore, to be subject 
to very large variations. Consequently, it is not surprising for a given 
polyanion to act as an inhibitor in the presence of a certain polycationic 
activator, but not to affect the activity of this enzyme in the presence of a 
different activator. Since partially purified enzyme preparations must be 
assumed to be contaminated by potential polycationic activators, for in
stance, by other proteic material, and since partially purified enzyme 
preparations obtained by different purification procedures are expected to 
contain polycationic activators of different chemical nature, it appears 
logical that a given polyanion may be an inhibitor of one enzyme prepara
tion, but not of a preparation of the same enzyme obtained by a different 
method. Among the numerous observations of this nature, it may be 
worth while to mention that Becker and Friedenwald (128) have reported 
the inhibition of calf liver ^-glucuronidase by heparin, whereas heparin 
did not inhibit ^-glucuronidase preparations purified in the writer's 
laboratory. 

C. Inhibition of Othe r Biological Mater ia ls by Macromolecular Polyanions 

In a considerable number of instances, macromolecular polyanions 
have been reported to inhibit more complex biological systems. These 
include the well-known anticoagulant action of heparin and of many other 
sulfated polysaccharides, which has been reviewed by Walton (129), 
Stefanini (180) and others, as well as the growth inhibitory effect of 
heparin in tissues (181-183), the inhibition of cell division by heparin 
(184-136), the thromboplastic action of heparin, which was interpreted 
as a binding of the polyanion on the surface of intact live leucocytes 
(187), the reduction of the infectivity of tobacco mosaic virus by poly-
L-glutamate, polyacrylate, and pectate (138), the effect of amylose sul
fate, dextran sulfate, and polyvinyl sulfate on the hyperchromicity of 



464 PETER BERNFELD 

beef pancreas ribosomes (138a), and the irreversible loss of viability 
of T2 bacteriophage by polyglucose sulfate (139). The latter process has 
been studied with S 3 5-labeled polyanion which was found to complex 
directly with the phage. Among the possible mechanisms suggested for 
this inhibition was the blocking of the penetration enzyme, lysozyme, by 
the polyanion (139). 

Polyanetholsulfonate, polyvinyl alcohol sulfonate, and dextran sulfate 
have been found to produce lesions in rabbits indistinguishable from those 
of the generalized Shwartzman reaction (lift). This phenomenon is proba
bly an intravascular precipitation of fibrinogen by the polyanions and can 
be prevented by heparin (HI). Naturally occurring macromolecular poly
anions have also been observed to cause hemorrhagic necrosis in animal 
tumors (142-145). Some of these substances which were obtained from 
culture filtrates of E. coli and Serratia marcescens (145) have been identi
fied to be phospholipid-containing acid polysaccharide-protein complexes 
(146,147). 

Polyethylenesulfonate has been reported to possess tumor-inhibiting 
effects in mice (148), and moderate inhibition of mouse tumors has been 
observed with polyxenyl phosphate (149)· The latter polyanion had been 
labeled with P 3 2 and was thus found to be accumulated in the tumor tissue 
(149), while other macromolecular polyanions, especially dextran sulfate 
(150) and heparin (151), are known to collect predominantly in the liver, 
spleen, lung, and kidney. That polyxenyl phosphate combines directly 
with the tumor cells was also demonstrated by the fact that this polyanion 
is capable of increasing the electronegative charges of the cells when 
added in vitro, as shown by their increased electrophoretic mobility and 
by the loss of their amphoteric character (152). 

It appears most likely that the previously mentioned effects of macro
molecular polyanions on complete biological systems, such as living cells, 
viruses, or phages, are the consequence of unspecific polyanion-protein 
interactions which take place on the surface of the particles or cells. The 
tendency of complex formation of macromolecular polyanions is not 
limited, therefore, to in vitro conditions or to protein particles which are 
in a state of high molecular dispersion, as in solution. 

D. Mechanism of Protein-Macromolecular Polyanion Interactions 

The principal features leading to the complex formation of proteins 
with macromolecular polyanions are, no doubt, coulombic attraction 
forces between groups of opposite charges in the two classes of substances, 
as has been pointed out by many workers, for instance, Chargaff, Ziff, 
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and Moore [153), Jacques (154), Gorter and Nanninga (155), Meyer 
(156), and others. In this respect, the interaction closely resembles, there
fore, the complex formation of proteins with surface active compounds 
and other polyanions of low or medium molecular weight. The marked pH 
dependence of the complexes, as well as the characteristic effect of con
centrated salt solutions which tend to dissociate the complexes into their 
component parts, is sufficient evidence for the electrostatic nature of these 
interactions. 

In contrast to the protein complexes with surface active agents and 
other polyanions of low molecular weight, however, marcromolecular 
polyanions have been found to produce some inhibitory effects on enzymes 
also on the alkaline side of their isoelectric points, where the negative 
charges are predominant in both participants of the interaction (106, 
111). In addition to the electrostatic attraction, nonpolar forces must be 
expected, therefore, to be involved in the complex formation of proteins 
with macromolecular polyanions. Some light on this aspect has been cast 
by studies on the interaction of ^-lipoproteins with macromolecular poly
anions, which has been found to result in at least three different types of 
complexes, according to the nature of the polyanion (157). The presence 
of carboxyl, iV-acetyl, or iV-sulfatyl groups in the polyanion, as well as 
the molecular weight and degree of branching of the latter, appears to 
influence considerably the solubility of the complexes and to determine 
the affinity of their component parts for one another (158). Hydrogen 
bonding is assumed, therefore, to contribute markedly to the complex 
formation and is likely to be also responsible, at least in part, for the 
inhibition of enzymes by macromolecular polyanions and for the differ
ences in inhibitory potency of various polyanions. 

V. SUMMARY A N D CONCLUSIONS 

Polyanions are defined in this review as those substances which contain 
a large number of negatively charged groups on each particle. They thus 
include not only high polymer substances which possess acidic functions, 
such as polysaccharides containing uronic acid residues or sulfate ester 
groups, the nucleic acids, and synthetic macromolecular polyanions, but 
they also involve low molecular weight carboxylic acids and acid sulfate 
esters, such as anionic surface active agents which are known to form 
aggregated particles or micelles in aqueous media where the surface of 
each particle is covered by a multitude of negatively charged groups. 
Some nonpolymer organic mono- and poly sulfonates of medium molecu-
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lar weight, like suramin and other acid drugs or dyes, are related in many 
respects to the macromolecular polyanions and to the surface active 
agents by similarities in their structure and biological behavior, and have 
been included in the present discussion. 

Polyanions interact with proteins to form complexes of various degrees 
of solubility. In many cases of biologically active proteins, this complex 
formation leads to reversible or irreversible loss of the biological activity. 
Polyanions have thus been found to inhibit a great number of enzymes; 
they also have been reported to inhibit proteohormones, toxins, antibodies, 
antigens, virus infectivity, bacterial growth, blood coagulation, mitosis, 
tumor growth, etc. Polyanions with strongly acid functions, like poly-
sulfate or polyphosphate esters, are more frequently found to possess 
inhibitory action than polycarboxylic acids. 

The mechanism of inhibition may vary from one system to another, but 
in many instances it is believed that the electrostatic attraction between 
groups of opposite charges on the protein and on the polyanion is the 
principal force causing complex formation. Consequently, interaction and 
inhibition are greatly dependent on the number of electropositive charges 
of the protein and, hence, on the acidity of the medium. As it would be 
expected from this simple mechanism of protein-polyanion interaction, 
the resulting inhibition is rather unspecific, both with respect to the nature 
or biological activity of the protein and to the chemical or physicochemi
cal structure of the polyanion. Thus, as an example, the inhibition of 
many enzymes by sodium dodecyl sulfate and by sulfopolysaccharides 
appears to bear a considerable analogy. 

In contrast to most surface active agents, macromolecular polyanions 
frequently contain other groups in addition to their sulfate ester, phos
phate ester, or carboxylic acid functions. In the case of acid polysac
charides, these neutral functions mainly include hydroxyl or iV-acetyl 
groups. These also contribute, although to a lesser degree than the acid 
groups, to the complex formation and, hence, to the inhibition, probably 
through hydrogen bonding. The inhibitory action of many macromolecular 
polyanions is, thus, slightly more specific than that of surface active 
agents with the effect that in many instances the inhibitory potency 
toward a given enzyme system has been found to vary considerably for 
different macromolecular polyanions. Likewise, the pH dependency of the 
inhibition is somewhat weaker for macromolecular polyanions than for 
surface active agents, and slight macroanionic enzyme inhibition on the 
alkaline side of the isoelectric point is not infrequent. 

The addition of polycationic substances is capable of reversing the 
inhibitory action of polyanions if the affinity of the added polycation for 
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the inhibitor is higher than that of the biologically active protein or if 
the added polycation is present in a large excess. A few instances are 
known where the roles of polycations and polyanions are reversed. Pepsin 
and cytochrome oxidase are inhibited by polycations, whereas certain 
polyanions may counteract the inhibition, and may even enhance the 
activity. Polycations also abolish the activating effect of heparin on lipo
protein lipase and, thus, produce inhibition of this enzyme. 

In at least two enzyme systems, the inhibition by macromolecular poly
anions has been found to be due to a sequestration of polycationic acti
vators of the enzymes, rather than to a direct interaction between enzyme 
and polyanion. The activity of hyaluronidase and ^-glucuronidase is 
subject to a sequence of events. These two enzymes dissociate upon 
dilution into inactive components, their dissociation is reversed by poly
cations which thus reactivate the dilute enzymes, and they lose their 
activity again through the addition of polyanions which offset the action 
of the polycations by complex formation. Present and future research will 
show whether this mechanism applies to a larger number of enzyme 
systems. 
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