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Abbreviations 

CD 
CM 
Cmc - -  
DDC - -  
DEAE - -  
EDTA - -  
E N D O R  - -  
EPR 
EXAFS - -  
HEPES - -  
N A D H  --- 
NBT 
N M R  - -  
SOD - -  
TEMED - -  
XPS 

Circular dichroism 
Carboxymethyl 
S-carboxymethylcysteine 
Diethyldithiocarbamat 
Diethylaminoethyl 
Ethylendiamine tetraacetic acid 
Electron-nuclear double resonance 
Electron paramagnetic resonance 
Extended X-ray absorption fine structure 
N-(2-hydroxyethyl)piperazin-N'-2-ethanesulphonic acid 
Reduced nicotinamide adenine dinucleotide 
Nitroblue tetrazolium chloride 
Nuclear magnetic resonance 
Superoxide dismutase 
Tetramethylethylendiamine 
X-ray photoelectron spectroscopy 

Superoxide dismutases are ubiquitously distributed in all biological systems including prokaryotic, 
eukaryotic and plant cells. These proteins contain either copper and zinc or manganese or iron in the 
active centre, respectively. During the catalytic activity, the superoxide anion is converted into di- 
oxygen and hydrogen peroxide. CuzZn2superoxide dismutase is one of the most intensively studied 
metalloproteins. The primary structure of many of these proteins has been elucidated. A convincing 
structure-function correlation was deduced from biophysical and chemical data. The influence of 
the protein backbone on the reactivity of the metal was thoroughly studied. Of special interest was the 
catalytic centre of Cu2Zn2superoxide dismutase. The molecular architecture of the phylogenetically 
older iron and manganese enzymes is far less understood. At present, the clinical and biochemical 
aspects of reactive oxygen species enjoy a marked interest, as they are thought to be responsible for 
the oxygen derived cell-damage. This may reflect the overwhelming number of different assay systems 
described for the evaluation of superoxide dismutase activity. The most suitable and convenient 
assays are briefly discussed. The model chemistry for superoxide dismutases of low molecular mass 
complexes of transition metals is reviewed. Emphasis is placed on the biological significance of super- 
oxide dismutase active copper ligands, frequently used as antiinflammatory drugs. The interaction of 
reactive oxygen species with superoxide dismutases and the biochemical and clinical relevance of this 
enzyme are critically summarized. 

1 Introduction 

Biochemically seen the periodic table of elements can be divided into four sections. 
Firstly, there are the group i and group II elements. They include typical metals of 

low ionization potentials for the first and the second electrons, respectively. Their 
polarizing power is low and they are known to participate neither in redox reactions 
nor  in the formation of biopolymers. Together with the anions of group VII (halides), 
they are involved in maintaining the ionic strength in cellular and extracellular fluids. 
Electrophysiological reactions in nervous excitation are controlled. Magnesium and 
calcium form weakly stable complexes with nucleic acids and proteins, however, in 
general the tendency for complex formation of the group I and II elements is low. 
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Section two of the periodic table includes group IV up to group VI. The most 
prominent members are carbon, nitrogen, oxygen, sulphur and phosphorus. They 
contribute to the fundamental structural components of biopolymers. With regard 
to our aerobic atmosphere, oxygen plays a dual role in this event. Oxygen is incorpo- 
rated into proteins, and, at the same time is required for energy supply. Due to its 
radical character and the possible formation of highly toxic intermediates (OH-), 
some protective systems against reactive oxygen species had developped during evolu- 
tion 1 

The third section of the periodic table comprises transition metals or the d-group 
elements, which are involved in many biological defence mechanisms against toxic 
radicals. As in chemical catalysis the same metals are active in biochemical systems. 
Surprisingly these redox mediators are involved in both, the generation and the removal 
of reactive oxygen species. 
Zinc having a filled d shell and two 4 s electrons reacts like a Lewis acid of considerable 
polarizing power. Electrons are withdrawn from substrates with the consequence 
that a nucteophilic attack is facilitated. The elements with partially filled d shells 
and multiple oxidation states include Sc, Ti, V, Cr, Mn, Fe, Co, Ni and Cu. Hence, 
they are good candidates to actively participate in redox reactions. Attributable to 
d-d transitions most of the complexes of these species including many metalloproteins 
are cotoured. This facilitates investigations of their properties by electron absorption 
spectrometry. 

A fourth group in the periodic table of the elements can be assigned to the toxic 
elements Cd, Hg, Ag and TI as well as the rare earths for which a biological function 
has not yet been detected. The radioactive actinides are not suitable for biological 
processes. 

Nearly all metals mentioned before are found in the organism. The most prominent 
transition metals in biology include iron, zinc and copper. Manganese, cobalt and 
nickel are less abundant. In oxygen metabolism Fe, Cu and Mn are involved. Some- 
times they act antagonistically or display co-operative effects. The antagonism is 
observed in inflammation. Iron proteins like cytochrome P-450 or myetoperoxidase 
aggravate the metabolic disorder by the generation of reactive oxygen species or 
hypochlorous acid. By way of contrast, copper proteins or low molecular weight 
copper chelates can be curative 2, 3t The co-operative effect of both, copper and iron 
is seen in cytochrome c oxidase 4~. 

Iron forms very weak complexes with chelating agents, that produce no strong 
ligand fields. Amine complexes are very unstable. The porphyrin complexes are 
exempted where iron is coordinated to four nitrogens. The haem-iron can undergo a 
multiplicity of reactions including changes in valence and spin state. Haemoglobin 
is a typical example in which binding of oxygen results in changes of the spin state 5~. 
Of course, these changes can also be seen in other iron proteins like dioxygenases 6 
or iron-sulphur clusters 7) 

Copper is markedly different in its reactivity compared to iron. In porphyrins 
copper is totally buried. Due to the rigid structure of the porphyrins, where no twisting 
of the ligands is possible no reactivity with oxygen is seen. Hence, copper porphyrin- 
complexes display no superoxide dismutase activity 8~. In biological systems copper 
is essentially coordinated to nitrogen or sulphur. In octahedrai Jahn-Teller distorted 
Cu(II) complexes a tetragonal distortion of the octahedron, usually an extension 

4 
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corresponding to the lengthening of  the two bonds on either moiety side o f  the 
equatorial plane coordination is seen. The rate of  exchange of  the two ligands on the 
perpendicular axis is enhanced 9~. Therefore, it is not  surprising that copper is an 
excellent reactant for fast exchange reactions. In comparing the exchange rates for 
water in the sixth coordination site of  the aquo-complexes o f  different transition 
metals, it becomes clear, why iron, manganese and copper are exclusively bound in 
superoxide dismuting proteins 9,10~ (Table 1). 

Table 1. Exchange rate of water 
in metal aquo-complexes lo~ 
[M(H20) ~] + H2018 

[M(H20)5(H2OIS)] + HzO 

Aquo-complex k I (s - 1) 

Cr a+ 5 × 10 - 7  

A13 + 10 o 
Fe 3 + 3 x 103 
M~ + >lO 4 
Ni 2+ 3x 104 
Co 2 + 106 
Fe 2+ 3 x 106 
Mn 2 + 3 x t 07 
Cu 2+ 8x 109 

The Cu2Zn2superoxide dismutase has dismutation rates for the superoxide ion 
which are near the diffusion control (2.0 _+ 0.5 × 10 9 M - i s  -1) even at alkaline pH- 
values. The reaction catalyzed can be summarized as follows: 

2 0 ~  + 2 H + ~ ILI202 + 02 (1) 

The properties ofsuperoxide dismutases (SOD's) have been extensively reviewed 11 - 18) 
Currently, it seems attractive to work on the biological activity o f  superoxide dismu- 
tases, whereas the chemical aspects are sometimes disregarded. However, devoid 
o f  a founded knowledge of  the biophysical parameters of  these enzymes, the catalytic 
action of  the superoxide dismutases could never have been understood. Thus, a solid 
structure function correlation is essential. 

2 Isolation of Erythrocyte Cu2Zn2Superoxide Dismutase 

Apart  from laboratory scale preparations bovine erythrocytes have become the most 
convenient source for Cu2Zn2superoxide dismutase for all kinds of  applications 
including pharmaceutical, technical or  routine purposes. Red blood cells are easily 
obtainable in large quantities and the costs are low or nearly nill. Special preparation 
techniques and mincing of  cell particles can be omitted. Therefore, the isolation 
techniques are simple and convenient. It was the merit of  Mann and Keilin who 
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successfully performed the first isolation of CuzZn2superoxide dismutase from red 
blood cells of ox 19). They actually prepared a zinc-free protein and called it haemo- 
cuprein. 

In the sixties an improvement was achieved by the introduction of new methods 
for precipitation of the haemoglobin including heavy metal or ethanol treatment 20, 
21). Some years later two preparation methods were established which are still cur- 
rently used for routine isolations. The first was the aqueous isolation using batch 
absorption of nonhaemogtobin proteins to DEAE-cetlulose gels 22). The second was 
the precipitation of haemoglobin with chloroform/ethanol, the so called Tsuschihashi 
procedure 23!. Recently a new method was developed making use of the high thermal 
stability of vertebrate CuzZnesuperoxide dismutases 24) 

2.1 Precipitation with Organic Solvents 

CugZn2superoxide dismutases are proteins which are of remarkable stability in the 
presence of organic solvents 25) They survive concentrations of these chemicals 
where many other proteins are deteriorated. In the early days of biochemistry Tsuschi- 
hashi discovered that undesired haemoglobin can be readily precipitated from 
haemolysate by treatment with chloroform/ethanol, leaving some particular proteins 
dissolved 26). Based on the resistance of CuzZn2superoxide dismutase against organic 
solvents, McCord and Fridovich applied this method to the isolation of the former 
enzyme 23). Some years later improved techniques with regard to gels and buffer 
systems were devised 27,2sj 

The procedure includes the precipitation of haemoglobin with a mixture of 0.25 vol- 
ume of ethanol and 0. t 5 volume of chloroform. After centrifugation the superoxide 
dismutase is found in the supernatant. Further purification is accomplished upon 
precipitation of contaminating proteins by the addition of solid K2HPO 4 (300 g per 
litre). After this treatment two liquid phases are obtained. Superoxide dismutase is 
present in the upper phase. It is precipitated by the addition of  0.75 volume of cold 
acetone and washed once with 0.75 % acetone. A final chromatography on DE-23 
(DEAE cellulose) followed by gradient elution yields homogeneous Cu2Zn2super- 
oxide dismutase. Separation of minor contaminants and desalting is performed on 
Sephadex G-75 with distilled water. 

Attributable to its fast performance and high convenience this procedure is usually 
employed for routine isolations, Unfortunately, the use of organic solvents bears 
some disadvantages because they are noxious. Moreover, by treatment of haemolysate 
with chloroform/ethanol a considerable coprecipitation and/or denaturation of 
superoxide dismutase is seen. 

2.2 Aqueous Chromatography 

The isolation technique based on sequential aqueous chromatography was introduced 
by Stansell and Deutsch 22). They used batch absorption of the nonhaemoglobin 
proteins on DEAE cellulose for the removal of haemoglobin. The overall procedure 
was very laborious and time consuming. Therefore, a more convenient method shorter 
in time was developed 29~ The yield of purified SOD was the same as obtained with 
the Tsuschihashi method. Compared to the latter technique the different operation 
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procedures were much more susceptible to erroneous results. This may explain why 
the aqueous isolation is not frequently used. Recently, an improved aqueous isolation 
was devised and successfully employed 30,31). A significantly increased yield was 
obtained and in the last purification step, the charge isomers of Cu2Zn2superoxide 
dismutase were separated on a preparative scale. 

Crude haemolysate, obtained from citrated bovine blood (pH 6.8) is chromato- 
graphed on DEAE-Sephacel and the bound nonhaemoglobin proteins are eluted 
with a sharp NaC1 gradient (0-1 M). The copper containing fractions are concentrated 
by membrane filtration under nitrogen pressure (1 : 10). Gel filtration on Sephadex 
G-75 yields one single copper containing protein band near M r ~ 32,000. It can be 
exclusively assigned to Cu2Zn2superoxide dismutase 3o). It should be emphasized that 
neither high nor low molecular weight copper chelates can be detected after both, 
membrane filtration and gel filtration (Fig. l). 
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Fig. 1. Aqueous isolation of bovine erythrocyte Cu2Zn2superoxide dismutase. Gelfiltration of the 
DEAE-eluate on Sephadex G-75. The fractions are assayed for Cu, Fe, superoxide dismutase activity 
(NBT-assay) and electronic absorption (Az54). The observed peaks are assigned to (from left to right): 
catatase, haemoglobin, CuzZn2superoxide dismutase and cytochromes b/c 

The crude superoxide dismutase is further purified using chromatography on DE-23 
(DEAE-cellulose) and/or CM-Sephadex C-50 and/or phenylsepharose and/or 
hydroxyapatite. Usually one or two of the four possible chromatographic steps are 
sufficient. A final purification including the preparative separation of the charge 
isomers is accomplished by chromatofocusing. A linear gradient from pH 5.9 to 
pH 4.1 is applied (Polybuffer from Pharmacia 1 : l0 diluted). The two charge isomers 
are desalted on Sephadex G-75 in distilled water. 
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2.3 Heating of the Haemolysate 

A completely different approach was made to modify the general isolation technique. 
Based on the thermal stability of Cu2Zn2superoxide dismutase partial heat-deteriora- 
tion of the haemolysate was employed 24). Subsequent chromatography of the super- 
natant on DEAE-Sephacel and Sephadex G-75 yielded an electrophoreticatly homo- 
geneous protein within less than five days. 

Bovine red blood cells are diluted with two volumes of tap water and the lysate is 
dialyzed for 14 h to a conductivity of 2 mS. After heating to 70-80 °C for 10-15 min 
under rigorous stirring, the precipitate is separated by centrifugation. Roughly 90 % 
of the haemoglobin are removed by this procedure, whereas 60-70 % of the super- 
oxide dismutase are recovered. Upon chromatography on DEAE-Sephacel the 
residual haemoglobin passes completely the ion exchanger. The bound nonhaemo- 
globin proteins are eluted with a linear NaCI gradient (0-200 mM) and freeze dried. 
Further separation of contaminant proteins as well as desalting is accomplished in 
one step after passage through a Sephadex G-75 column equilibrated with distilled 
water. A final yield of 50 % of the originally present enzyme is achieved. 

Attributable to the enormous savings of time and financial efforts this highly effi- 
cient and simple method, probably, will prove to be the future technique for routine 
isolations. Furthermore, the translation from a laboratory-scale into technical-scale 
preparation appears to be easy. 

2.4 Conclusion 

In general Cu2Zn2superoxide dismutase is isolated after treating the haemolysate 
with chloroform/ethanol 23). Although this method is rather expedient, it has some 
major disadvantages. Roughly 25 % of the erythrocyte SOD are recovered, only. 
For routine work, handling of organic solvents can be hazardous. It is not unlikely 
that treatment of the protein with organic compounds results in minor conformational 
changes of the tertiary or quarterny protein structure. Previously it was demonstrated 
that essentially all of  the erythrocyte copper is coordinated in Cu2Znzsuperoxide 
dismutase 3o). This enzyme is present in some vertebrate tissues in two forms of dif- 
ferent isoelectric points 32-34 k At a final yield of only 25 % of the originally present 
enzyme, it is by no means clear, whether parts of form I or form II are lost or the loss 
of SOD is assigned to the statistical average of both forms during preparation. 

Therefore, the aqueous isolation developed by Stansell and Deutsch z2) was applied 
and improved, leading to a final yield of 50 % of originally present enzyme 3o, 31 
It was demonstrated, that during the isolation either isoelectric variants are simul- 
taneously lost. Although the aqueous isolation was substantially improved, it was 
still more time consuming than the method using organic solvents. Moreover, this 
procedure has another fundamental drawback. Haemoproteins and their degradation 
products are not readily removed by this technique. 

Especially the latter species is known to act as a possible source of radical reactions. 
Thus, a gradual degradation of the protein in the course of the isolation process could 
not be fully excluded. However, the molecular properties of purified Cu2Znzsuper- 
oxide dismutase obtained by the aqueous isolation are identical to those of the chloro- 
form/ethanol treated protein 30. ~1) 
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In order  to avoid the disadvantages of  the above mentioned two different isolation 
methods a more simple, rapid and efficient method was devised 24). Based on the long 
known thermostabi l i ty  o f  Cu2Zn2superoxide dismutase 25~ undesired haemoglobin 
is readily removed. One impor tant  advantage of  this method is, that  nearly no chemicals 
are required to yield homogeneous SOD within five days. 

The biophysical  character izat ion o f  the differently prepared enzymes is summarized 
in Table 2 29,30) 

Table 2. Physicochemical data of CuzZn2superoxide dismutases obtained by different isolation 
techniques. Aqueously isolated charge isomers I and II are compared with the enzymes which were 
isolated from haemolysate previously treated with chloroform/ethanol or heating to 75 °C for 15 min- 
utes 

Aqueously isolated Cu2Zn2SOD Heat treatment of 
isolated by haemolysate 

charge isomer I charge isomer I1 CHCI3/EtOH 
treatment 

Electron absorption 
%59 [ m°l-lcm-l] 9840 + 50 9820 + 50 9840 + 50 9870 + 50 
~68o 313 _+ 5 310 _-4- 5 3t5 _+ 5 310 _+ 5 
Circular dichroism 

0 208 I-deg .cm2~ --6000 --5950 --6000 --6100 
0 261 t L dmol ] ~ 20000 10000 20000 19400 

EPR spectroscopy 
Ajl cm -1 0.014 0.013 0.014 0.013 
gx 2,062 2,060 2.062 2.063 
gll 2.263 2.262 2.263 2,261 
X-ray photoelectron 
spectroscopy No differences 
Amino acid analyses No differences 
Electrophoreses Two-bands One-band Three-bands Three-bands 
Isoelectric focusing One-band One-band Two-bands Two-bands 
Specific SOD activity 
[U/mg] (Nitroblue 
tetrazoliumchloride 
assays) 1700 1600 t 700 1700 
Copper (~tg/mg]protein 3.6 3.4 3.7 3.6 
Zinc [pg/mg]protein 4.1 4.0 4.2 4. I 

Essentially no profound changes are seen. Isolated superoxide dismutase employing 
chloroform/ethanol  t reatment  had a slightly different electrophoretic pat tern  compared  
to the aqueously isolated enzyme. The quanti ty o f  charge isomer II was diminished 
to a minor  extent. 

When isolating superoxide dismutases from other tissues than erythrocytes the 
methods explained here are normal ly  not  suitable. F o r  the purification from solid 
sources like liver a lot o f  other  techniques are described 35). Moreover ,  Mn-SOD 
and Fe -SOD are neither resistant to organic solvents nor to heat  treatment.  Therefore, 
mild condit ions are required for the isolation of  these enzymes. The techniques used 
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for the purification o f  these SOD's  are markedly different from those applied for the 
isolation of  erythrocyte CuzZnzSOD's 35, 36) 

An intriguing phenomenon was observed, when the purified bovine erythrocyte 
Cu2Znzsuperoxide dismutases, obtained by the different isolation techniques were 
compared. Thermal stability measurements revealed that the purified SOD's  are 
much less heat resistant compared to the enzymes in the homogenates. Therefore, 
heat deterioration of  the isolated protein must not be connected with the isolation 
technique described in Chapter 2.3. When freshly aqueously isolated CuzZn2super- 
oxide dismutase was heated to 77 °C a transient and marked increase o f  the specific 
enzymic activity is seen. 

5 0 [  A SOD (oqueous) 
o SOD (freeze dried) 

nt) 

2O0 

.>_ 
150 

(J 

m 100 

\ 
0 I ~ I I i I I I 

0 30 60 90 120 
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Fig. 2. Heat denaturation of purified bovine erythrocyte Cu2Zn2superoxide dismutase. (O) SOD 
prepared by treatment with chloroform/ethanol, (A) aqueously isolated enzyme and (D) the same 
enzyme stored for three months as lyophilized powder at room temperature. When freshly prepared, 
all fractions of aqueously isolated superoxide dismutase showed the same behaviour as (Z~) regardless 
of the age of the animal and the isoelectric point. SOD-activity was estimated using the cytochrome c 
assay z3) 

This phenomenon is not observed using SOD which was previously treated with 
organic solvents or lyophilized enzyme from either source stored for three months. 
It was suggested, that the molecular architecture of  the active center of  aqueously 
isolated enzyme differs from that of  the other species ~1) 

The molecular properties of  the SOD's  summarized in the next chapter are essen- 
tially all derived from data collected from the enzyme which was isolated employing 
the chloroform/ethanol method. Data from Cu2Zn2superoxide dismutases obtained 
by other isolation methods are awaited with great interest. 
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3 Molecular Properties of Superoxide Dismutases 

Since the early work of Mann and Keilin a lot of  structural investigations on super- 
oxide dismutases were carried out. Little is known on the structural aspects of  the 
phylogenetically older iron and manganese enzymes than on the properties of the 
CuzZn2-SOD. Currently, the copper-zinc-protein is one of the best known metallo- 
proteins. Richardson and Richardson achieved the first breakthrough with the X-ray 
cristallographic analysis of bovine Cu2Zn2superoxide dismutase 37) Sequencing of 
the amino acid structure of CuzZnz-SOD's from different sources and alternatively 
the iron and manganese enzymes revealed a high degree of sequence homology within 
the respective class of proteins ~). It could be demonstrated that all amino acid residues 
involved in the catalytic reaction are conserved. Attributable to the founded knowlege 
on the structure and function of superoxide dismutases, they are excellent examples 
for understanding enzymatic catalysis. Moreover, the influence of the protein back- 
bone on the catalytic effect of the metals can be comprehensively demonstrated. 

3.1 Molecular Aspects of the Cu2Zn 2 Enzyme 

Cu2Zn2superoxide dismutase is an enzyme of intriguingly high stability in vitro. It 
can be heated to 100 °C for one minute without any detectable loss of activity and it 
survives pH-ranges from 2-12 26). Moreover, the enzymic activity survives the presence 
of ten molar urea and/or four per cel~t sodium dodecylsulphate. In a solution of six 
per cent guanidinium hydrochloride where most of the other proteins are deteriorated 
the denaturation of superoxide dismutase is reversible 3s, 39) 

The CUEZn 2 enzymes can be obtained from many sources. Apart from two 
exceptions 40,41) they are exclusively found in eucaryotic organisms in nearly all 
tissues 42). Only the enzymes from higher species have a blocked N-terminal group. 
These enzymes are generally more stable. Whether this phenomenon can be ascribed 
to the acetylation or not is still open to discussion. Iron SOD's are exclusively pro- 
karyotic, whereas manganese superoxide dismutases are present in procaryotic cells 
as well as in mitochrondria and the serum ofvertebrates 43 45). Their relative molecular 
mass is differing. Recently a high relative molecular mass copper containing enzyme 
of M r = 135,000 was deduced to be present in human lung 46). Cu2Zn2 enzymes in 
general have a relative molecular mass around 32,000. 

The Cu2Zn2superoxide dismutase of bovine erythrocytes is a homodimer of 
31,300 daltons and contains one g atom of both, copper and zinc per subunit. SOD's 
from fungi, plants and vertebrates have remarkable homologies in the amino acid 
sequence 4v~. The sequence of the bovine erythrocyte enzyme is summarized in 
Table 3 4s) 

The sequence of human erythrocyte superoxide dismutase has been elucidated 
some years later 49, 50). Bovine superoxide dismutase contains no tryptophane and 
very few aromatic and heteroaromatic amino acid residues, respectively. Eight 
histidines, one tyrosine and one phenylatanine are detected. The main portion of the 
protein is formed by neutral amino acids. Four sulphur containing amino acids 
(three cysteins and one methionine) are also present. Cysteine residues 55 and 144 are 
disulphide bridged 5a), whereas one cysteine sulphhydryl group remains unbound. 
These data are contrasted by the properties of  the human enzyme where 153 amino 
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T a b l e  3 .  C o m p l e t e  a m i n o  a c i d  S e q u e n c e  o f  b o v i n e  E r y t h r o c y t e  S u p e r o x i d e  D i s m u t a s e  48~ 

1 1 0  

A c  - -  A l a  - -  T h r  - -  L y s  ......... A l a  - -  V a l  - -  C m c  - -  V a l  - -  L e u  - -  L y s  - -  G l y  - -  A s p  ........ G l y  - -  

2 0  

P r o  - -  V a l  - -  G i n  - -  G l y - -  T h r  - -  I l e  - -  H i s  - -  P h e  - G l u  - -  A l a  - -  L y s  - -  G l y  - -  A s p  - -  T h r - -  

3 0  4 0  

V a t  V a l  V a l  - -  T h r  ..... G l y  - -  S e r  - -  l i e  - -  T h r  - G l y  L e u  - -  T h r  - -  G l u  - -  G t y  - -  A s p  - -  

5 0  

H i s - -  G l y  - -  P h e  - -  H i s  - -  V a l  - -  H i s - -  G l n  - -  P h e - -  G l y  - -  A s p  - -  A s n  - -  T h r  - - G l n  - -  

6 0  

G l y  - -  C m c  - -  T h r  - -  S e r  - -  A l a  G l y  - -  P r o  - -  H i s  P h e  - -  A s n  - -  P r o  - -  L e u  ......... S e t  - -  

7 0  

L y s  - -  L y s  - -  H i s  - -  G l y - . -  G l y  - -  P r o  - -  L y s  - -  A s p  .-- G l u  - -  G l u  - -  A r g  - -  H i s  --- V a l  

8 0  9 0  

G l y  A s p  - -  L e u  - -  G l y  .... A s n  V a l  T h r  - -  A l a  - -  A s p  - -  L y s  - -  A s n  - -  G l y  - V a l  - -  

1 0 0  

A l a  - -  l l e  V a l  - -  A s p  ........ l l e  - -  V a l  A s p  P r o  - -  L e u  - -  t l e  - -  S e r  - -  L e u  - -  S e r  - -  G l y  

I 1 0  1 2 0  

G l u  - -  T h r  S e r  - -  l l e  ...... l l e  - -  G t y  A r g  T h r  --- M e t  - -  V a l  - -  V a l  H i s  - -  G l u - - -  L y s  - -  

1 3 0  

P r o  - -  A s p  - -  A s p  - -  L e u  ...... G l y  - -  A r g  - -  G l y  - -  G l y  .... A s n  - -  G l u  - -  G l u  - -  S e r  - -  T h r  - -  

1 4 0  

L y s  - -  T h r  - -  G l y  - -  A s h  - A l a  G l y  - -  S e r  - -  A r g  - -  L e u  A l a  - -  C m c  G l y  - - V a l  - -  

1 5 0  

l l e  - -  G l y  l i e  - -  A l a  - L y s  

acid residues are found 49,501. This phenomenon is also seen with the horse 52) and 
the yeast enzyme. Human CuzZn2-SOD contains tryptophane but no methionine. 
Horse liver SOD is devoid of  tryptophane and tyrosine. 

The spectral properties of  CuzZnzsuperoxide dismutases are known since many 
years. Apart from the data obtained by classical methods and which are summarized 
in Fig. 3 53~ there are many investigations employing more sophisticated techniques, 

The differences in the electron absorption spectrum between human and bovine 
SOD are attributed to the presence and absence of  tryptophane, respectively s4~. 

I, 
Fi 9. 3a  c. S p e c t r o m e t r i c a l  d a t a  o f  e r y t h r o c y t e  C u 2 Z n z s u p e r o x i d e  d i s m u t a s e ,  a E l e c t r o n i c  a b s o r p t i o n  

o f  h u m a n  ( ) a n d  b o v i n e  ( . . . . . . . . . .  ) S O D .  b C i r c u l a r  d i c h r o i s m ,  c E l e c t r o n  p a r a m a g n e t i c  r e s o n a n c e  

a t  7 7  ° K .  A p a r t  f r o m  e l e c t r o n i c  a b s o r p t i o n  s p e c t r o m e t r y ,  n o  d i f f e r e n c e s  a r e  s e e n  b e t w e e n  h u m a n  

a n d  b o v i n e  S O D  
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No differences of chiroptical and EPR properties are detected. According to the 
definition given by Malkin and Malmstr6m, CuzZnzsuperoxide dismutase is classi- 
fied as a non- blue copper protein 55) 

3.l.1 X-Ray Cristallographic Analysis 

Concomitant with the discovery of the complete amino acid sequence of bovine 
erythrocyte CuzZnzsuperoxide dismutase work on X-ray cristallography of this 
enzyme was in progress. A preliminary study at 5.5 .& resolution revealed the approxi- 
mate organisation of the quaternary structure 3v~. Further refinement of the data to 
a 2 A solution was accomplished in 1982 56-59). The homodimer of two subunits 
each of which carries 151 amino acid residues cristallizes in space group C 2 with two 
dimeric enzyme molecules per asymmetric unit. Each subunit is composed of eight 
antiparrallel 13 strands containing 46 ~ of the residues that form a flattened cylinder, 
plus three external loops, involving 48 ~o of the residues. A schematic drawing of the 
subunit structure is provided in Fig. 4 59) 

Fig. 4. Schematic drawing of the protein backbone of a CuzZn2superoxide dismutase subunit. The 
arrows indicate the eight [3-strands. The copper is solvent-accessible and lies at the bottom of the active- 
site channel which is mainly formed by two loops. (With permission from Ref. 59~) 

The main-chain hydrogen bonds 'primarily link [3-strand residues, side-chain to 
main-chain hydrogen bonds are extensively involved in the formation of tight turns. 
The 13-strands are numbered from 1-8. The loops are named for the ~3-strands at the 
beginning and the end of each loop i.e. 4.7, 6.5 and 7.8. 

Loop 4.7 (Pro-100-Gly-112) is the smallest of the three SOD loops. The largest 
loop (loop 6.5) is complicated. It can be described as two distinct loop regions: a di- 
sulphide loop region (Gln-47-Pro-60) and a Zn ligand loop region (His-61-Leu-82). 
The single disulphide bridge, Cys-55 to Cys-144, forms a covalent bond between loop 
6.5 and the base of loop 7.8. The zinc binding region contains all four Zn ligands. 

Loop 7.8 (Glu-119-Leu-142) forms a lid of the active side, which lies 6.3 A apart 
at the bottom of a long channel between loops 6.5 and 7.8 on the external surface of 
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13-barrel strands 5.6 and 7. The Zn is buried, while Cu is solvent-accessible. The side 
chain of His-61 forms a bridge between Cu and Zn and is almost planar to the metals. 

The Cu ligands of His-44, -46, -61 and -118 show an uneven tetrahedral distortion 
from a square plane. Zn ligands of His-61, -69, -78 and Asp-81 are tetrahedrally 
arranged with a strong distortion toward a trigonal pyramid. The active site channel 
of Cu2Zn2superoxide dismutase is demonstrated in Fig. 5 60). 

Fig. 5. The active-site of bovine erythrocyte CuzZnzsuperoxide dismutase. View from the solvent. 
The copper is coordinated by His 44, 46, 61 and 1 t8. The Zn is buried. The geometry of its ligands is 
tetrahedral. The imidazolate ring of His 61 is the bridging ligand between Cu and Zn. (With permission 
from Ref. 6o~) 

The SOD molecule exerts an extensive surface topography of sequence-conserved 
residues, suggesting that this invariance is critical to the enzymatic function 607 
Two pits are seen, forming specific binding sides in the narrowest part of  the active- 
site channel floor. One pit (the Cu-site) is formed by the exposed surface of the Cu(II) 
and parts of  His-61, His-t 18, Thr-135 and Arg-141. The adjacent pit (the water-site) 
is formed by parts of  the exposed surface of Thr-135, Gly-136, Ala-138, Gly-139 and 
Cu-ligands His-44 and His- 118.0 2 fit the Cu-site surface with one oxygen bound to 
the Cu and the other H-bonded to Arg-141. Both active-site channel pits contain 
highly ordered water molecules. 

The overall amino acid structure of Cu2Zn2superoxide dismutase contains repeated 
folding patterns 61). The active-site face is formed by two similar paired subdomains 
which interlock and enclose the catalytically essential copper ion. This phenomenon 
was attributed to a gene duplication in the evolution of Cu2Zn2superoxide dismutase. 
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3.1.2 Newer Biophysical Investigations 

The large number of histidine residues associated with the active site of bovine SOD 
facilitates the study of its chemical and structural properties by nuclear magnetic 
resonance (NMR) spectroscopy. Mainly the downfield histidine imidazole N-proton 
resonances were subject of a large quantity of investigations 6z-64). The deuteration 
of histidine residues is dependent only on the absence of co-ordinated metal ions and 
not changes in the protein structure 66,67) Therefore, in apo-, zinc- and holo-super- 
oxide dismutase, only those histidine residues not co-ordinated to metal ions will 
be deuterated at the C-2 position. This can be used as a simple method for the identi- 
fication of co-ordinated histidine residues in metalloproteins employing only minimal 
chemical modifications. 

The NMR-spectra of the human and the bovine enzymes are very similar. This 
is consistent with the significant homology in the amino acid sequences 66). The 
similarity is such, that it was predicted by NMR-spectroscopists, that all six histidine 
residues are conserved. Furthermore, Cu2Znz-SOD from baker's yeast 67) and from 
wheat germs 69) also have conserved histidine residues, revealing considerable active- 
site structural homology between mammalian SOD's and the former two species. 

Cadmium-113 nuclear magnetic resonance studies of the cadmium substituted 
bovine superoxide dismutase were carried out 70). Only a very small chemical-shift 
difference between the 2 Cd(II) protein (Cd(II) is bound to the zinc site and the copper 
site is unoccupied) and the 2 Cd(II)--2 Cu(I) enzyme (analogous to the reduced form 
of the native protein) was found. This was interpreted in that the imidazolate bridge 
is protonated at the Cu site after reduction. 

Cu(II) with its d 9 electron configuration can be easily visualized by electron spin 
resonance (EPR) in the oxidized CuzZnzsuperoxide dismutase. From the super- 
hyperfine splittings seen at alkaline pH, it was concluded that the copper in SOD 
is bound to four nitrogens 27). The copper is fully detectable 55). The two equivalent 
copper centers have been shown to be rhombic with a high degree of distortion 71) 
Recently more ingenious EPR techniques were applied in studying the properties of  
the Cu sites of CuzZn2-SOD's. The local environment of Cu(II) in the bovine enzyme 
was examined using the nuclear modulation effect in pulsed EPR spectroscopy 
(Electron spin echo spectroscopy)72). The echo envelope spectrum contains lines 
arising from the interaction of the spin of the Cu(II) with the remote ~4N-atoms of 
the ligated imidazoles. At neutral or elevated pH, the lines are split, indicating that 
the interaction of the nitrogens with the copper has been altered by the zinc linked 
by the imidazotate bridge to Cu(II). This is not observed at low pH, suggesting that 
zinc (II) is no longer bound to the bridging imidazole. Contrary to azide, addition 
of cyanide to the Zn-free 2 Cu-protein does not change the echo envelope spectrum, 
whereas addition of cyanide to the holoprotein does. It was therefore deduced, that 
cyanide binding alters the bonding of Cu(II) to imidazole 14N in the holoprotein. 

Electron-nuclear double resonance (ENDOR) is able to recover hyperfine and 
quadrupole information from incompletely resolved EPR-spectra. It was applied to 
native, azido- and cyano-derivatives of bovine Cu2Znzsuperoxide dismutase v3) 
The ENDOR response of azido-SOD has led to the suggestion, that four nearly 
equivalent nitrogens surround the copper. The response of the native form was too 
complex for interpretation. The ENDOR response of the cyano form revealed that 
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two of the three EPR-observable nitrogens are magnetically equivalent. They have 
hyperfine and quadrupole interactions, that are larger than the third nitrogen. A 
square-planar arrangement of the three imidazole nitrogens and one cyanide carbon 
around the copper was therefore proposed. The CN-  is trans to the more weakly 
coupled nitrogen. The extremely low NMR relaxivity of the monocyano derivative 
suggests that water molecules cannot bind directly to the Cu(II). Employing electron 
paramagnetic resonance investigations of single monoclinal crystals of SOD, the 
change in the coordination of the metal is also seen when CN -  binds to the copper 74~. 

Extended X-ray-absorption fine structures (EXAFS) on copper and zinc K-edge 
were measured in aqueous solution 75~. After reduction of copper, it is co-ordinated to 
three imidazole residues at a shorter distance (0.194 nm) compared with the co- 
ordination of all four imidazole groups and an oxygen atom from solvent water in 
the oxidized form 0.199 nm. The changes at copper that accompany reduction intro- 
duce minimal perturbation on the stereochemistry at the zinc site. These results are 
in good accordance with the results obtained by the above mentioned biophysical 
methods. Together with the data collected from the chemistry of the apoproteins 
(Chapt. 3.4) and the investigations on the functional site (Chapt. 4.2), fragmentary 
informations could be put together like a jigsaw puzzle, yielding a unique picture of 
the chemical and biochemical reactivity of a metaltoprotein. 

3.1.3 Electromorphs of Cu2Zn2Superoxide Dismutase 

For many years it seemed to be an obscure phenomenon that purified SOD has a 
two-band pattern on gel electrophoresis 76 78) This disadvantage has been overcome 
with the discovery of the isoelectric variance of two distinct SOD species by Crosti 31) 
The isomerism has been confirmed by other authors 79). Isoelectric variants, also 
called charge isomers, are found in human, bovine and rat erythrocytes. Although 
in thymus, lung, spleen, skeletal muscle, heart and brain CuzZnEsuperoxide dismutase 
is present in considerable amounts, in those tissues charge isomerism could not be 
detected. Firstly, the isoelectric variance was attributed to posttranslational changes 
and not simple interactions of the enzyme with tissue specific components 80). This 
report was challenged by an investigation of the isoenzymes in inbred mice 81) Three 
electrophoretic variants were found. Since the mice were highly inbred, it was con- 
cluded that this pattern is due to unequal rates of transcription of two linked nonallefic 
structural genes encoding SOD. 

Both charge isomers have a relative molecular mass of 32,000 daltons. The isomerism 
is attributed to the different isoelectric points of the proteins 33J No differences were 
found in metal content, antigenicity, electron paramagnetic resonance and electron 
absorption spectroscopy 34~. Holt-  and apo-superoxide dismutase, which have electro- 
phoretic mobilities similar to those of charge isomers I and II, respectively, show 
significant different antigenicity. However, the different electrophoretic mobility of 
the charge isomers was mainly ascribed to conformational changes. Charge isomer I 
with a p.I. of 5.2 is faster inactivated by heat treatment, than charge isomer II with 
a p.I. of  4.9. 

Previously, the charge isomers of aqueously isolated bovine erythrocyte superoxide 
dismutase were separated and subjected to many biophysical investigations including 
the comparison with the enzymes isolated by the Tsushihashi-procedure 31) Amino 
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acid analyses, XPS-spectroscopy of  the S2pl/2,312-1evels, EPR-, CD-, and electron 
absorption spectroscopy were carried out. Apart  from CD-spectroscopy, no dif- 
ferences were found in the molecular properties of  the charge isomers (Fig. 6). 
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Fig. 6. Circular dichroism of the charge-isomers from aqueously isolated Cu2Zn2superoxide dismu- 
tase. The molecular etlipticity at 261 nm of charge isomer I is twice as high compared to that of charge 
isomer 1I. Treating charge isomer I with H20 z the band at 261 nm is levelled offand a new Cotton band 
is seen at 295 nm 

The 0-value of  charge isomer II  at 26t nm was only half to that of  charge isomer I. 
The molar ellipticity at 208 nm, corresponding to the m-carbon skeleton of  the protein, 
remained unchanged. HzO2-treated charge isomer I had a completely different spec- 
trum in circular dichroism. Charge isomer I1, therefore, cannot be generated by an 
attack of  charge isomer 1 with hydrogen peroxide in vivo, which was suggested by 

some authors 82~. 
Comparing charge isomer I with the variant II no bleaching of  the chromophore 

at 261 nm is seen in electron absorption spectroscopy. The decrease in the chiroptical 
absorbance of  charge isomer II must not neccessarily be caused by a change of  the 
geometry at the active site. However, there is strong evidence, that the difference be- 
tween charge isomer I and II is mainly conformation related and not genetically 
determined. This judgement confirms earlier reports 34,80) 

The reactivity of  erythroeyte Cu2Zn2superoxide dismutase in gel electrophoresis 
or isoelectric focusing is rather confusing. Upon electrophoresis on starch or poly- 
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acrylamide gels a three band pat tern is observed, containing one slow migrat ing band 
of  high intensity and two weaker faster migrat ing bands. In isoelectric focusing or  
chromatofocusing,  where the proteins are separated according to their isoelectric 
points, only two bands can be detected. This complex si tuat ion is demonstra ted in 
Fig. 7. 
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Fig. 7. Chromatofocusing, isoelectric focusing and polyacrylamide gel electrophoresis of aqueously 
isolated bovine erythrocyte CuzZn2superoxide dismutase. In chromatofocusing and isoelectric focus- 
ing a two-band pattern is obtained, which are assigned to the two charge isomers of the enzyme. 
During electrophoresis charge isomer I is split in two bands, whereas charge isomer II remains single- 
band. Adjacent to photographs of the respective gels, the corresponding densitometrical scans are 
depicted, a), b) and c) refer to the different fractions obtained after chromatofocusing 
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The two bands after chromatofocusing are related to the above mentioned charge 
isomers I and II, carrying roughly 80 ~ and 20 ~o of the total erythrocyte copper, 
respectively. This pattern is reproduced after isoelectric focusing. Charge isomer I, 
if subjected to polyacrylamide gel electrophoresis shows a two-band pattern corre- 
sponding to the two SOD-bands seen in earlier studies ~5-7~). Charge isomer II 
displays only one band during electrophoresis. According to more recent work this 
refers to the third band of the three band pattern 34). It is not clear which event is 
leading to such an unusual reactivity. Some authors suggested that the splitting of the 
SOD bands on gel electrophoresis may be attributed to a partial loss of copper, because 
the apoproteins have very similar mobilities 83). However, another aspect is, that the 
electrophoretic pattern of Cu2Zn2superoxide dismutase is strongly dependent on the 
experimental conditions applied during electrophoresis 84). At present it seems very 
attractive that a definitive solution to this problem will be given by X-ray diffraction 
studies of the two charge isomers or the electrophoretic variants, respectively. 

3.1.4 Hydrogen Peroxide Treatment 

The reaction catalyzed by superoxide dismutases is summarized in the following 
equation 23~: 

Of  + O 2 + 2 H  + - * H 2 0  z + 02 (1) 

Shortly after the discovery of this enzymatic reaction the interaction of Cu2Znzsuper- 
oxide dismutase with its reaction product i.e. hydrogen peroxide was investigated 85 - 87 
It was found that the Cu(II) in the resting enzyme is reduced to Cu(I) by H20 2 88) 
It is a rapid process. Prolonged exposure to H/O 2 results in the destruction of one 
histidine per subunit. In the electron absorption spectrum a bleaching of the chromo- 
phore in the UV-region and a new absorption band at 450 nm is seen 89). A Fenton's 
type reaction of Cu(I) with additional H20 z was proposed generating -OH-radicals 
which could then oxidatively attack an adjacent histidine. 

The inactivation of the enzyme is pH-dependent. At alkaline pH the SOD is more 
readily inhibited than at pH 7.0. Therefore, most of the investigations were carried 
out at or above pH 10.0. At these pH-values the equilibrium of the reaction: 

H202 ~ H + + HO 2 (2) 

is pushed to the right side due to a pK, of I 1.6. The anion of peroxide is much less 
stable than the protonated form. Hence, it will strive for a stabilization, adding a 
proton or electrophils like histidine. The actual inactivating agent for superoxide 
dismutase at alkaline pH is therefore the HO~ anion 9o, 91) At these pH values arginine 
residues in the active funnel of the Cu2Zn 2 enzymes are deprotonated. The binding 
of the HO~- anion to the active site is thus facilitated. The inactivation of the Cu2Zn 2- 
SOD by hydrogen peroxide is seen with both, the yeast and the bovine enzymes. 
However, subtle differences in the kinetic parameters are noticed. It was suggested 
that the active sites of these Cu2Zn/superoxide dismutase are not entirely identical. 

Sinet and Garber were first who investigated hydrogen peroxide treatment of 
human CuzZnz-SOD under physiological conditions 92~. Protection against hydrogen 
peroxide is oberserved with some OH-radical scavengers (formate, mannitol) but 
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not with all scavengers of this toxic intermediate (ethanol, t-butyl alcohol). Thus, 
free OH-radicals are not responsible for the inactivation. The reaction originally 
proposed by Hodgson and Fridovich 89): 

Enzyme-Cu 2+ + H20 2 -* Enzyme-Cu + + Of  + 2 H + (3) 

poses thermodynamic and mechanistic problems because H20 2 is not a good one- 
electron reductant 93) The reduction of Cu(II) was therefore thought to be carried 
out by the superoxide anion 92). It was assumed that both, superoxide and hydrogen 
peroxide are neccessary for the inactivation of CuzZn2superoxide dismutase. 

The treatment of superoxide dismutase with H202 is also interesting from another 
point of view. Hydrogen peroxide generates distinct electrophoretic variants which 
are comparable to those of the native enzyme 82) (see Chapt. 3.1.3). Increasing ratios 
of hydrogen peroxide result in an increase in the heterogeneity during electrophoresis. 
The reaction of SOD with hydrogen peroxide in vivo was said to be the source of the 
electrophoretic heterogeneity of native purified CuzZn2superoxide dismutase. In 
other words, charge isomer II may be generated from charge isomer I by H202 in- 
activation. 

This hypothesis was contrasted by the biophysical investigation of the charge iso- 
mers 31). It was demonstrated the parameters obtained from charge isomers I and II 
were completely different from those of hydrogen peroxide treated enzyme. Thus, 
the electrophoretic heterogeneity of purified SOD cannot be attributed to an in vivo 
inactivation by H202. In addition, it seems very unhkety that significant concentra- 
tions of hydrogen peroxide are present in the red blood cells. They have extremely 
high concentrations of haemproteins. In general, nearly all haemproteins are able 
to destroy hydrogen peroxide, although sometimes low rate constants are observed. 
Additional scavenging of H202 is provided by catalase and glutathione peroxidase 
which are present in erythrocytes in the same ratio as Cu2Zn2-SOD 94). Although, 
liver cells are known to produce a higher fluxes of oxy radicals than erythrocytes, 
in this tissue charge isomerism of SOD could not be detected. 

3.2 Active Center of the Iron Enzymes 

Iron SOD's are found in prokaryotes 95~ and plants 96k Manganese and iron enzymes 
are phylogenetically older and they show great sequence homologies which are dif- 
ferent from those of the Cu2Zn2superoxide dismutases 97). Compared to the latter 
species, iron and manganese containing SOD's have received much less attention. 

Iron superoxide dismutase is commonly.isolated as dimer or tetramer each subunit 
bearing a functional metal ion 9s) There have been no reports of a strong interaction 
between the metal centers. The subunits display relative molecular masses around 
22,000 daltons. The tervalent state of the metal atom seems to be the ground state. 

The metal content has been a source of much controversy 99t Recently the iron 
content was determined directly from anomalous scattering measurements on crystals 
of the native enzyme loo). A symmetrical dimer with one iron per subunit was found. 
Since each subunit of the purified enzyme contained slightly more than half an iron 
atom, it was concluded, that the normal state of this enzyme would be two iron atoms 
per dimer and that some of the metal was lost during purification. Actually, the metal 
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binding constants for the iron-enzymes are much lower than those for the copper of 
the copper, zinc SOD's. 

The optical spectrum of iron superoxide dismutase is characterized by a broad 
band near 350 nm that is attributed to a ligand-to-metal charge transfer band. The 
relatively high energy for this transition indicates that tyrosine is not a ligand to the 
Fe(III). The EPR-spectrum is characteristically rhombic 101). Azide and fluoride are 
inhibitors of the enzymatic activity. Intriguinly, cyanide does not affect the catalytic 
action. As in the case with the C u z Z n  2 enzymes, hydrogen peroxide readily destroys 
the reactivity of iron SOD's, whereas manganese superoxide dismutases remain un- 
affected lO2) 

A hybrid superoxide dismutase, containing both functional iron and manganese 
was isolated fi'om Escherichia coli. H202 treatment, leading to a selective inactivation 
of the iron enzyme resulted in a resegregation of subunits with an active Mn enzyme 
and an inactive Fe enzyme 44). 10% residual activity was still recovered with the 
H202 treated iron enzyme. Manganese was found in this protein in the same amount. 
Therefore, the iron enzyme seems to be a naturally occurring hybrid, containing 
both iron and 10 % manganese. More recently, another hybrid superoxide dismutase 
was isolated from Nocardia asteroides containing 1 to 2 g atoms each of Fe, Mn and 
Zn per tool lO3). Its M r is 100,000 and it is composed of four subunits which are not 
covalentlyjoined. Azide at 1 and 20 mM inhibits the activity 10 and 40 %, respectively, 
and 5 mM HzO 2 inhibits 40 %, whereas cyanide did not affect the enzyme. 

Currently the X-ray cristallographic analyses of the iron superoxide dismutases 
from Pseudomonas ovalis and Escherichia coli have become available (Fig. 8)4t, 
10,4-) 

°OV, 

Fig. 8. Schematic drawing of the amino acid structure of iron superoxide dismutase subunits. The 
difference in the carboxyl terminal conformation between the enzymes from E. coli and P. ovalis 
is pointed out. (With permission from Ref. ~o4~) 

They are highly helical and have nearly identical foldings. The monomer is a two 
domain structure with six major helical segments and three strands of antiparallel 
[3-sheet 105). The iron is ligated to four protein side chains, one from each of the two 
crossing helices in the N-terminal domain and the third and fourth from residues 
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near the end of the [3-sheet in the C-terminal domain. The active center is exposed to 
the solvent. At present there are no data on the precise characterization of the iron 
coordination sphere. 

3.3 Molecular Properties of the Manganese Enzymes 

Much less information is available on the manganese superoxide dismutases. No 
crystal structure has been reported for such an enzyme, but similarities in the three- 
dimensional structures can be deduced from the Cd-spectra lo6, lo7) and comparisons 
of  the amino acid sequences 97). The manganese SOD's are widely distributed. In 
mammalians they are found in liver, brain, renal cortex, heart, sceletal muscle, 
lymphatic node and extracellular fluids los). CuzZn2 enzymes are predominantly 
detected in the cytosol of  the cells, the manganese form is present in the mitochon- 
dria 109). Manganese enzymes could be also considered to be a prokaryotic enzyme. 
It is found in many protozoa 11o-11s) 

Due to the relatively low metal-binding constants compared to the Cu2Zn2-SOD's , 
the metal contents of isolated manganese superoxide dismutases are varying between 
1.0 and 2.0 g atoms per dimer ~o9-1~s). Remarkable differences are also found in the 
relative molecular mass. In the literature values ranging from 39,500 up to 94,00 daltons 
are reported ~o9-11s~. The subunits have molecular weights of about 20,000. The 
manganese SOD's seem to form dimers as well as tetramers. In contrast to the Cu2Zn 2 
enzymes, the manganese superoxide dismutases are insensitive to cyanide. The 
manganese ion is found in the tervalent state. Unfortunately, apart from CD-spectra 
and the electron absorption spectrum, which is provided in Fig. 9, there are not much 
data obtainable on the biophysical properties of  these enzymes l~6.Hv~ 
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Fig. 9. Electronic absorption spectrum of manganese containing superoxide dismutase from A. 
laidlawii. (With permission from Ref. 1~6)) 
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The amino acid sequences of  mangano SOD's have been extensively studied 118 -120) 

The N-terminal residues indicate a high degree of sequence homology between iron 
and manganese enzymes. Prediction of the secondary structure of the manganese 
enzymes from the amino acid sequences and comparison with the secondary structure 
obtained for the iron enzyme reveals that the a-helices and 13-strands align quite well. 

Most of the current work on manganese superoxide dismutases is limited on puri- 
fication studies of these unique class of  enzymes lo9-1 ~6,121), Recently the joint puri- 
fication of manganese and Cu2Zn2superoxide dismutase from human liver was 
described 45k It would be highly desirable to learn more about the molecular properties 
of the metal binding sites of these enzymes since manganese proteins other than SOD 
are not very abundant, In addition, the influence of the chelating protein on the 
manganese ion leading to an equivalent reactivity compared to copper or iron would 
be of great interest. 

3.4 The Apoproteins 

Preliminary studies on the apoproteins of human and bovine erythrocyte Cu2Zn/- 
superoxide dismutase showed that the purest species are obtained using a gelfiltration 
column previously equilibrated with EDTA 12zk Other methods to remove the metal 
ions are dialysis against cyanide 123,12~) or diethyldithiocarbamat 12s). There are 
many reports on the preparation of various derivatives including half-apo, zinc free, 

124-131) zinc only, copper only and cobalt enzymes 
Removal of  the metals from the holoprotein result in a characteristic bleaching 

of the chromophore in the UV-absorption spectrum at 259 nm 27, 28 k Reconstitution 
experiments using either Zn(II) or Cu(II) or both disclosed that two different binding 
sites for copper and zinc are present in the protein moiety 13°k Furthermore, it was 
found that zinc neither contributes to the ultraviolet CD-absorption nor to the en- 
zymatic activity. In derivatives in which the Cu-binding sites were occupied by two 
Cu(II) or both the Cu- and the Zn-binding sites were occupied by two Cu(II) a inter- 
action between Cu(II) in the Zn site and Cu(II) in Cu site was seen, namely an anti- 
ferromagnetic coupling ~31 > A reversible pH-dependent migration of the copper ion 
from one subunit to the vacant zinc site of another subunit occurs, when the Cu2 E- 
superoxide disrnutase (E = empty) is titrated to pH 10 (Scheme 1) 132~ 

\ / N--- H "~H 

Scheme 1. pH-dependent migration of copper to the vacant zinc-binding site of zinc free bovine 
erythrocyte superoxide dismutase 13z~ 

Titrating Cu2Zn2SOD to pH-values below 4.0 a breaking of the bond between the 
bridging histidine-61 and the zinc-atom is observed because the imidazolate is pro- 
t o n a t e d  133). At high pH-values (pH 8.0) the zinc binding site of Cu2Zn2superoxide 
dismutase has a preference for binding Cu(II) as imidazole-bridged pair. This requires 
the deprotonation of histidine-61. 
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The enzymatic activity of the zinc-free protein is pH-dependent whereas native 
CuzZn2SOD is active over a wide pH-range (pH 5.0-9.5)134). Cu(II) in the zinc 
binding site gives little superoxide dismutase activity. This conclusion arises from 
the observation that AgzCu2SOD in which copper is in the zinc binding site, has 
almost no activity 13s) and that the Cu2Cu 2 enzyme has nearly the same activity as 
the native protein 136) Zn-free protein is much less resistant to thermal inactivation 
than the CuzZn 2 enzyme. Therefore a structural role was assigned to zinc. Furthermore, 
it was concluded that zinc does not enhance the reactivity of copper. 

At low pH the zinc is removed from the protein. CuzZn2SOD and CuzE2SOD 
display nearly the same VIS/UV-absorption and EPR-properties at pH 4.0 136) 
A similar result is obtained with CuzCu2SOD and Cu/Co2SOD 133) The transitions 
observed at acidic pH-values, which occur at a similar pH could not be a simple 
competition of the different metal ions for the protein ligand. A pH-dependent 
conformational change was therefore deduced. A t  pH-values below 4.0 the copper 
binding site is the only strong binding site. Attempts using Cd-113 NMR, electron 
spin echo spectroscopy and EXAFS of the native enzyme confirm the above mentioned 
results (see Chapt. 3.1.2) 7o, 72,75) 

The apparent binding constant of copper to the apoprotein were investigated with 
equilibrium dialysis 137). Four different constants are found. They are pH-dependent. 
At low pH, two protons compete with copper in the native binding sites. This is not 
seen at pH 7.0 and above. At alkaline pH-values (pH 10.0) the binding constants are 
nearly similar. Simultaneous addition of equimolar copper and zinc at pH 5.0 to 
the apo enzyme results in the formation of an etectrophoretically distinct metal- 
deficient protein species and in the incorporation of copper and zinc in a one-to-one 
ratio at various concentrations of  added metal ions 138). At low ratios of added equi- 
molar metals, not all of the metal ions expected are bound. This may account for the 
low yields often obtained in reconstitution studies. 

Recently the reaction of diethyldithiocarbamat (DDC) with Cu2Zn2superoxide 
dismutase was scrutinized 139). The formation of an enzyme bound Cu(II).DDC 
complex was postulated after treatment of  SOD with DDC. These results were chal- 
lenged by a reexamination of the reaction of DDC with Cu2Zn2superoxide dis- 
mutase 1 ~  A ternary Cu(II)-DDC-protein complex could not be detected spectro- 
scopically. The copper was completely removed from the protein. Hence, diethyldi- 
thiocarbamat is now as ever a good reactant for the preparation of the apoprotein of  
Cu2Zn2SOD. 

One reason for the poor knowledge on the apoproteins of iron and manganese 
enzymes are the low binding constants compared to Cu2Zn2superoxide dismutase. 
Another disadvantage is that very little is known on either active center. One report 
is dealing with the preparation of a manganese apoenzyme from B. stearothermophilus 
by treatment with EDTA in acidic 8 M urea ~41). Reconstitution was achieved with 
Mn, Fe, Co, Ni and Cu. The reconstituted enzymes were indistinguishable from 
the native enzyme with respect to gelfiltration and potyacrytamide-gel electrophoresis. 
Only the protein reconstituted with manganese retained its original specific activity. 

Another study is available on the metal replacement in iron superoxide dismutase 
from P. ovalis. The apoprotein was prepared by titration to alkaline pH-values 142) 
The enzyme was reconstituted using Cr, Cd and Mn-ions 143). All substituted SOD's 
had no enzymatic activity. The chiroptical properties, however, were similar to those 

25 



Alfred G/irtner and Ulrich Weser 

of  the native enzyme, indicating that  the metals may bind to the same site as Fe  in 
the native SOD. 

4 Functional Aspects 

Three decades elapsed between the first isolation of  erythrocuprein and the discovery 
of  a catalytic function for this protein. At t r ibutable  to the high interest in the bio- 
chemistry of  reactive oxygen species, numerous enzymatic assays for superoxide 
dismutases were developed in the last years. Nevertheless, the original assay of  McCord  
and Fridovich is still currently used for routine purposes 23}. The reactivity o f  super- 
oxide dismutases, namely the reaction: 

2 0 2  + 2 H + -~ H20  z + O 2 (1) 

has been characterized by many biophysical methods. A reasonable structure function 
model  was deduced. 

4.1 A s s a y s  

In general the assays systems currently used for clinical, technical or labora tory  
purposes are based on coupled enzymic test systems. At t r ibutable  to the many possi- 
bilities of  interference between the part icular  components ,  the results obta ined by 
these assay systems are not  always exactly reproducible.  F o r  qualitative or half- 
quanti tat ive determinat ions  they are well suited. Exact quanti tat ive measurements 
should be carried out using direct assay techniques. The pr imary  difficulty in evaluat- 
ing SOD activity consists in the free radical nature of  the substrate O f .  Apar t  from some 
exceptions, it can only be supplied by generation within the test medium. Another  
problem is the detection of  the ongoing reaction by either physical methods or  indi- 

cators. 

Table 4. Indirect Assays for Superoxide Dismutases 

Generation of Superoxide indicator Systems 

Xanthine oxidase/xanthine 23) 
Electrolytic reduction of 0 2 23) 
Photoreduction of riboflavin 144~ 
Autoxidation of pyrogallol 142, x46) 
Autoxidation of catecholamines 147. ~ 201 
NADH oxidation by phenazine methosut- 
fate ~ 2~ 

Reduction of cytochrome c 23~ 
Reduction of tetranitromethane 23 
Reduction of nitroblue tetrazoliumchloride ~'~ 
Autoxidation of pyrogallol 145,1~6~ 
Autoxidation of catecholamines 147 - ~ 5o~ 
Autoxidation of sutfite ~ 52~ 
Oxidation of hydroxylamine ~ s3) 
Peroxidation of dianisidine 124) 
Spin trapping (TMPO, DMPO) 122~ 
Oxidation of 2-ethyl- 1-hydroxy-2,5,5-trimethyl-3- 
oxazotidine (Spin generation) ~56~ 
Chemiluminiscence of luminol ls*~ 
Lactoperoxidase 128,129~ 

26 



Molecular and Functional Aspects of Superoxide Dismutases 

4.1.1 Indirect Assays 

The indirect assays are divided in a system generating the superoxide anion and an 
indicator reaction. The many sources for 0 2 as well as the indicator systems are 
listed in Table 4: 
Out of multifarious possible test systems three will be described in short. At present 
these assays are most frequently used. 

Cytochrome c Reductase Test 

The reduction of ferricytochrome c by superoxide was firstly described by McCord 
and Fridovich 23~. Upon reduction, the extinction of the m-band of cytochrome c 
at 550 nm is increased. Usually the xanthine oxidase/xanthine system is employed 
for producing the superoxide anion. Superoxide dismutases compete with cytochrome 
c for the substrate. The assay is executed in the following way: 

The sample in 50 mM potassium phosphate buffer pH 7.8, containing 10-4 M EDTA 
is admixed with 5 x 10 -5 M xanthine and 10 -5 M ferricytochrome c. The reaction is 
started with 10 -8 M xanthine oxidase (the values given are end concentrations in 
the cuvette). The increase of the absorbance at 550 nm is recorded. At minimum 
three values are neccessary to extrapolate the value of 50 ~ inhibition, which is defined 
as one unit of activity 23). Different values are obtained by dilution of the sample. 
A/min is plotted versus the concentration of SOD. Alternatively another method 
can be used. The reagents are mixed and the reduction of cytochrome c is examined 
after a plateau is reached 25). The plateau height is the measure for the enzymatic 
activity. In this assay system, the addition of catalase is required, because otherwise 
the reduced cytochrome c is reoxidized by hydrogen peroxide, causing an overestima- 
tion of the specific activity. 

The range of sensitivity lies approximately between 10 -1° and 10 - 9  M enzyme. 
One disadvantage is, that cytochrome c is susceptible to reduction by the many reduc- 
ing agents in biological tissues (for example glutathione). Therefore cytochrome c 
reductase assays are only reproducible in purified samples or after dialysis of the 
homogenate. By the latter procedure low molecular weight reducing agents like 
ascorbate are removed. In addition, it is advisable to use acetylated or succinylated 
cytochrome c for the assay, because it is much less susceptible to reductases 160, 
161) 

For routine work using different buffers or solvents, the cytochrome c assay has 
one advantage which is not present in other indirect assays. The activity of Cu2Zn 2- 
superoxide dismutase is dependent on the buffers used. For example, it decreases 
with increasing ionic strength 162). Like SOD cytochrome c contains lysine residues 
which facilitate the reaction with anionic reductants 163). Upon raising the ionic 
strength, the positive charge of both, the enzyme and the cosubstrate is reduced due 
to a blocking of  the lysine residues by increasing buffer concentrations. Concomi- 
tantly, the activity is diminished. Thus, the lysines in both the enzyme and the cosub- 
strate are affected resulting in an unresponsiveness of the cytochrome c assay for 
SOD over a wide range of salt or miscible solvent concentrations 164) 

Recently, an ultrasensitive cytochrome c reductase test was described 165}. At high 
pH values (pH 10.0) the spontaneous dismutation of O Z is diminished. Hence, more 
superoxide is accumulated by the xanthine oxidase/xanthine reaction at alkaline pH. 
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If  ferricytochrome c is added under these conditions a burst of  reduction can be seen 
at 550 nm. In the presence of superoxide dismutase the burst is diminished. The 
assay is accomplished in the following manner: Ferricytochrome c is added at zero 
time and after ten minutes to the reaction mixture containing xanthine oxidase and 
xanthine. Ass o (zerotime) is subtracted from As5 o (10 minutes). Using this test system, 
SOD in the picomolar range of concentration can be detected. 

Nitroblue Tetrazolium-Assay (NBT-Assay) 

The reduction of nitroblue tetrazoliumchloride (NBT) by superoxide is a very specific 
indicator system for the determination of superoxide dismutases 144~. The generation 
of superoxide may be provided either through the xanthine oxidase/xanthine system 
or the photoreduction of flavins. The NBT-test is predominantly used for activity 
staining after gel electrophoresis or isoelectric focusing. It is suitable for purified 
SOD's as well as crude homogenates. Colourless NBT is converted in the insoluble 
blue coloured dye formazan after the reduction with superoxide. Superoxide dismu- 
tases inhibit the dye formation and appear as colourless zones on the gels. Although 
a quantitative densitometer test has been described 7s) the accuracy of this assay is 
usually not exact enough for precise quantification of SOD. The detection limit is 
around 2 ng 166) The insolubility of formazan made the utility for spectrophotometric 
assays in the cuvette rather limited. However, Fried has reported that gelatine prevents 
the precipitation of formazan 151) 

Activity staining for SOD is carried out in the following way: After electrophoresis 
the gels are immediately soacked in 2,45 x 10 3 M nitroblue tetrazolium for 20 min- 
utes, followed by an immersion for 15 minutes in a solution of 28 mM TEMED 
(tetramethylethylendiamine) and 2,8 x 10-5 riboflavin in 36 mM potassium phosphate 
pH 7.8. Finally the gels are exposed to an UV-light source and illuminated for 15 min- 
utes. Superoxide dismutase bands appear as colourless zones on the blue gels. 

An alternative procedure is described in 151.16v). 100 mM HEPES (N-(2-hydroxy- 
ethyl)piperazine-N;-2-ethanesulphonic acid) pH 7.8, containing 0.25 gelatine, catalase 
(0.3 U/ml) and 0.6 mg/ml nitroblue tetrazolium are mixed with one eight of xanthine 
oxidase and sample, respectively. The reaction is started by the addition of a quarter 
of 1 mM xanthine solution. The absorption at 540 nm is followed spectrophoto- 
metrically until the reaction is completed (usually 5-7 minutes). The plateau height 
is a measure for the activity. It is plotted versus the concentration of SOD. 

Using the photochemical flux of 0 2  for activity staining of gels, one interfering 
reaction is often overlooked. In the presence of hydrogen peroxide, catalase yields 
also achromatic bands. Owing to the reactivity of catalase (Eq. (4)) this phenomenon 
must be seen in the local rise of the pO x : 

H~O2 --, 02 + Hz O (4) 

The reduction of NBT by superoxide proceeds via the tetrazoinyl radical 168). 

NBT z+ + O i ~ N B T  +" + O~ (5) 

SOD reacts with O z and shifts reaction (5) to the left. Catalase plus H20 2 raises 
pO 2 pushing reaction (5) even more to the left. This phenomenon can be used for a 
simultaneous activity stain of  catalase and superoxide dismutases 169) 
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Oxidation of Catecholamines 
The oxidation of catecholamines like epinephrine has been widely used as source 
for superoxide dismutase assays. Upon oxidation the catecholamines are transformed 
to the coloured product adrenochrome. The rate of oxidation by superoxide is in- 
hibited in the presence of superoxide dismutases 23~. Likewise the autoxidation of 
catecholamines at alkaline pH-values is diminished 1¢7). Intriguingly, low molecular 
mass copper complexes which display superoxide dismutase activity accelerate the 
autoxidation 170~. Therefore, the interaction between superoxide and catecholamines 
and its inhibition by SOD is thought not to be a simple chemical reaction 171~ Recently, 
this reaction was investigated in more detail 150~ 

Whilst adrenalin autoxidation is very specifically inhibited by SOD, the reaction 
with other catecholamines like noradrenalin or dihydroxyphenylalanine, having no 
free amino group, is much less specific, Only 20 ~o inhibition by Cu2Zn2superoxide 
dismutase are observed. The autoxidation reaction itself is very complex (Scheme 2) 
and still not fully understood. 
The catecholamines are oxidized to a semiquinone (a) and cyclizised to an indole 
compound (b). In the case of adrenalin, the reaction is directed by the reduction 
potentials 172). It was demonstrated by X-ray photoelectron spectroscopy-, circular 
dichroism- and EPR-spectroscopy that the cyclization of adrenalinequinone to leuco- 
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adrenochrome is prevented by the formation of an oxygen-adrenalin-protein-ad- 
duct 15°k Concomitantly the active site copper is reduced. The formation of a ternary 
complex of SOD and adrenaline would plausibly explain why the free amino-group 
in catechaolamines is essential for the assay-system. Thus, this test is not an indirect 
indicator system for superoxide. It may be seen as a direct measure for the SOD- 
concentration. 

The detection limit of  the autoxidation assay is 0.5 nM superoxide dismutase 15o) 
The oxidation of adrenalin is followed at 480 nm spectrometrically. 850 gl 100 mM 
carbonate buffer, pH 10 and 100 gl water or sample are mixed. The reaction is started 
with 50 gl catecholamine stabilized at pH 2. AA/min is followed. Due to its con- 
venience, this method can be employed in homogenates and other biological sam- 
ples 14-9~ 173) However, the assay can interfere with reduced glutathione, causing an 
overestimation of SOD 174~. Therefore dialysis prior to determination of enzymatic 
activity seems appropriate in tissues rich in glutathione. 

In general, all these indirect assays are well suited for qualitative or half quantitative 
measurements. Exact evaluations of the enzymatic activities of superoxide dismutases 
are better performed using direct assays, though, sometimes erroneous conclusions 
are possible. The strong point of  the latter assays is, that velocity constants and 
reaction orders can be easily determined. 

4.1.2 Direct Assays 

The advantage of the very correct values obtained by direct assay systems is.usually 
impaired by the enormous expenditure in the apparative techniques required for 
these methods. Moreover, a high degree of sample purity is often required. For 
routine examinations of superoxide dismutases in an ordinary equipped laboratory 
they are less practicable. A summary of direct assays is provided in Table 5: 
Many of the direct test systems for SOD are only of theoretical interest. The most 
frequent two assay systems are discussed below. 

Pulse Radiolysis 

The direct evaluation of the catalytic activity of superoxide dismutases by pulse 
radiolysis was firstly developed in 1972 181,182). A recent overview is provided by 

Table 5. Direct Assays for Superoxide Dismutase 

Technique Specification 

EPR 

Potassium superoxide in aprotic solvents 

NMR 
Simultaneous generation and determination 
of superoxide 

Electrochemical methods 

Rapid-freeze EPR 1~) 
02 production with iron-sulfur proteins 17m 
Steady state EPR 177) 
Stopped flow spectrometry 178 
Alkaline solution 179) 
19F-NMR spectrometry 1so) 

Pulse radiolysis t81,182~ 
Flash photolysis 183) 
Opsonised graphite electrode 184~ 
Polarography ~85) 
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Asmus 186) This method is applicable for the determination of rate constants as well 
as exact measurements of the kinetic reaction orders. The major disadvantages of 
this method are, that highly purified samples and solvents (triply distilled water from 
KMnO4) are required. In addition, the instrumentation employed is overwhelming. 

The irradiation of oxygenated aqueous solutions result in the following reactions: 

Ion iza t ion :  H20~'--~- H20~+ e e (6) 
or  

E~citation: H~O ~ I-t20" (7) 

The initial products are converted within 10 -12 sec to the primary radicals ls7). 

H20 +, e- ,  H 2 0 *  --~ e~q, H', OH', H 2, H202,  H3 O+ ,  O H -  (8) 

From the 02 molecule, O i  and H O  2 are  formed according to the equations: 

e~q + 02 --, 0 2 (9) 

H" + 0 2 ~ HO~ (10) 

In the presence of formate buffers, OH-radicals and H-radicals are converted to O]  : 

OH + HCO~ ~ H z O  -k- C O  2 (11) 

H' + HCO 2 ~ H 2 + C O ;  (12) 

c o ;  + o~ --, co~ + o ;  (13) 

At last, the H O  2 radical is able to dissociate in H + and O~-. Thus, in formate buffers 
exclusively 02 - is formed ass). Alternatively, OH-radical scavengers like ethanol or 
other alcohols including t-butanol can be used instead of formate 182( Usually, this 
method is less employed because of the lower yield of superoxide. 

Irradiation is accomplished by chasing a pulse of high energy electrons (2.--4 MeV) 
through a oxygen satured aqueous solution. It can be generated by Van de Graaff, 
linear accelerator or discharge (Febetron) machines. The resulting spectral changes 
at 245 nm, the absorption maximum of superoxide, are monitored with an oscillo- 
scope. 10-6-10  -5 M initial concentrations of O i  are usually produced. From the 
superoxide decay curves, the reaction order as well as the reaction velocity is estimated. 

Pulse radiolysis has met many advantages. The reaction constant can be determined 
directly and the enzymic activity is linear dependent on the enzyme concentration. 
The yield of superoxide is extremely high and the method is highly sensitive. The 
distinction between catalytic and non-catalytic reactions is possible. For example, 
the reactivity of superoxide dismutase was found to be catalytically and of  second 
order. Rate constants between 1.5 and 2.6 x 10 9 M-i s  -1 at neutral pH are reported, 
thus being near the diffusion control 8s, 181,182,188-190). By way of contrast, caerulo- 
plasmin the copper protein of the blood serum was demonstrated to react only stoichio- 
metrically with superoxide 191) 
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Another advantage of pulse radiolysis lies in the evaluation of the catalytic scaveng- 
ing of superoxide by low molecular mass complexes. Unlike the polarographic method, 
another direct superoxide dismutase assay, the reaction parameters of such compounds 
can be easily obtained. 

Polarography 
This method has proven to be a powerful tool for routine determinations of super- 
oxide dismutases in nonpurified samples. The dropping mercury electrode acts in 
an Oz-saturated aqueous solution as a source of superoxide and a detector of its 
dismutation as well 185) The electroreduction of molecular oxygen in aqueous solutions 
is a bielectronic process. In the presence of protons the 02 ~ generated in the first step 
is immediately reduced 192) 

O z + e- --+ O 2 

O# 47 H3 O+ --+ HO 2 + HzO 

HO~ + e- ~ HO 2 

H02- + H + -+ H202 

04) 

(15) 

(16) 

(17) 

Hydrophobic surfactams such as triphenylphosphinoxide (TPO) are able to cover 
the electrode surface. The proton transfer to superoxide on the surface is inhibited. 
This .;fact is demonstrated in Fig. 10 in which the cell current is plotted versus the 
potential for reduction of O ;  : 
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]Fig. 10. Polarographic determination o f  oxygen and its derivatives. The cell current is plotted versus 
the potential for reduction o f  0 2. Curve a) pH 12.5, triphenylphosphinoxide (TPO), 9 x 10 -4 M;  
b) pH 9.9, TPO, 9× 10 -4 M;  c) pH 9.9, TPO, 9 x  10 4 M, superoxide dismutase, 1.5x 10 -9 M;  
d) pH 9.9, the same curve is obtained in the presence of  TPO and superoxide dismutase at l0 -7 M. 
The value of  the limiting current at - -  1.0 V is proportional to the concentration of dioxygen in the 
solution. (With permission from Ref. ~ss)) 
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Curve a) shows the reduction to 03- in the presence of triphenylphosphinoxide, 
whereas curve d) corresponds to the reduction to H202. The addition of superoxide 
dismutase converts part of the 03- to dioxygen which increases the limiting current. 
By that means, the dropping mercury electrode is at the same time both a source of 
03- and a detector of its dismutation rate according to: 

02 + e-  ~ 03- (14) 

2 03- + SOD ~ 02 + H202 + SOD (18) 

At pH 9-10 a very high flux of O2- is produced (millimolar concentrations). The 
limiting currents are measured at alkaline pH in the presence and absence of SOD. 
The calculation of the catalytic constants is simple. Using a rotating disk electrode 
coated with mercury even at physiological pH -values significant OI  fluxes can be 
generated 193). Therefore, this method is frequently employed. Polarography is also 
suitable for the simultaneous determination of superoxide dismutase and catalase 
in biological tissues 194) For SOD, the detection limit is 2 x 10 -11 M. 

With nearly all the assay systems described above SOD's carrying different metal 
ions can be easily discriminated. To distinguish the Cu2Zn2superoxide dismutase 
from manganese and iron enzymes, cyanide can be added, which selectively inhibits 
the former enzyme 195). Owing to the fact that iron enzymes are inhibited by H202, 
whereas manganese SOD's are not, these superoxide dismutases can be distinguished 
from each other 196) 

4.1.3 Immunochemical Methods 

There are numerous reports on immunochemical reactions of superoxide dismutases 
with their respective antibodies 197-199). The immunochemical evaluation of SOD is 
not based on the determination of the enzymic activity. This does, however, not 
mean that there are no possibilities of interference. For example, quantification 
studies of erythrocyte Cu2Zn2superoxide dismutase were mainly performed employing 
immunochemical methods 20, 22,42). The very early proposal of Mann and Keilin 
in 1938, that nearly all of  the erythrocyte copper is coordinated in "haemocuprein" 
was later confirmed by immunochemical quantification 20). Some years later, only 
37 ~ of erythrocyte copper were found in Cu2Zn2superoxide dismutase employing 
again immunochemical methods 22.42). Previously in another approach, using chemi- 
cal and biophysical methods it could be demonstrated that the conclusions drawn in 
the earlier work were correct 30). 

This example shows that immunochemical methods are not neccessarily highly 
specific. Cross reactions with immunoprecipitable material or solubilization of antigen 
complexes can falsify the assay to a considerable extent. Currently more sophisticated 
techniques bearing a higher specifity than the older methods are employed 2o0-2o4) 
They are used in many laboratories for routine purposes 34,204,205) The most reliable 
and convenient techniques are the radioimmunoassay (RIA)200-202,204) and the 
electroimmunoassay (EIA) 166) 

Radioimmunoassay 
Antibodies against Cu2Zn2superoxide dismutase are prepared from rabbit antiserum. 
Purified Cu2ZnzSOD is radioiodinated with 125I-labeled p-hydroxyliodophenyl- 
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propionic acid 206). The principle of  the assay is the competi t ion of unlabeled antigen 
with ~2SI-labeled SOD for a limiting amount  of  antibody. The displacement of  ~25I- 
labeled superoxide dismutase by the unlabeled enzyme from the sample is compared 
with that of  known amounts  of  purified SOD. The different fractions are counted in 
a gamma counter. Percentage precipitation is calculated based upon maximum and 
minimum counts per minute (cpm) with controls containing either no competi tor  
or no antibody. The calculation is performed according to the equation: 

lzsI - -  ~2sI no antibody 
~o precipitate = lzsi no competi tor  - -  lZSI no antibody (19) 

A standard curve can be constructed from dilutions of  purified superoxide dismutase. 
The detection limit is 0.1 ng enzyme. The method is practicable in crude homogenates,  
like extracts of  the red blood cell. The work with radioactive tracers, however, has 
some disadvantages. If  the highly sensitive detection limit is not required, the classical 
electroimmunoassay can be used. 

Electroimmunoassay 
In an electric field SOD migrates on agarose gels because it has a net charge at physi- 
ological pH-values. I f  antibodies are added, an antigen-antibody complex is formed 
which precipitates under the appropriate conditions 166). A rocket-shaped loop is 
obtained. The area of  it is directly proport ional  to the amount  of  SOD. The gels can 
be stained with NBT, because the activity of  superoxide dismutase is still present 
when the enzyme is bound to the antibody. The detection limit is 1 ng. After electro- 
phoresis a calibration curve is produced by plotting the peak heights of  the standard 
versus SOD concentration. A typical example is given in Fig. l 1 166) 

Fig. 11. Electroimmunoassay for human Cu2Zn2superoxide dismutase. Electrophoresis was carried 
out in the presence of antibodies against SOD. Loops 1 to 5: standards; loops 6 and 7 unknown 
samples. (With permission from Ref. 1661) 
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4.2 Mechanism of Action of the Cu2Zn2Superoxide Dismutase 

The copper ions of Cu2Zn2superoxide dismutase display a redox potential of 
420 mV 207). It is a long known phenomenon that during the catalytic cycle of SOD 
the copper is alternatively reduced and reoxidated 188,19o, 208). Mainly pulse radiolysis 
was a powerful tool to elucidate the reactivity of the metals in superoxide dismutase. 
A pulse ofsuperoxide diminishes the absorption at 680 nm which parallels the decrease 
of  the Cu(II) concentration. I f  the copper is previously reduced with H20 2 a pulse 
of superoxide increases the absorption at 680 nm, corresponding to a reoxidation of 
Cu(I) to Cu(II). The overall reaction is a ping-pong mechanism of second order with 
a velocity-constant of about 2 x 109 M -  is-x. Rising the viscosity of  the solvent resultS 
in a decrease of the velocity constant. The reaction is around 10 % of the maximum 
diffusion controlled limit, calculated from the collision theory, neglecting steric and 
orientation factors 209( This is remarkable, as the catalytic Cu-ion forms only 0.1% 
of the enzyme's molecular surface. The superoxide dismutase reaction can be sum- 
marized as follows: 

Enzyme - -  Cu(II) + O~ ~ Enzyme - -  Cu(I) + 0 2 (20) 

Enzyme - -  Cu(I) + O• + 2 H + --, Enzyme - -  Cu(II) + H202 (2t) 

The proton involved in the transition state must come from a source near the active 
site, because 2H20 does not reduce the rate constant 89). However, there are contra- 
dicting reports concerning the proton source. In one report it was suggested, that the 
proton stems from coordinated water molecules near the active site 2~o( Other authors 
favoured the bridging imidazolate as proton source 89,2m. This judgement seems 
to be very likely, as the Cu-thcing nitrogen of the imidazolate bridge is rapidly proton- 
ated and deprotonated during catalysis. 

In another approach using g-irradiation as Of  source and EPR as its detector a 
loose complex Enzyme-Cu(II) ... HO2 was postulated 212). The O f  radical is relatively 
stable below 250 °K in aqueous solution or ice, respectively. Therefore, employing 
low temperature EPR (77 °K) superoxide can easily be detected after ,/-irradiation. 
Subsequent annealing to 200 °K results in a slow decay of the superoxide anion. The 
decay of the loose complex was postulated to proceed without changes in the oxidation 
state of copper. The observed delay in the changes of the oxidation state of  copper was 
attributed to a reaction of copper with the reaction products of  the dismutation. A 
reaction mechanism different from that obtained by pulse radiolysis was proposed z13) 
A transient state reaction of two HO 2 with the native enzyme (eq. 22) and the reduced 
enzyme (eq. 23) was thought to be responsible for the dismutation of the superoxide 
anion: 

Enzyme - -  Cu(II) + 2 HO 2 ~ Enzyme - -  Cu(II) + 02 + H202 (22) 

Enzyme - -  Cu(I) + 2 H O  2 ~ Enzyme - -  Cu(I) + 02 + H202 (23) 

The reduced enzyme is not generated by the reaction cycle, but by a late reduction of 
copper with hydrogen peroxide, one of the reaction products. 
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In the current literature the pulse radiolytic oxidation-reduction cycle is prefered. 
As a consequence, a steady state level of 50 ~o reduced copper should be present during 
catalysis. Intriguingly, only 25 ~o of the copper was found to be reduced during steady 
state. Recently it was demonstrated, that the steady state level of oxidized copper is 
actually 50 ~o but can change to 75 ~o in previously lyophilized samples 214) 

Another source of controversy has been the interaction of copper and zinc through 
the bridging imidazolate, in an older report, the interaction of the metals was disputed 
using H3cadmium NMR 2~). In more recent work, however, the interaction was 
regarded as to be neccessary for the catalytic action 7m. This conforms the currently 
accepted opinion, that the protonation of the imidazolate nitrogen is an important 
step in the catalytic cycle. 

4.2.1 Electrostatic Facilitation 

Cu2Zn2superoxide dismutase has approximately 150 times the surface area of aquated 
Cu(II). Random collisions of  superoxide with the protein would be mostly fruitless, 
if not dangerous. Koppenol has suggested, that an overall negative charge on the 
surface of the protein, coupled with a cluster of cationic groups at the active site, 
may provide electrostatic guidance to the incoming O~-, maximizing the percentage 
of fruitful collisions at the active site 216) Actually the isoelectric point of bovine SOD 
lies between pH 4.9 and 5.1 31,34). Therefore at physiologic pH-values CuzZn2super- 
oxide dismutase has a net negative charge, 

From this fact, it might be predicted that the reactivity with a negatively charged 
substrate such as superoxide would be enhanced by an increase in the ionic strenght 
due to a sealing of the charges on the protein. In fact, precisely the opposite is observed. 
It is a long known phenomenon that Cu2Zn2SOD is very susceptible to anion bind- 
ing 71,128,217,218). Binding of small anions to positively charged groups in or near 
the active center of the enzyme was very helpful in elucidating the catalytic mechanism 
of CuzZnzsuperoxide dismutase (see also Chapt. 3.1.2), 

Azide and cyanide, which are inhibitors coordinate to the catalytically active copper, 
replacing the bound water molecule zl8~. The bridging imidazolate group remains 
unaffected 72). In contrast thiocyanate binds to the copper without inhibiting the 
enzyme 219). It is thought to displace a histidine ligand from the copper. Using CuzCu 2- 
SOD containing copper in both, the copper and the zinc site, a cleavage of the 
imidazolate bridge between the copper is seen after addition of thiocyanate ~20) 
Furthermore, the aspartic acid ligand in the zinc site is replaced. As the SCN- complex 
of the CuzCu z enzyme is catalytically active, there is some evidence that the imida- 
zolate bridge is not neccessarily essential to the catalytic cycle of the native Cu2 ZnzSOD. 

After prolonged exposure of cyanate with CuzZn2superoxide dismutase a time 
dependent carbamoylation of the lysine residues is observed zm. Carbamoylated 
SOD is less active than the native enzyme, but the extent of this inactivation is much 
tess in buffers of low ionic strength 22z~ This corroborates the electrostatic interactions 
between superoxide and the active center. However, surface charges on the enzyme 
are also thought to play a role in the catalytic activity. Some metals bind to CuzZn 2- 
superoxide dismutase leaving the enzymic activity unaffected. Ca(II) and Tb(III) 
bind to specific binding sites producing slight contbrmational changes of the pro- 
tein 223! 
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As the activity of Cu2Zn2SOD decreases with increasing ionic strength it was 
attempted to modify the charges in the active site by covalent blocking of the amino 
acid residues involved in this interaction. Modification of lysine residues by acetylation 
or succinytation invert the ionic strength effect, whereas modification of arginine 
with phenylglyoxat does not 162) However, it should be kept in mind that blocking 
of both, arginine and lysine causes a 90 ~o loss of activity. The responsiveness of 
lysine-modified Cu2Zn2superoxide dismutase to ionic strength effects allows the 
conclusion, that the interaction of O~- with the anionic enzyme is assisted by a elec- 
trostatic guidance of positively charged lysine residues near the active center. Arginine 
at the active site seems to be much less affected by high anion~ concentrations, but 
raising the pH, which results in an elimination of the charge on the t-amino group 
supresses the catalytic activity. Chemical modification with phenylglyoxal of both, 
arg-141 of the bovine 224) and arg-143 of the yeast enzyme 225) which are in close 
proximity to the copper-site but not intimately associated with the metal, results in 
a nearly total loss of activity; After modification the anion binding capacity of arginine 
is drastically reduced 226). Visible absorption and EPR spectra are consistent with 
a shift toward a more axial coordination geometry. This may reflect the displacement 
of one of the histidyl imidazoles. 

In contiast, modification of lysines by either succinylation or carbamoylation, 
leave the native rhombic geometry of the copper site unaffected. It was, therefore, 
concluded, that "pure" electrostatic interactions i.e. a decreased positive charge are 
responsible for the enzyme inactivation after blocking lysine residues 227). Similar 
effects are observed treating bovine or yeast Cu2Znzsuperoxide dismutases with 
hydrogen peroxide (see also Chapt. 3.1.4 and 8s-9o). It was found with yeast CuzZn 2- 
superoxide dismutase that the rate constant for inactivation decreases progressively 
raising the pH from 9.0 to 11.5. The reactive species is thought to be not H202, but 
rather the HO 2- anion. The essential arginine residue with a pK, of approx. 12 is 
partially deprotonated at these pH-values. Therefore, the affinity for the HO 2 anion 
is decreased at elevated pH. 

Phosphate anions too can influence the properties of Cu2Zn2superoxide dismu- 
tases 71,162,220,228,229) The activity of bovine SOD in HEPES-buffer is decreased by 
50 ~  when 10 mM phosphate is added 230). If arg-141 was modified with phenyl- 
glyoxal only a small decrease of the residual activity is seen after addition of phosphate. 
Phosphate also causes a reduced affinity of binding of azide and cyanide ions to the 
native superoxide dismutase. It was assumed that phosphate neutralizes the positive 
charge on the side chain of arg-141. 

Contrary to porcine Cu2Znzsuperoxide dismutase the bovine enzyme is pH- 
independent over a wide pH-range ls2) Porcine SOD has an unusually high iso- 
electric point (6.8)231). Upon titration from pH 7.5 to pH 12.0 an almost linear 
decrease of  activity is seen with increasing pH, while EPR- and NMR-parameters do 
not parallel this phenomenon 232) Using EPR- and NMR-spectroscopy only a pH- 
dependence above pH 9.5 was detected with the native enzyme. Elimination of lysine 
charges by succinylation abolishes the pH-dependence of activity and overlap the 
parameters of spectroscopy. Unlike the bovine enzyme, porcine SOD contains two 
more lysines per monomer. Thus, some additional positive charges may play a critical 
role in the rate determining step of the mechanism of that species of Cu2Zn2super- 
oxide dismutase. 
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These more chemical investigations were complemented by the biophysical studies 
and X-ray cristallographic analyses 60,233} A precise knowledge on the catalytic 
activity of the metal ions as well as the environment near the active site mainly of the 
bovine enzyme is now available. 

141 HN/Arg HN/Arg 1/+1 • /H 

H__N~"~,N__ H l H~_.~, 
H- -N~N--H ' - -O \H 

H H [u, . .  

co-N,-- -,-N-zo° zo/ 

O2"jH 

HN/Arg 14.1 

HN/Arg 14.1 ~ H - - N + N - - H  

\o .' - -H . . . .  02 H~N 

Fig. 12. Schematic drawing of the catalytic mechanism of Cu2Zn2superoxide dismutase. The super- 
oxide displaces the axial water molecule at the Cu(II) and reduces the copper to Cu(I). Concomitantly 
the bond from Cu to His 61 is broken and 0 2 is released. The Cu-facing nitrogen of His 61 becomes 
protonated and a second Oz- becomes bound. An electron is transferred from Cu(I), coupled with 
a proton transfer from His 61. After additon of a second proton from an active-site water, the uncharged 
hydrogen peroxide is released. (With permission from Ref. 233)) 

The catalytic cycle starts with the replacement of a water molecule at the axial position 
by superoxide (Fig. 12). 

One oxygen binds to Cu(II), the other one is hydrogen bonded to the guanidinium 
group of arginine-141. Cu(II) is thereby reduced to Cu(I), breaking the bond to 
histidine-61. Oxygen is released and the imidazolate of histidine-61 is protonated. 
The hydrogen atom is delivered by the solvent. Zinc, which is bound to the other 
nitrogen of the bridging imidazolate, raises the pK a of the unligated nitrogen to 13. 
Hence, at pH 7.0 it is protonated. 

Although zinc seems to enhance the reactivity by this mechanism it is not essential 
for the reactivity of SOD, because at pH 7 the imidazolate nitrogen without zinc will 
be at least partially protonated. This would comprehensively explain, why in contrast 
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to the native Cu2Zn2SOD the activity of CuzE2SOD is much more susceptible to 
varying pH-ranges 134,182) 

When oxygen has been released from the copper, the second superoxide anion binds 
to Cu(I). One oxygen atom forms a hydrogen bond to the protonated imidazolate of 
histidine-61. As in the first reaction cycle the other oxygen is hydrogen bonded to 
the guanidinium of arginJne residue-141. One electron from copper is transferred 
to O 2- and the proton from histidine-61 is bound to oxygen. An intermediate copper- 
hydroperoxide complex is formed which is protonated by a water molecule bound 
in the active site. Then the uncharged hydrogen peroxide molecule is released. The 
overall catalytic cycle is accompanied by shifts and rotations in the coordination sphere 
of both metals. The movements are less than 1 A 233). 

The active funnel of superoxide dismutases contains at least three positively charged 
amino acid residues (lys-120, lys-134 and arg-141) which are in close proximity to 
Cu(II). They are essential for the enzyme's function and provide a guidance of the 
negatively charged superoxide anion to the Cu(II). This is the reason why the overall 
negatively charged superoxide dismutase molecule with its positively charged sub- 
strate funnel is as active as low molecular mass copper complexes. This fact is re- 
markable as the surface of the enzyme is 150 times larger than that of the aquated 
copper ion. The question remains why the organism spares no efforts to remove the 
superoxide anion and why it does not use simple low molecular mass copper complexes 
for this purpose. A separate discussion is included in the last chapters. 

It was of further interest, whether or not cooperative interactions occur between 
the two subunits of Cu2Znzsuperoxide dismutase during catalysis. Contrary to all 
other SOD's, the enzyme of wheat germ is dissociated in the presence of 4 % sodium 
dodecylsulphate 234( This reagent does not affect the activity of Cu2Zn2SOD's of 
dimeric structure, however, the wheat germ enzyme is reversibly inactivated. Until 
recently, no conditions were found to dissociate the bovine enzyme, and, at the same 
time maintaining the native state. Previously, it was reported that extensive succinyla- 
tion of bovine Cu.Zn,_superoxide dismutase leads to the dissociation of the dimeric 
protein 235) Unfortunately the catalytic activity is lost by 90 % after succinylation. 
Although, the active site as probed by EPR seems to be unaffected, the question wheth- 
er there are subunit interactions or not is still open to discussion. 

Replacement of the catalytically active copper by other metals results in an inactive 
enzyme 135,z36) There is, however, strong evidence from a newer pulse radiolytic 
study of Co(tI) derivatives of bovine SOD, that this opinion must be repudiated. 
Co, Zn and Co,Co-proteins display considerable enzymic activity having turnover 
rate constants of 4.8x 10 6 dm3xs  -1 xmo1-1 and 3.1 x 10 6 dm3×s -a xmo1-1, 
respectively 237). Although these values are three orders of magnitude lower than those 
of native SOD a similar pH-independence in the range from pH 7.4-9.4 was seen. 
It was proposed, that the reaction may proceed through a ping pong mechanism as in 
the Cu2Zn2superoxide dismutase (see above) or by a Co(II)-superoxy or Co(III)- 
peroxy intermediate. Further data are required for a definite solution of this problem. 

4.2.2 Catalytic Activity of the Manganese and Iron Enzymes 
Due to the uncomptete knowledge of the active centers of  iron and mangano super- 
oxide dismutases, only limited informations of the catalytic activities are available. 
It was demonstrated with nuclear magnetic relaxation techniques that the iron 
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containing SOD from E. coti contains at least one water molecule associated with 
the Fe(III) 138,239~ Anion binding studies revealed a discrepancy between the affinity 
of  the iron for F - and N 3- and the inhibition of the catalytic activity by these anions lm, 
240). Examination of  the pH-dependence showed that the dissoziation constant of 
azide is influenced by a ionizing group near the iron having a pK,  of 8.7. The coordi- 
nation of this anion to Fe(III) iS thought to be preceded by an association with a non- 
chromophoric site on the protein which was termed "anion binding pocket". 

In contrast to bovine CuzZn 2- and iron superoxide dismutase from P. leio#nathi, 
the iron enzyme from E. coli exhibits saturation kinetics during catalytic action 2411. 
A group which ionizes with a pK,  = 8.8 was found to be responsible for this phenom- 
enon. For the dismutation of superoxide by iron SOD's a reaction scheme is proposed 
which includes alternate reduction-oxidation of the metal: 

E - -  Fe(III) + O ;  ~ E - -  Fe(II) + 02 (24) 

E - Fe(II) + O• ~ E - -  Fe(III) + H202 (25) 

This catalytic scheme is very similar to that of Cu2Znzsuperoxide dismutases. The 
iron enzymes from E. coli, A. vinelandii and P. ovalis display redox potentials of 
0.27 V 247). In contrast to the other SOD's, the reduction potentials of Fe-proteins 
decrease when the pH is raised from pH 6.0 to 9.0. It was assumed that the reduction 
of Fe(III) causes a proton to be bound below pH 9.0, which is not observed above 
this pH-value. 

Both, iron-containing and mangano superoxide dismutases bear a net negative 
charge at physiological pH-values. The enzymes from E. coli are less active with 
increasing ionic strength 243). Acetylation of the lysine residues invert these effects. 
Therefore, a cationic group near the active site must be involved in the electrostatically 
facilitated catalysis. This observation parallels the ionic strength effects seen with 
Cu2Zn2superoxide dismutases (see Chapt. 4.2.1). 

As the iron enzyme from E. coli, the manganese containing SOD from P. deni- 
trificans shows saturation kinetics above 03--concentrations of 10 -4 M 244) It seems 
very likely that charge effects may play a role in an electrostatic guidance of the super- 
oxide. The dismutation of superoxide to oxygen and hydrogen peroxide is not exclu- 
sively provided by superoxide dismutases. Although there is no direct catalysis, a very 
high rate of self-dismutation is observed in biological systems (approx. 107 Mo1-1 
x sec-i). Furthermore, there are a lot of low molecular mass transition metal com- 
plexes which are described in the next section and which are highly SOD active. 

4.3 Low Molecular Weight Compounds Mimicking Superoxide 
Dismutase Activity 

It was intriguing to note significant higher rate constants of the catalytic dismutation 
of superoxide when native SOD was replaced by simple inorganic copper salts 181. 
ls91. However, this phenomenon is only observed in acidic media and in the absence 
of perturbing chelating agents. At neutral pH-values, considerable superoxide dismu- 
tase activities of some low molecular weight Cu(II)-amino acid complexes were 
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demonstrated using the cytochrome c assay 245). Subsequent pulse radiolytic meas- 
urements revealed, that the rate constants were half to those of the native Cu2Zn2SOD. 
Cu(Tyr)2 displays nearly the same reaction rate as superoxide dismutase 3,246) Similar 
results are obtained using Cu(II) salicylates z47,248~. The highest rate constant is 
measured for Cu(II) formate (2.7 x 1 0  9 Mo1-1 x sec-1). This compound is formed in 
formate buffers normally used in pulse radiolysis. 

Using the nitroblue tetrazolium assay, Cu(tyr)2 and Cu(lys)2 also show a remarkable 
SOD-activity 167). However, the rate constants are three orders of magnitude lower 
than those calculated from the data of pulse radiolytic measurements. Intriguingly, 
adrenochrome formation, which is used as an indicator of superoxide is accelerated 
by low molecular mass copper chelates z3,147.17o~. The inhibition of adrenochrome 
formation by SOD was therefore ascribed to a complexation of catecholamines with 
Cu2Zn2superoxide dismutase (see 15o) and Chapt, 4.1.1). 

The antiinflammatory drugs indomethacine (1-(p-chlorobenzoyl)-5-methoxy-2- 
methyl-indole acetate) and lonazolac (3-p-chlorophenyl)- 1-phenyl-pyrazote-4-acetate) 
form thermodynamically stable copper complexes in aprotic solutions, which are 
highly superoxide dismutase active 249,250) An example for the structure of these 
acetate like copper complexes is given in Fig. 13: 

Fig. 13. Structure of Cu2(lonazolac)4, The hydrogen atoms are deleted. "I'he copper-copper distance 
is very close to that of metallic copper 

Surprisingly, in such complexes, the copper-copper distance (263 pm) is very close 
to that of metallic copper 149). A spin-spin interaction, namely an antiferromagnetic 
coupling of the copper is observed. Two coordination sites in the copper-copper axis 
can be readily replaced by superoxide. For Cu2(indomethacin)4 a second-order rate 
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constant of 6.0 × l 0  9 Mol -~ x sec -1 was found in lipophilic media (DMSO/water). 
This is the fastest constant ever observed for a copper-dependent dismutation of 
superoxide. 

In aqueous systems proteins compete with the lipophilic complex ligands for the 
copper. Bovine serum albumin forms ternary complexes with Cu2(lonazolac) 4 2so) 
An EPR-signal of the biuret-type is observed. Therefore in blood serum these com- 
plexes are only existing in very low concentrations. Many acetate-like copper chelators 
like salicylate are used as non-steroidal antiinflammatory drugs (for a review see 25~). 
They are potent inhibitors of lipid peroxidation 249,250). In biological tissues, these 
lipophilic ligands are able to coordinate copper in the aprotic regions of the cell 
(membranes), being lipophilic superoxide dismutases. 

Macrocyclic polyamine complexes of Cu(II) and Ni(II) too can eliminate the 
superoxide anion catalytically 252). They are 107-times more stable than Cu(lI)- 
glycine at neutral pH-values 253). Unfortunately, they do not survive EDTA treatment, 
but they are very useful for Cu2Zn2superoxide dismutase model chemistry. Thio- 
cynate disrupts the magnetic coupling between the copper-pairs in the copperhexa- 
azacyclotetracosane-complex, resulting in a cleavage of the imidazolate bridge 254) 
A similar behaviour is seen with the Cu2CuzSOD 2t9). Another approach was the 
synthesis of binuclear imidazole-bridged copper and zinc complexes (Scheme 3) 255): 

H20 

IHis 118~-~ fu~  ~ ~ n . . . .  IAsp 81] 

Scheme 3. Active site of Cu2Zn2superoxide dis- 
mutase and [Cu(pip)(im)Zn(pip)](NO3) 3 ' 2 H20 
as a model for Cu2Zn2SOD 251 

The electron absorption profiles and the EPR properties were of striking similarity 
with those of the copper chromophore of the native enzyme. X-ray photoelectron 
spectroscopy of the oxidized or the reduced model complex revealed the' existence 
of 3 d 9 Cu(II) and 3 d 1° Cu(I). By way of contrast, the 2P3i2 binding energy of copper 
in Cu2ZnzSOD remained constant. A rate constant of 3,8 × 108 Mol-~ × sec 1 is 
obtained for the model complex using radiolysis. Four coordinated copper in bis 
cyclo(histidylhistidine) copper(II) complexes have catalytic activities in the same 
range 256~. The catalytic activity of copper-hystidyl complexes is, however, strongly 
dependent on the nature of the ligand. Dipeptide complexes of His-X-Cu(lI), where X 
is phenylalanine, alanine, valine or tyrosine display relatively high superoxide dismu- 
tase activity, whereas X-His-Cu(II) complexes are relatively inactive 257). 
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Penicillamine is apotent chelator for copper which forms even in vivo very stable 
copper complexes 258~. In contrast to all other complexes described above, copper 
penicillamine is resistant to EDTA and cyanide treatment. A considerable superoxide 
dismutase activity of the (Cu(II)6Cu(I)8-(D-penicillamine)12C1)-5-complex was found 
employing indirect and direct assay systems 259-261). These observations were chal- 
lenged as no activity was found employing freshly prepared Cu-penicillamine z62>. 
After aging of the complex the activity reappeared. In detailed reexamination a time 
dependent disintegration of the complex, especially in the light, could be demonstrated, 
resulting in a marked increase of EDTA-sensitive activity 263). Upon gel chromoto- 
graphy of aged samples, the original low inhibitory activity was restored. All EDTA- 
sensitive inhibitory activity was found in a clearly separated low M r copper containing 
fraction. Concomitantly all chiroptical properties of the native complex are completely 
leveled off. The disintegration is markedly enhanced during irradiation with photons. 
Wavelengths between 420 and 435 nm in the region of the broad absorption band of 
the native Cu-penicillamine were most active. Due to the identical electronic absorp- 
tion profile of both, the decomposition product and Cu(II)-D-penicillamine disul- 
phide, the latter complex was assigned to be the unknown low superoxide dismutase 
active M r copper-compound. 

Cu 2 (Lonazolac}~ 

BSA + Cu2 (Lonazolac)/, 

2.2 2.0 
g - value 

Fig. 14. Electron paramagnetic resonance spectra of low molecular mass copper complexes in the 
presence and in the absence of bovine serum albumin (BSA). All four copper concentrations are identi- 
cal. Cu-EDTA served as standard. Cuz(lonazolac)4 displays no EPR-signal due the antiferromagnetic 
coupling of the two copper-centers. After addition of BSA, a signal of the biuret-type is obtained, 
indicating that the original complex was disrupted. A similar signal is seen after addition of CuSO 4 
to BSA 

43 



Alfred Gfirtner and Ulrich Weser 

Concerning the catalytic superoxide dismutase activity of low molecular mass 
copper complexes, some general comments are neccessary. Firstly, it should be 
emphasized, that apart from the inactive Cu-penicillamine, all complexes described 
above do not survive high concentrations of biological chelators in aqueous solutions. 
For example, bovine serum albumine is able to remove most of the copper from these 
complexes (Fig. 14). 

However, it should be kept in mind, that these reactions are dependent on the 
equilibrium constants and thus, on the respective concentrations of either ligands. 
The coordinated copper is known to remain kinetically labile even in naturally occuring 
Cu-proteins. Although it may be below the usual detection limit, it could not be 
excluded, that a pool of low M r copper complexes do exist in living organisms. 

Secondly, nearly all complexes described above are highly lipophilic. In aqueous 
solutions they are very poorly soluble. In such aqueous compartments of the cells, 
scavenging of superoxide is provided by the cytosolic manganese, iron and Cu2Zn z- 
enzymes, which are hydrophilic. As superoxide is a radical species, its dismutation 
requires little or no activation energy. Thus, it is not surprising that a large biopolymer 
is not required for this process. The spontaneous dismutation rate of  O2 in biological 
fluids is assumed to be 107 Mo1-1 x sec 1 Regardless of which copper chelator is 
employed, SOD-active low molecular mass copper complexes display rate constants 
of about 109 Mol-1 x sec-1 and even higher in aprotic solvents. No significant reports 
on membrane bound superoxide dismutases are known. Lipophilic membranes are 
extremely good solvents for both, superoxide and the highly lipophilic acetate like 
antiinflammatory drugs like salicylate. If there would be no possibility for scavenging 
superoxide in the membrane, it would be predominantly found in these regions of 
the cell, due to its dramatically enhanced half life in aprotic solvents and its lipophilic 
character. It was, therefore, proposed, that the antiinflammatory drugs trap the "free" 
copper mentioned before, forming artificial superoxide dismutases in the membranes 
and preventing the lipids from damaging effects of reactive oxygen species. 

Recently, the superoxide dismutase activity of low molecular mass copper chelates 
in the indirect coupled assay systems has been disputer 264) It was demonstrated that 
copper in CuSO 4 and Cu(II)(glY)2 prevents the ferricytochrome c and nitroblue 
tetrazolium reduction. This is not virtually new, as it is a well known phenomenon 
that Cu(II)-salts lead to a reoxidation of ferrocytochrome c and that they are potent 
inhibitors of xanthine oxidase 265), which is often used as 02 ~-generator in indirect 
SOD assay systems 23) Although the indirect assays may be sometimes inadequate 
for the measurement of the SOD-activity, there are no doubts that low molecular 
mass copper chelates have their superoxide dismutase during pulse radiolysis. 

The therapeutical use of Cu2Zn2superoxide dismutase as scavenger for the poten- 
tially toxic superoxide anion is limited on very special events 266). The half-time of 
circulation in the organism is very short and it is unable to pass cellular membranes. 
As a consequence it was attempted to search for lipophilic substances, able to catalyze 
the dismutation of superoxide, but resistant to biological chelators. One approach 
was the use of  different metalloporphyrins. Some iron and manganese prophyrins 
catalyze the dism.utation of superoxide with about 3 ~ efficiency of native Cu2Zn 2- 
SOD 21,7. 268), Apart from copper porphyrins, which are inactive as superoxide dismu- 
rases, no copper complexes have been described which are at the same time scavengers 
of superoxide and stable to proteins or EDTA. 
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In a completely different theoretical approach, it was attempted to construct a 
complex ligand for copper, ideally suited as an in viva superoxide dismutase model. 
Three conditions had to be fulfilled. Firstly, the copper had to be four coordinate 
with a square planar arrangement, because a free fifth or sixth coordination site is 
essential for SOD'activity.  Secondly, during the catalytic cycle the twisting o f  the 
ligands should be possible due to a change from planar to tetrahedral coordination 
o f  Cu(I). Finally, the complex must survive biological chelators. Schiff-bases seemed 
to meet all these requirements and indeed, one Schiff-base complex was synthesized 
forming 5,7,5-rings with copper, which was active in the presence of  E D T A  (LinB, M., 
Weser, U. : to be published) (Scheme 4): 
It should be pointed out, that Cu-EDTA alone has no SOD-activity. As rrlentioned 
before, copper porphyrins and Cu(II)6Cu0)8(D-penicillamine)lzC1 s -  which are also 
stable to E D T A  are inactive. Provided that they are not toxic, the Schiff-base-copper 

Schiff base complexes of copper vi th 

a, b,c atoms I ring coordination 

b 

+ 

" N J  ~ or ,};---N 

)c (  cu .... b :  6 
.. ........... , c , o j  c__ 6 

poorly active, instuble to EDTA 

~ a=s 
+ H2 N NH z ~  b = 7 

c = 5  

active in the presence of excess EDTA 

Scheme 4. Schiff-base superoxide dismutase models surriving biological chelators. Upper section: 
Dibenzoytmethane does not readily react with 2-(2-aminoethyl)-pyridine due to a keto-enol tautomery. 
Therefore only poorly active and instable complexes are obtained. In contrast, 2-pyridine-aldehyde 
and putrescine yield a highly active and stable copper-complex 
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complexes could possibly act as lipophilic superoxide dismutases in biological tissues, 
thus preventing lipids from peroxidation. 

Ferric ions and Fe(I I I ) -EDTA generate toxic radicals 269). Intriguingly, i ron-EDTA 
is at the same time active as superoxide dismutase with a 0.01% efficiency as SOD, 
as judged from the NBT or cytochrome c assay 270). In subsequent reports, the decay 
of  O i  was directly observed in a stopped flow instrument and it was concluded, that 
i ron-EDTA catalyzes the dismutation of  O 2 as 0.1% efficient as superoxide dismu- 
tase 271,272). Some years later, the SOD-activity of  i ron-EDTA was emphasized to 
be a putative one 27s). The activity was attributed to an interference o f  i ron-EDTA 
with the assay mixture. More recently, the SOD-activity o f i ron-EDTA was confirmed, 
using pulse radiolysis 274) Fe(III) -EDTA chelates react with the superoxide radical 
at physiological pH-values, but the reaction constant is lower at alkaline pH. The 
reaction proceeds according to the following equations: 

Fe 3 + - -  E D T A  + Oi- ~ Fe 2 + E D T A  + O2 (26) 

Fe 2 + - -  E D T A  + Oi- --* Fe 3 + - -  EDTA --  022- (27) 

Fe s + - -  EDTA - -  0 2- + 2 H + ---, Fe 3 + - -  E D T A  + H202 (28) 

The formation of  a peroxo complex (Eq. 27) was firstly described by Ilan and 
Czapski 2721 and confirmed by other autors 271). This reaction is very fast and largely 
independent of  the pH. In contrast, the reduction step (Eq. 26) is much slower. How- 
ever, at sufficiently high Of-concentrat ions,  the breakdown of  the peroxo complex 
becomes rate limiting 27s). The structure of  the complex is thought to be cyclic: 

o\ /o 
© 

This structure is also proposed for the peroxide compounds of  diperoxy molybdenum- 
(VI)- porphyrins TM, titanium(IV)porphyrins 277) and Fe(II)-tetraphenylporphy- 
tins 278) 

Iron salts and i ron-EDTA also catalyze the generation of  highly reactive radicals 
from superoxide 269). Thus, low M r ferric iron and superoxide are often termed to 
be deleterious to the cell. This problem is leading to the last section of  this article, 
namely the biological significance of  the dismutation of  superoxide. 

5 Biochemical Function 

In the last ten years, there has been no research area, in which the biochemical function 
of  an enzyme was discussed so controversly and emotionally than with superoxide 
dismutase. There is a polarization between one group which debates the biological 
importance of  the dismutation of  superoxide and another one which is convinced that 
this reaction is required in aerobic metabolism, preventing the organism from an 
attack of  reactive oxygen species. The current knowledge does not allow a definite 
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solution to this problem. The present aim will be a brief discussion of the arguments 
of either group. 

5.1 Reactive Oxygen Species 

A hundred years after its discovery, oxygen was recognized as toxic to living organ- 
isms 279~. 02 supplied at concentrations higher than those in normal air causes damage 
to plants, animals and aerobic bacteria 280). There is considerable evidence that 
oxygen at concentration of 21% has a detectable damaging effect. The toxicity is 
attributed to oxygen derived free radicals. 0 2 has two unpaired electrons, each located 
in a n* antibonding orbital. Due to the spin restriction, its reactivity with a reductant 
is most effective provided single electrons are transferred 281). Assuming the latter 
case, the stepwise reduction of oxygen to water will generate four distinct species 
(Scheme 5): 

Oioxygen 0 2 

Xonfhine oxydase le---~ 
NADPH oxydose 

$uperoxide .0~ pK= 4.8 HO} 

Superoxide dismufose le---~ 

Peroxide 0~- • HO~ pK=ll.S 

Hydroxyl rodicol  [O'1, pK=1~.9., -OH 

02. ~ H20 ,,. 

H202 [o fa tase  y 
Scheme 5. Proposed mechanism for the stepwise reduction of dioxygen, including the enzymes, which 
are involved in the removal of reactive oxygen species 

The transfer of one electron to dioxygen leads to superoxide. Addition of further 
electrons and in the presence of protonshydrogen peroxide, eventually OH-radicals 
and water are formed. Convincing proof of the existence of superoxide and -OH in 
intact biological tissues is still pending. 

Another way of increasing the reactivity of oxygen is to dislocate one of the unp,.,red 
electrons into the other half-occupied orbital. A new excited species namely singlet 
O~Ag oxygen is formed. The chemistry and biochemistry of reactive oxygen species 
has been extensively reviewed 268,282 --285) Many authors favour the opinion, that the 
hydroxyl radical belongs to the most toxic species 286). In general it is obtained by the 
homolytic cleavage of the O--O bond in H20 2. The reaction summarized in the 
following equation: 

H202 + O~- --~ 0 2 -F O H -  + "OH (29) 
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was firstly postulated by Haber and Weiss 2s7). In aqueous solutions, the rate constant 
is very low if not zero. However, if the reaction is catalyzed by traces of transition 
metal ions including Fe(lI) or Cu(I), a fast decomposition of hydrogen peroxide is 
seen. The following mechanism was proposed 26s). After the reduction of Fe(III) 
by superoxide, the so called Fenton reaction (Eq. 31) is observed 288). The net reaction 
results in a generation of .OH radicals from HzOz and O f  : 

Fe 3 + + O f  -+ Fe 2 + + 02 (30) 

Fe 2+ + H202 -+ Fe 3÷ + -OH + O H -  (31) 

Net: O~ + HzO2 ~ 02 + -OH + H O -  (29) 

Attributable to the insolubility of  Fe2q + ions at neutral pH-values, usually the model 
reactions of  the Fenton type were carried out in acidic solutions. Recently, this reaction 
was reexaminated at physiological pH-values 289~. The occurrence of such a reaction 
at pH 7.0 was confirmed. A similar result is obtained when Cu(I) salts are added to 
H202 solutions. 

Three types of the destructive effects of OH-radicals with biopolymers can be 
distinguished: hydrogen atom abstraction, addition and electron transfer. Owing to 
the radical character, nearly no activation energy is required. Thus, extremely high 
rate constants are observed. On the condition that O f ,  H202, Fe(II) and Cu(I) are 
present in vivo, a possible damage of the organism by toxic oxygen radicals was 
proposed. 

There are overwhelming reports on superoxide anion generation in defined biolo- 
gical systems including redox reactions of small molecules, autoxidable proteins and 
oxidative enzymes 29o~. The most prominent enzyme is xanthine oxidase. However, 
some precautious are neccessary, because the single electron reduction of dioxygen is 
considered to be an unnatural reactivity of this enzyme, which, under in vivo condi- 
tions acts like a dehydrogenase 285~ 

In biological tissues H202 is present in considerable amounts 29~( For example, 
it is a reaction product of amino oxidases, uricases and last not least superoxide dismu- 
tases. There remains an important question, dealing with the occurrence of "free" 
metal ions in biological tissues. The adult human contains about 4 g of fron, located 
in haemoglobin, myoglobin, cytochromes, catalase, iron transport and iron storage 
proteins, like transferrin and ferritin. Under normal physiological conditions the 
transferrins are only partially loaded with iron. Due to its extremely high iron binding 
constants, the concentration of "free" iron is virtually zero in the blood stream 292~. 
The iron not required in the cells is bound by ferritin. Although the organism spares 
no efforts to remove low M r iron compounds, there may be a possible pool of non- 
protein bound iron, moving between transferrins, ferritin and haemoproteins. 

The availability of copper in the body is somewhat different from that of iron. 
Copper in the t,lood serum is bound in caeruloplasmin. Excessive dietary copper 
is predominately carried by serum albumin. Serum albumin copper is in the equilibrium 
with low molecular mass complexes of amino acids or small peptides. Unfortunately, 
the concentration of such complexes is below the detection limit. Regardless of  the 
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ligand, all these complexes are known to display superoxide dismutase activity (see 
Chapt. 4.3). Some authors have reported, that nontoxic concentrations of cell-bound 
or low M r copper may cause damaging effects to bacteria and proteins 293,294) 
The reaction was thought to proceed via a modified copper-driven Haber-Weiss 
reaction. The cellular damage by activated oxygen generated with Cu(I) is prevented 
after the addition of histidine or albumin 295). It is currently accepted, that low M r 
copper is not available for a Fenton's type reaction 269) Moreover, it was demonstrat- 
ed, that small copper compounds can be curative in some diseases 296) 

The complet, ly different redox properties of reactive oxygen species in aprotic 
media or membranes lead to other routes of interaction of superoxide with hydrogen 
peroxide 298). Another mechanism independent to the Haber-Weiss reaction was 
found. In addition, there are stoichiometrically acting molecules like ascorbate or 
NADPH, which were thought to be involved in the generation of hydroxyl radicals 
via the equation 299,300). 

Red + H202 ~ Ox + 'OH + O H -  (32) 

Proof for this reaction under in vivo conditions is lacking. Nevertheless, the oxidation 
ofascorbate generates superoxide ions at rates, which are in the range of 10 . 9  - -  10 . 8  

Mo1-1 x sec -1 under physiological conditions 3011 

5.2 Biochemical Function and Distribution of Superoxide Dismutases 

In the preceding chapter, it was pointed out that potentially toxic oxygen radicals 
can be generated in living organisms. As a consequence, there was an evolutionary 
pressure for the development of defense mechanisms against oxy radicals. Taking 
into account the widely distributed superoxide dismutases, the crucial point remains, 
whether or not the dismutation of superoxide is an important step in the detoxifica- 
tion of oxygen radicals and whether this reaction is the natural reactivity of  SOD's 
in the organism. 

There are some reports of  the induction of superoxide dismutases by increased 
oxygen pressures. For example, E. coli contains an iron SOD which is found in the 
presence and absence of oxygen. After transfer of  anaerobically grown cells to aerobic 
conditions, the manganese superoxide dismutase is induced 302) Another strong 
evidence for the neccessity of  superoxide dismutase comes from the increased rate of 
synthesis of mangano-SOD after the administration of paraquat in the presence of 
oxygen 3o3( In the absence of paraquat no increase of  the enzyme's concentration is 
seen. Paraquat (methyl viologen) is known to be reduced inside the cell, forming a 
semiquinone which successively generates superoxide radicals from dioxygen. 

There are also a great deal of studies concerning the metal dependent synthesis of 
iron - -  or manganese superoxide dismutases. Unlike cells grown in iron-deficient 
medium, iron supplement to E. coli results in a higher resistance to survive phagocyto- 
sis 951. Phagocyting cells are known to produce superoxide during the attack of 
bacteria. The fungus D. dendroides which contains both Cu2Zn2SOD and the mangano 
enzyme produces more manganese superoxide dismutase provided the copper level 
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in the growth-medium is decreased 304). The loss of activity attributable to the drop 
of CuaZn2SOD-concentration during copper defiency is fully compensated by an 
increase of the manganese containing enzyme. 

Intriguingly, there are aerotolerant bacteria, which were completely deficient of 
superoxide dismutases. In the case of L. plantarum it could be demonstrated, that the 
absence of a superoxide dismutase is fully compensated by significantly higher 
concentrations of a low molecular mass compound which is able to scavenge super- 
oxide as effective as the mangano enzyme 30s) The substitution of millimolar levels of 
Mn(II) for micromolar levels of Mn-SOD was thought to be a common principle in 
lactic acid bacteria, like L. plantarum. However, the question arises, why the organism 
produces the superfluid SOD's if low molecular mass complexes could fulfil the same 
task? 

The anaerobic P. shermanii contains iron superoxide dismutase and synthesizes 
a manganese SOD, when grown under iron free conditions 3o6). Surprisingly, apart 
from the metal, this protein is practically indistinguishable from the originally present 
iron enzyme, including amino acid analyses. The catalytic activities of the apoproteins 
can either be restored using manganese or iron. In the last five years it was demon- 
strated that the synthesis of superoxide is influenced or induced by changes in the 
metal contents of the growth media 307-312). The correlation between the metal 
supplied and the synthesis of the respective superoxide dismutase could not always 
be deduced 311). Moreover, taking into account the numerous iron containing enzymes, 
and, which are involved in oxygen metabolism, it is by no means clear, that a simple 
rise of iron SOD concentration should be responsible tor the accelerated growth of 
microorganisms under the respective growth conditions. 

In the red blood cells of patients suffering from diminished glucose-6-phosphate 
dehydrogenase levels, an enzyme involved in the supply of reductive equivalents in 
the oxy-radical shuttle, decrease of superoxide dismutase activity was shown 313) 
This phenomenon was attributed to an increase of damaging oxygen radicals which 
cause the destruction of SOD and hemolysis. Likewise, ageing of the erythrocyte is 
mainly ascribed to the ageing of erythrocyte CuzZnzsuperoxide dismutase (see also 
chapter 3.1.3 and 314, 315)). In species with a long life span a higher specific SOD- 
activity was found in the red blood cells compared to those species of a shorter life 
span 316). Moreover, erythrocytes from old rats have lower SOD activities than those 
of young rats. Concomitantly, an increase in immunoprecipitable material, defective 
of enzymatic activity was found in old animals 2o5,317). However, in another report, 
no specific age related modifications in CuzZnzsuperoxide dismutase from erythro- 
cytes of old and young cows could be detected 31) 

Superoxide dismutases are able to protect cells from damaging effects caused by 
radiation 318-320) A reaction was proposed, in which SOD removes reactive oxygen 
species, generated by the irradiation and thus preventing the organisms from an 
attack by primary radicals or their reaction products, respectively 321). Other reports 
on the radioprotective effect include the induction of superoxide dismutase in irradi- 
ated whole organs 322-324). However, a radiation-induced SOD synthesis was not 
confirmed 325) Further experiments are needed to elucidate whether or not superoxide 
dismutase is a physiological radioprotector. 

Undoubtedly, there are many possible sources for the superoxide anion generation 
in biological systems zgo). In a newer approach 19F-NMR spectroscopy was used 
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as a detector for O] .  The molecular spin of 19F-, a very weak inhibitor of Cu/Zn2- 
superoxide dismutase is specifically relaxed by the Cu(II) at the active site of the enzy- 
me 326). Therefore, the Cu(II)/Cu(I) ratio can be estimated with much greater 
sensitivity than by EPR-techniques 214). Approximately half of the catalytically 
active Cu2Zn2superoxide dismutase was found in the reduced state compared to the 
resting enzyme. The half reduction of SOD is a basic requirement for the catalytic 
action during superoxide dismutation, involving alternate reduction and reoxida- 
tion 190). The 19F-relaxation system can be employed to haemolysates or even intact 
erythrocytes 327~. It is also applicable for the detection of the flux of superoxide, if 
SOD is used as redox standard 328) 

Naturally occurring reducing agents such as glutathione or ascorbate reduce the 
oxidized enzyme much Slower than O•. Hence, even low fluxes of the superoxide 
anion are seen in biological tissues with 19F-NMR. Haemoglobin does not contribute 
significantly to the relaxation of 19F-. Moreover, the reoxidation of reduced Cu(I)- 
SOD by dioxygen is a very slow process. Therefore, the high relaxation rate, observed 
in haemolysates can be exclusively attributed to reduced Cu2Zn2superoxide dismutase. 
The observed steady state (half reduction) gives strong evidence for a flux of super- 
oxide in intact erythrocytes. Even though, artificial effects, for example reduction 
by the strongly reducing medium in the red blood cell are not fully excluded. Another 
source for interference may be the relatively high F--concentrations (up to 1 M), 
required for the NMR-spectroscopy, and which may perturb the biological system. 

EPR-spectroscopy of the steady state level of Cu2Zn2superoxide dismutase is a less 
perturbative method. It was applied to crude haemolysates. If SOD is added in a 
concentration of about 10 -5 M, a superoxide flux of 2.0× 10 -8 Molxsec  -~ was 
detected 177) Increasing the pO2 caused a saturation of Of-production. The autoxida- 
tion of oxyhaemoglobin, which is thought to be a source of superoxide 329) did not 
significantly contribute to the superoxide production. 

Superoxide chemistry differs greatly according to whether or not reactions occur 
in aqueous or in aprotic media. In aqueous solution, OZ reacts predominantly as a 
reducing agent. By way of contrast, the superoxide anion is more stable in lipophilic 
environments. Nevertheless, it can act as a powerful base, nucleophile and reductant 330, 
331). The lipophilic O2 ~-anion is often found inside the biological membranes, because 
it is the product of many membrane bound proteins 332,333) It may damage phos- 
pholipids by a nucleophilic attack. Hence, the existence of intra-membrane super- 
oxide dismutases should be demanded instead of the cytosolic enzymes normally 
found. In fact, a membrane-associated SOD was reported recently, occurring within 
the bovine erythrocyte membrane 204). Further studies in this field would be highly 
desirable. 

Although many of the investigations mentioned before give strong evidence for 
the biological importance of the dismutation of superoxide, a final proof is still lacking. 
Another unresolved problem is, why nature has not chosen a more simple way for 
the removal of superoxide if at all, by the oxidation of superoxide to dioxygen, omitting 
the production of H20 z. As a matter of fact, the reactivity of free metals (Fenton 
reaction) would create no further problems. An unsolved ~luestion remains whether 
or not superoxide migrates fast enough to the dismutase before any side reactions with 
other biomolecules can occur. An interesting phenomenon should be pointed out 
why are the cytosolic concentrations of SOD's so high? O~ is predominantly found 
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in lipophilic environments, especially in the membranes. However, only minor con- 
centrations of superoxide dismutases are found in this cellular compartment to control 
the level of superoxide concentrations. 

Apart from its catalytical function, CueZn2superoxide dismutases was suggested 
to play a role as copper-transport and/or storage protein 33~). Copper depleted E2Zn; 
superoxide dismutase (E = Empty) can be reconstituted using Cu(I)-thiolate proteins 
(metallothioneins) 335) 

Both proteins are existing in the same cellular compartment i.e. the cytosol. The 
copperthioneins are very resistant to enzymic breakdown. None of the known proteases 
are able to attack these proteins. Surprisingly, the copper from these proteins is released 
offering an appropriate apoprotein or by an oxidative breakdown 335-338). Therefore, 
copper-free superoxide dismutase could be seen as a transport vehicle for the intracel- 
lular copper stored in the Cu(I)-thioneins. Moreover, the release of "free" copper, 
which may be harmful by generating reactive oxygen species, is by-passed by this 
mechanism. 

Some more clinical aspects do not support the biological neccessity of superoxide 
dismutating reactions. In patients, suffering from Fanconi's anemia, which is charac- 
terized by a deficiency of superoxide dismutase 2o3), no effect in the autioxidant defence 
capability of erythrocytes could be detected 339). Even in conditions cf  augmented 
oxidative injury, there were no significant changes. This judgement, cas confirmed by 
studies of the enzymes involved in the defence of the cell against excited oxygen spe- 
cies 34ot These enzymes include catalase and glutathione peroxidase. They are known 
to destroy hydrogen peroxide. No correlation between these proteins and superoxide 
dismutase could be found in rats. This phenomenon is also seen in a disease named 
acatalasia. Patients suffering from this disorder though having no catalase, are devoid 
of any symptoms 3¢11. 

Since the superoxide anion is a radical, it should react in the cellular matrix with 
free-radical scavengers such as glutathione and other thiols 342). It seems very likely, 
that these sulphur containing compounds play a major role in controlling O~ con- 
centrations within the cell. Although, they do not act catalytically, their concentration 
is a hundredfold higher in the organism compared to superoxide dismutases, making 
the thiol effect possible. 

M. pneumoniae a prokaryote, which consumes oxygen contains neither catalase 
nor superoxide dismutase 3431. Amazingly, a considerable production of both, super- 
oxide and hydrogen peroxide was detected. Therefore, the rule that organisms, 
which consume dioxygen synthesize superoxide dismutases is exempted by this pro- 
karyote. After the isolation of the manganese superoxide dismutase gene from E. 
coli, it was found, that the intracellular superoxide concentration does not regulate 
the oxygen dependent induction of this enzyme 344). This result was deduced from the 
fact, that cells with widely varying levels of iron superoxide dismutases, which is 
also present in this organism, independently produce the manganese enzyme as a 
function of the dioxygen concentration supplied. 

It may be concluded, that the physiological role of superoxide dismutases still 
remains to be debated. Although, it belongs to one of the best characterized metatlo- 
proteins it shares the fate with xanthine oxidase; one of the "oldest" metalloen- 
zymes 345). Both enzymes are widely abundant, but their genuine biological function 
is yet not fully understood. 
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Eishun Tsuchida and Hiroyuki Nishide 

1 Introduction 

The respiratory proteins, hemoglobin (Hb) and myoglobin (Mb), serve to transport 
and to store molecular oxygen in a living body. Hb is a conjugated protein with 
molecular weight 64,450 and consists of four polypeptide chains (globin proteins), 
each of which has a protoporphinatoiron IX group (protoheme). Mb consists of a 
single globin protein and a protoheme which are very similar to the single chain of lib. 
Hb and Mb are the proteins which are easily and purely isolated from a living body, 
and their primary, secondary and tertiary structures are early and accurately investigat- 
ed. A clear view of the structures of Hb and Mb is now shown 1,2). The globin chain 
has a globular and compact conformation, and the heme group is embedded in the 
'pocket' of the globular protein. The heme coordinately bonds to the imidazole of  the 
histidine residue of the pocket-forming segment of globin and becomes the oxygen 
binding site, as shown in Eq. (1). The hydrophobic character of the space inside of the 
heme pocket, caused by the surrounding hydrophobic amino acid residues, seems to 
relate to the oxygen-binding function of Hb and Mb, as will be discussed later 3,~) 

~ C2Hz. COOH 

2H&COOH 

f l  > 
+ o2 ~-------~. 

~ i 2 
~,~F_~..,~. l ~  C2 H ~'COO H 

,4 

On exposure of the Hb solution to oxygen, the heme complex (deoxy type) forms 
its oxygen adduct (oxy type) [Eq. (1)] and turns brilliant red. 1 mol Hb binds 4 tool 
oxygen, i.e. I g of Hb adsorbs 1.34 ml of oxygen at 37 °C under oxygen atmosphere. 
100 ml of the blood of human adults uptakes 23 ml of oxygen, which is about 10 times 
of the volume physically uptaken by water and serum s) 

Typical curves of oxygen-binding vs the partial pressure of oxygen (Po2) under 

physiological conditions are shown in Fig. 1 for Hb and Mb. The oxygen binding 
affinity of Hb is remarkably reduced at low Po2- However, once oxygen begins to 

bind, the oxygen binding affinity increases successively, and the binding curve becomes 
sigmoidal (i.e. cooperative binding). On the other hand, the oxygen reservoir Mb has 
a greater oxygen affinity than Hb at any Po z and its curve is of  a hyperbolic type. 

Hb adsorbs oxygen with 95~  of the binding saturation in the lungs (Po2 = ca. 

100 mmHg), and desorbs oxygen (the binding is reduced to 72'>o) in the terminal 
tissue (Po2 = ca. 40 mmHg), and gives it to Mb in the tissue. Thus Hb effectively 

transports molecular oxygen from the lungs to the terminal tissue although there is 
only a small difference in Po2. 

If the oxygen-binding site, the heme complex, is isolated from Hb and Mb and 
exposed to oxygen in a solution, the heme complex is immediately and irreversibly 
oxidized to its ferric [iron (III)] complex and it does not act as an oxygen carrier. 

64 



100 

80 

cn 

~ 6o 
~5 

i 

~4o 

2O 

Hemoglobin Model -- Artificial Oxygen Carrier Composed of  Porphinatoiron Complexes 

, I t1~ / 

"I'---/ 
-~ / Terminal 

/ tissue 

I I I I 
20 40 60 80 

Poz(mm Hg) 

Lungs 

ii I 
100 120 

Fig.  1. Oxygen-binding curves of  Hb  and 
Mb 

The reasons for the oxygen-binding by Hb and Mb are considered to be as fol- 
lows 6 -8) : 

(i) The heme complex has a five-coordinate structure whose sixth coordination 
site is vacant to bind molecular oxygen [Eq. (2)]. 

(ii) The heme complex is dispersed and diluted to suppress the irreversible oxidation 
via ~t-dioxo dimer [Eq. (3)]. 

(iii) The heme complex is surroun.ded by the hydrophobic environment causing the 
proton-driven oxidation [Eq. (4)] to be retarded. 

Fe(II)PL + 02 ~ LPFe-O2 (2) 

Reversible Oxygen-binding 

LPFe-O2 + Fe(II)PL --, LPFe-Oz-FePL ~ PFe(III)-O-Fe(III)P (3) 

LPFe-O 2 + H + ~ Fe(III)PL + HO* 

(H20) 

(4) 

Irreversible Oxidation 

In (2)-(4) FeP, Fe(II)P, and Fe(III)P represent porphinato-iron, -iron(lI), and 
-iron(tII), respectively, and L is an axial ligand such as an imidazole derivative. 

Globin protein forms the five-coordinate heine complex and 'tucks' it separately, 
i.e. globin protein protects the heme complex from the oxidation [Eq. (3)] by embedding 
it separately in the macromolecule, and the hydrophobic domain of the globular protein 
excludes water molecules and suppresses the protein-driven oxidation [Eq. (4)]. 

Since a decade ago, much research has been directed to mimic the oxygen carrier 
like Hb by synthesizing various modified porphinatoiron derivatives 9 - i t (  These 
synthetic porphinatoirons have been successful in oxygen-binding reversibly in organic 
solvents and solid states, but in aqueous media they have been irreversibly oxidized. 
Till recently, only Hb and Mb are known as oxygen carriers in aqueous media. 
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The purpose of this article is the discussion how to mimic the oxygen transporting 
function of Hb by using a porphinatoiron complex in "aqueous media", because 
various extensive investigations on porphinatoiron complexes as an oxygen carrier 
have been reported but most of these were restricted to the oxygen-binding reaction 
in non-aqueous media 9 - 11). Thus the discussion here will be centered not only on the 
study of the active site (porphinatoiron complexes) but also on effects of the environ- 
ment (globin proteins) surrounding the active site. We describe in this article first 
briefly the advance in modified porphinatoirons as oxygen carriers and then mainly 
our attempt to replace the roles of the globin protein with a synthetic macromolecule 
or a macromolecular assembly, including our approaching study to a blood substitute. 

2 Modified Porphinatoirons as Oxygen Carriers 

Much recent work has been aimed at overcoming the requisites for the reversible 
oxygen-binding to a porphinatoiron complex (i)-(iii) and has been partially successful 
in aprotic solvents. In aprotic solvents the proton-driven oxidation [(iii), Eq. (4)] is 
excluded, so that the problems of reversible oxygen-binding are how to form the 
five-coordinate complex as deoxy state (i) and how to inhibit the irreversible oxidation 
via dimerization [(ii), Eq. (3)]. The successful approach was an elegant steric modifica- 
tion of porphyrins: Porphyrins have been substituted in a fashion that satisfies (i) 
and (ii). Some interesting porphinatoirons have been produced by clever synthetic 
techniques: capped porphinatoirons ~z), bridged porphinatoirons 13-~6), fenced 
porphinatoirons 17, 18), imidazole-chelated porphinatoirons ~9), etc. A typical example 
is Collman's 'picket-fence' porphinatoiron: tetra(~,~,~,~-o-pivalamidophenyl)por- 
phinatoiron (1) ~' z0). 1 has steric bulkiness constructed with the pivalamido groups 
on one side of the porphyrin plane and leaves the other side unencumbered. The 
imidazole ligand is allowed to coordinate to the unhindered side of the porphinatoiron, 
with the other side of the porphinatoiron remaining as a pocket tbr oxygen-binding. 
Moreover the fence would discourage the dimerization of a g-dioxo complex. The 1 
imidazole complex could bind molecular oxygen reversibly in dry benzene at room 
temperature over a week. This restilt means that a skelton structure and a special 
environment around the oxygen-binding site are important to form the reversible 
oxygen adduct. As several reviews of the oxygen-binding to modified porphinatoirons 
have appeared 9-1~, 21-24), only a brief discription on the advance in it in these few 

years is appropriate here. 
Modification at the porphyrin plane becomes recently more skilful and complicated. 

Starting from tetraphenylporphinatoiron, Baldwin et al. 25) built up 'capped strapped' 
porphinatoiron 2 which underwent reversible oxygen-binding in toluene. The irre- 
versible oxidation product of 2 was not a ~t-oxo dimer but was an iron(III) species, 
which indicates perfect inhibition of the irreversible oxidation step via dimerization 
[Eq. (3)]'. Although the oxygen adduct of 2 has an extremely long life-time compared 
with other porphinatoiron complexes, the oxygen-binding affinity was too much 
reduced and only a small amount of the oxygen adduct existed at room temperature. 
The latter result was considered to be ascribed to locking or unfavourable steric 
interactions of the parent porphinatoiron in the 'domed' configuration (see the struc- 
ture of 2). 
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Momenteau et al. 26) synthesized 'hanging imidazole' porphinatoiron where one 
strapping group contained an imidazole group as the axitial ligand of the parent por- 
phinatoiron and the other strapping group was a simple alkyl chain bridging over the 
oxygen-binding site. This porphinatoiron has a relatively high affinity for oxygen- 
binding and the life-time of the oxygen adduct was about one day in dry toluene. 
The kinetic constants for the oxygen and carbon monoxide (CO)-binding indicated 
the importance of the coordinated hanging imidazole in stabilization. 

Oxygen-binding to tetra(2',4',6'-triphenyl)porphinatoiron was reported by Suslick 
et al. 27) This porphinatoiron has two 'pockets' formed by phenyl substitutes on both 
faces of the porphyrin. The gaseous molecule-binding affinity was studied in benzene 
solution: The pocket structure minimized the solvation of the coordinated oxygen and 
of CO and influenced the affinity ratio of oxygen/CO. But the life-time of the oxygen 
adduct was not enhanced in comparison with that of 1. 

The use of the porphinatoirons having meso-hydrogens is important for a more 
accurate model of the active site of Hb, because it leads to the visible absorption 
spectral features and porphyrin-cleavage reactions very similar to those of natural 
protoporphinatoiron IX (protoheme) isolated from Hb and Mb. However, the 

o 

o o 
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synthesis and chemical modification of these porphinatoirons are more difficult than 
those of tetraphenylporphinatoirons and resistivity of their oxygen adducts against 
irreversible oxidation is not good due to the smaller reduction potential of these 
porphinatoirons in comparison with that of tetraphenylporphinatoirons. Starting 
from the porphinatoiron having 4 meso-hydrogens, Battersby et al. 2m synthesized 
doubly bridged porphinatoiron 3, which has a cavity formed on one face by an 'an- 
thracene-containing bridge and an imidazole group strapped across the other face. 
3 was reported to bind oxygen stable for almost 2 days in DMF at room temperature. 

Traylor et al. kinetically studied the oxygen- and CO-binding to the porphinatoirons 
when they are solubilized both in organic solvents and suspended in a micellar medi- 
um tl. 19, 29). The kinetic study for the oxygen-binding in the aqueous medium was 
carried out with a flash photolysis technique in the coexistence of CO which protects the 
porphinatoirons against rapid irreversible oxidation and makes a moment observation 
of the unstable oxygen adduct possible in the aqueous medium. They pointed out that 
the simple imidazole-chelated meso- and proto-porphinatoiron, which maintain 
preferentially the five-coordinate structure, are already a kinetically good model of 
the oxygen-binding to Hb and that the globin protein is not absolutely necessary, in 
principle. Subsequently, they synthesized a series of 'cyclophane porphinatoiron' 
derivatives 4, containing an anthracene or an adamantane group strapped sym- 
metrically over the porphyrin, to provide hindrance toward the oxygen- and CO- 
binding and to discriminate the binding of oxygen/CO. Recently, they summarized 
steric effects in the binding to these hindered porphinatoirons 30). The oxygen- and 
CO-binding affinity, especially the latter, were certainly reduced and closed to those 
of Hb for 4 in comparison with unhindered porphinatoirons. But they concluded that 
steric effects are manifested primarily in the binding step of gaseous molecules and 
that the reported bending or tilting of the coordinated CO in Hb is of minor chemical 
significance for the synthetically hindered 4 composed of conformationally mobile 
caps. 

0 # 
~C~NH 

/ ~  CH2 
CH3(CH2)302C(CH212~~ 

C ~ j ~ N ~  ~ f . ~ , ~ I C H 2 )  2 CO2 ( CH2} 3 f . _  CH 3 

\dH~ / 

/ ~ /  R = CH2 (CH2)n / ~H2 

Diporphinatometal derivatives 5 were first synthesized by Chang et al. 31) They 
reported that the imidazole complex of diporphinatocopper-iron 5a (M1 = Cu(II), 
M2 = Fe(II) in 5) reversibly forms its oxygen adduct and the life-time of the oxygen 
adduct is fairly long and comparable to that of the i complex in dry benzene at room 
temperature 32). Molecular oxygen binds to the porphinatoiron through opening of 
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Fig. 2. Oxygen- and carbon monoxide-binding curves of  the 5 complexes in benzene ( 
( . . . . . .  ) 5 c ,  ( . . . . .  ) 9a ,  ( . . . . . . .  ) 5a ,  ( . . . .  ) 5 a  

)sb, 

the face-to-face structure of diporphyrin. It was considered that the inert prophinato- 
copper, tightly linked to the porphinatoiron, protects the porphinatoiron-oxygen 
adduct. The CO-binding affinity of the 5a complex was much reduced and similar 
to that of Hb compared to those of unmodified, planar porphinatoiron complexes, 
as shown in Fig. 2 32, 33), also due to the sterically hindering effect of the porphinato- 
copper cap effectively covering the gaseous molecule-binding site. 

R 

o ~ ~  ~ °  

# 

Diporphinatodiiron 5b (M1 = M2 = Fe(II) in 5) showed the same reduced affinity 
to CO, whereas it bound two CO molecules due to the diiron structure 34). The CO- 
binding equilibrium curve for the 5b-imidazole complex appears sigmoidal, while 
the curves for the 5a-imidazole complex and the imidazole complex of diporphinato- 
iron 5c (M1 = Fe(II), M 2 = 2 H in 5) are hyperbolic 3s). The cooperative parameter 
(n) 36) was estimated for the CO-binding to 5b to be 3.4 which meant a strong coopera- 
tivity in the binding reaction, while those for 5a and 5c were unity (n for Hb = 2.8, 
n for Mb = 1.0). 
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To explain this pseudo-cooperative CO-binding phenomenon, the following por- 
phinatoiron-porphinatoiron interaction was proposed by a binding-kinetic and X- 
ray crystallographic study 34). For 5b, planar porphinatoirons linke covalently in a 
parallel and stable face-to-face structure [probably corresponding to 'relaxed (R)' 
state of Hb 37), see Scheme (5)]. For the 5b-imidazole complex, two imidazole ligands 
coordinate to the porphinatoiron only from the outward-facing side: This leads to 
the five-coordinate and high-spin porphinatoiron complex where the iron ions lie 
slightly out of the plane and the porphyrin planes are distorted [probably correspond- 
ing to 'tense (T)' state of l ib 37)]. When one of the porphinatoiron-imidazole complexes 
of 5b combines with CO, the T structure changes to that of the six-coordinate and the 
low-spin CO complex and the porphyrin plane combined with CO becomes strictly 
planar. This structural change of the first reacted porphinatoiron induces the lhced 
and distorted porphyrin to return the planar R state, which facililates the CO binding 
to this second porphinatoiron. 

Re,.. 

Fe 

co_ 

L L 
I I 

co_ 

I I 
(L:Im) [ L L 

L 
R T R (5) 

The similar cooperative binding of the 5b-imidazole complex was observed with 
oxygen in cooled toluene but a quantative result was not given due to the short life- 
time of the 5b-oxygen adduct. Anyhow, the cooperative binding of the synthetic 5b 
with gaseous molecules was produced by trigger of a structural change of the coupling 
binding-sites (porphinatoirons) and was a good model of the cooperative binding of 
Hb where conformational change of the globin protein induces the reactivity change 
of heine. 

The above mentioned studies on the modified porphinatoirons are of great signi- 
ficance because they have demonstrated steric and environmental effects on the 
oxygen-binding reaction. But in these studies the discussions were restricted to mimic 
the secondary functions in oxygen-transporting Hb and Mb such as the resistivity 
to endogenous CO poisoning and the cooperative binding profile, i.e. steric influences 
of the modifying groups on the binding affinity ratio of Oz/CO or on the cooperativity 
in gaseous molecule-binding, and the oxygen-binding ability itself for these compounds 
in aqueous media was unfortunately not described. 

A water-soluble and modified porphinatoiron was recently reported 38) Cyclodex- 
trin was used as the sterically protective group covering one face of the porphyrin 
plane. Protoporphinatoiron IX or porphinatoiron derivatives were coupled with 
e- or ~-cyclodextrin with 2~t covalent bonds to lead to a series of cyclodexyrin-capped 
porphinatoirons. Examples are 6, where the secondary hydroxy groups (larger bot- 
tom) of the e-cyclodextrin were combined with protoporphinatoiron IX with three 
urethane bonds, and 7, where the primary hydroxy groups (smaller bottom) of [3- 
cyclodoxtrin were coupled with porphinatoiron dicarboxylic acid with two amido 
bonds. The t3C-NMR spectral data for the corresponding iron-free porphyrin deriva- 
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tives supported their cyclodextrin-capping structure: The carbon signals of the cyclo- 
dextrin were shifted to upper field by diamagnetic ring current of the suspended por- 
phyrin. A hydrophobic effect of  the capping cyclodextrin was also confirmed by a 
fluorescence spectrum of the corresponding porphinatozinc derivatives in aqueous 
media. These compounds formed five-coordinate deoxy complexes with a sterically 
bulky and water-soluble imidazole ligand, due to the one face-hindering structure 
provided by the capping cyclodextrin 39~ Some of these imidazole complexes of the 
cyclodextrin-capped porphinatoirons, e.g. 6 and 7, formed semi-stable oxygen adducts 

/-~ fV 

in an aqueous medium cooled at --10 to --30 °C (water/ethylene glycol as an anti- 
freeze agent = 1/1 v/v), whereas non-modified porphinatoiron-imidazole complexes 
were rapidly and irreversible oxidized under the same conditions. The spectrum of 
the oxygen adduct changed to that of  the CO adduct upon bubbling CO gas through 
the solution and returned to the deoxy complex after careful bubbling of nitrogen gas. 
This indicates that the ferrous state of the central iron ion was not changed during the 
exposure to oxygen and also the reversible oxygen-binding in the aqueous medium. 
It was considered that a toroidal shape structure with a hydrophobic inside moiety of  
the capping cyclodextrin keeps the sixth coordination site vacant for oxygen-binding, 
prevents the irreversible oxidation via dimerization, and provides a hy'drophobic 
cavity for the bound oxygen to retard the proton-driven oxidation. 

The effect of the hydrophobic cyclodextrin cavity of 7 was enhanced and the life- 
time of the 7-oxygen adduct was prolonged to about  1 hr in the aqueous medium at 

l0 °C when a drop of benzene was dispersed in the aqueous medium of the deoxy-7 
imidazole complex. The benzene was probably occluded in the cavity of the capping 
cyclodextrin 40). However, the life-time decreased with temperature of the aqueous 
medium and the oxygen adduct was scarcely observed above 0 °C. The steric and 
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hydrophobic effects of the modifying group on the porphyrin plane were limited ones 
in aqueous media. 

As described above, the modification of porphinatoiron becomes more skilful and 
complicated in these few years. But often, the visible absorption spectra of these 
highly modified porphinatoirons were not similar to those of the parent porphinato- 
irons and the central iron ion was eliminated from the porphyrin planes even under 
mild conditions. This means that a strain is introduced to the porphyrin plane by the 
strapping or capping structure over the plane and by substitution with too excessively 
bulky groups on the plane. There is a limitation for the approach to give a porphinato- 
iron oxygen-binding ability under severe conditions such as in aqueous media by 
modifying prophyrin itself. 

3 Oxygen-Binding to Polymer-Bound Porphinatoirons 
In Hb and Mb the globin protein protects the porphinatoiron complexes which are 
tucked separately into a hydrophobic domain of the protein. A "syntetic" polymer 
might be expected to protect the oxygen adduct against irreversible oxidation in much 
the same way as the globin protein does. In a classic experiment Wang 4) reported the 
first synthetic oxygen carrier of porphinatoiron based on the use of a solid polymer, 
He embedded the phenylethylimidazole complex of the diethyl ester of pro~opor- 
phinatoiron IX in a polystyrene film which combined slowly but reversibly with 
molecular oxygen and remained stable for a few days without irreversible oxidation. 
He considered that the hydrophobic polystyrene matrix excluded water molecules and 
the isolation of the porphinatoiron complex from each other by the matrix prevented 
the oxidation via dimerization. 

Oxygen-binding to porphinatoiron complexes attached to polymers in the solid 
state was successively reported. For example, tetraphenylporphinatoiron was co- 
ordinated to silica gel which contained an imidazolyl group 41), and protoporphinato- 
iron was complexed with poly(vinylpyridine) in the solid state 4z, 43). Protoporphinato- 
iron IX was also covalently introduced to a polymer chain by using the polymeriza- 
bility of the 2,4-vinyl groups of protoporphyrin. It could be copolymerized with vinyl 
monomers such as styrene, methyl methacrylate, and vinylimidazole combining at 
one end of the polymer chain by use of a radical initiator 44) or 7-ray irradiation 45) 
The obtained films or beads containing the porphinatoiron complex adsorbe oxygen 
and cyanide ions in the solid state. But in general, the oxygen-binding occured very 
slowly in the solid state and its rate depended upon the surface condition or gas permea- 
bility of the polymer matrix. Thus, the attempt should be made to synthesize a poly- 
mer-bound porphinatoiron which will form a stable oxygen adduct in a homogeneous 

solution. 
We have already studied the chemical properties of the synthetic polymer-metal 

complexes in homogeneous solution and have found that the chemical reactivity of 
a metal complex is often affected by a polymer that exists outside the coordination 
sphere and surrounds the metal complex 46 -48). The effects of polymers have been 
summarized under the following two terms: 
(i) the steric effect, which is determined by the conformation and density of the poly- 

mer chain, and 
(ii) the special environment constituted by a polymer chain. 
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From this point of view, we synthesized oxygen carriers in aqueous solution by combin- 
ing porphinatoiron complexes with water-soluble synthetic polymers. 

The most simple example is the water-soluble complex of poly(1-vinyl-2-methyl- 
imidazole) (PMI) and protoporphinatoiron IX (protoheme) 8. PMI with molecular 
weight > 104 predominantly formes a five-coordinate complex 8 with protoheme in 
aqueous media, of which stability was shown by the following result 49). It is known 
that protoheme simultaneously combines two nitrogeneous ligands in aqueous media, 
e.g. bis(imidazole)-coordinated heme with an extra large formation constant. When 
a small amount of PMI was added to the six-coordinate heme-imidazole complex 
solution, PMI selectively transfered the stable six-coordinate low-spin imidazole 
complex into the five-coordinate and high-spin 8 complex. Excess addition of the 
low-molecular weight analogue 2-methylimidazole did not bring about the structure 
change of protoheme. The polymeric PMI ligand forms the five-coordinate deoxy 
heine complex even in the presence of a large amount of compounds with coordinating 
ability such as imidazole. A study on the shape of the polymer complex 8 indicated that 
the polymer chain markedly contracts upon comptexation with protoheme. The poly- 
mer-heme complex adopts a very compact structure in aqueous meadia, protoheme 
being occluded within the contracted polymer chain. 

The six-coordinate heme complexes of imidazoles are known to be immediately 
oxidized upon exposure to oxygen. Irreversible oxidation was also observed for the 

~ (  CHCH 2]~--- 
I 

~N/~.-- CH3 

~ C 2 Ht.CO2H 

five-coordinate heme complexes of 2-methylimidazoles and for the polymeric six- 
coordinate heme complex ofpoly(1-vinylimidazole) even at tow temperature. However, 
the polymeric five-coordinate PMI-heme complex 8 showed a spectrum (410, 545, and 
577 nm) of its oxygen adduct which perfectly agreed with that of oxyHb (414, 542, 
and 578 nm) when its aqueous solution (water/ethylene glycol) was cooled to --10 to 
--30 °C and exposed to oxygen 50, 5~). The oxy-spectrum returned to that of deoxy- 
heine on bubbling nitrogen through, and this oxy-deoxy cycle was repeated several 
times at - 3 0  °C. 

The deoxy 8 complex which was enzymatically reduced from the corresponding 
protohemin [Fe(III)] complex with a reductase system gave the oxygen adduct with 
the same spectrum and life-time 52). Oxygen-binding was also observed with the 
deuteroporphinatoiron complex of PMI. Reversible oxygen-binding in the cold 
aqueous medium was further supported by a flash-photolysis reaction of the oxygen- 
adduct 51) and M6ssbauer parameters of the complexes 53) 

Only the five-coordinate heme complex with the polymeric ligand forms an oxygen 
adduct in the cold aqueous solution. This polymer complex contrasts with the low- 
molecular-weight heine complex of 2-methylimidazoles in that it binds oxygen 
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reversibly, whereas the latter ([2-methylimidazole]/[heme] = 103-10 4) which show 
the same spectra as the deoxy-heme and the heine-CO complexes, are irreversibly 
oxidized. 

Figure 3 shows the effect of the molecular weight of the PMI ligand on the life-time 
of the oxygen adduct; the molecular weight has to be high (>  104) to give the oxygen 
adduct in aqueous solution st). The composition of the polymeric ligand affected the 
oxygen-binding. The oxygen adduct was observed on'ly for the heme complexes with 
the non-ionic polymers, PMI, and the copolymers of l-vinyl-2-methylimidazole with 
1-vinyl-2-pyrrolidone and with acrylamide, and not with the ionic copolymers of 
1-vinyl-2-methylimidazole with methacrylic acid and with 1-vinyl-2-methyl-3-benzyl- 
imidazolium chloride. The ionic residues of the polymer, carboxylate and imidazolium, 
had undisirable effects on the oxygen-binding. The life-time of the oxygen adduct was 
also influenced by the composition of the copolymer ligand for the heme complexes 
with the copolymers of 1-vinyl-2-methylimidazole with l-vinyl-2-pyrrolidone and 
with acrylamide. The life-time decreased with increasing content of comonomer, 
according to the hydrophilicity of the copolymer. 
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Fig. 3. Effect of the molecular weight of the 
PMI ligand on the life-time of the oxygen adduct 
in cold aqueous medium 

The oxygen adduct of 8 was decayed to the corresponding protohemin [Fe(III)] 
complex with isosbestic points, and this decay obeyed first-order kinetics. The life- 
time of the 8-oxygen adduct was increased with the pH of the aqueous solution. 
Its life-time was independent of the heine concentration. These results indicate that 
the irreversible oxidation [to Fe(III)] of the heme-oxygen adduct with the polymeric 
ligand proceeds mainly via a monomolecular process caused by the attack of a proton 
on the heme-coordinated oxygen(proton-driven oxidation) rather than via a la-dioxo 
dimer. 

The effect of additives on the oxygen-binding to 8 is interesting. The oxygen adduct 
was formed in aqueous ethylene glycol solution regardless of its ethylene glycol content, 
but it was destroyed by adding alcohol or urea, as was oxyHb 54~. 

From these results, it is concluded that the proton-driven irreversible oxidation has 
to be suppressed to enable the oxygen-binding in aqueous media and that by combin- 
ing the five-coordinate protoheme complex with a water-soluble but hydrophobic 
polymer the oxygen adduct can be observed in the cold aqueous medium due to the 
hydrophobic environment. 
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The life-time of the 8-oxygen adduct was much prolonged in the presence of poly- 
(saccharide)s such as dextran and hyaluronic acid: e.g. > 5 hr at - 3 0  °C in the pres- 
ence of 0.4 wt % hyaluronic acid 55) The poly(saccharide)s used did not act as reducing 
agents to protohemin. The stabilizing effect of the added poly(saccharide)s on the 
8-oxygen adduct was considered to be due to the efficient suppressing of the irreversible 
oxidation via a ~t-dioxo dimer in the viscous solution of the poly(saccharide) added 
system. On the other hand, addition of other synthetic polymers caused a decrease of 
the life-time accompanied by unstabilization of the 8 complex itself. 

A warmed agar solution containing 8 was injected into cooled water giving finely 
a dispersed red agar gel. 8 incorporated in agar gel formed the oxygen adduct at 0 °C 
for a few minutes 55~; the oxygen adduct was easily and clearly observed without the 
CO protection method although its life-time was not long. It is significant that the 
oxygen adduct of unmodified natural protoheme could be formed in aqueous media 
by binding to a polymeric water-soluble but hydrophobic ligand and by incorporat- 
ing in a water-containing gel structure. 

A coacervate is formed by mixing a pair of oppositely charged polyelectrolytes in 
aqueous media and the coacervate adsorbs dyes with a hydrophobic interaction 56) 
The protoheme derivative with a covalently bound imidazole-ligand, protoporphinato- 
iron-mono(imidazolylpropylamide) (9a), was incorporated in the coacervate; it 
formed the oxygen adduct at --30 °C, while irreversible oxidation was observed for 
the 9a solutions containing a component polyelectrolyte 57). A more hyd'rophobic 
coacervate gave the oxygen adduct with longer life-time. ESR spectra of the spin- 
labeled heme showed that the coacervate effectively immobilized the heme derivative. 

Protoporphinatoiron mono(2-methylimidazolylpentylamide) (9b) was covalently 
bound to dextran, by reacting 9b with the amino derivative of dextran derived from 
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dextran carbonate ssL The dextran-bound heme I0 was water-soluble and formed the 
oxygen adduct at - 3 0  °C, whereas analogous compounds, dextran-bound heme- 
methylimidazole and dextran-bound methylimidazole-heme, were irreversibly oxidized 
under the same conditions 59). A physiological salt solution containing 6~o dextran 
is common as a plasma expander; I0 is expected to be a biocompatible compound 
because it is composed of metabolic non-failure dextran and protoheme. 

9 was covalently bound with the water-soluble but hydrophobic polymer poly(1- 
vinyl-2-pyrrolidone) to give 11 : These polymers were soluble in water up to ca. 5 wt '~  6o) 
The content of bound 9 was ca. 1 mol ~o per vinyl monomer residue and the molecular 
weight of the polymer was 35,000; one polymer molecule contained ca. one heine unit. 
11 formed the oxygen adduct in the aqueous medium cooled at --10 to --30 °C. 
The life-time was over 1 hr, which was longer than that of 8. The oxygen adduct was 
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Table 1. Oxygen- and carbon monoxide-binding rate constants and affinities for the polymer-bound 
hemes in aqueous media 

Hemes ko,(O2) ko,(O2) P1/2(O2) ko,(CO) koff(CO) P1/2(C O) 
l/mol • sec l/sec mmHg 1/mol. sec l/sec mmHg 

8 1.0x 105 170 236 1.6x 104 0.04 1.7 
11a 7.9 x 104 10 35 1.2 x 104 8.3 0.027 
9a 2.6 x 107 47 1.0 3.6 x 106 0.009 0.0018 
Hb in blood 2.9 x 106 180 27 1.0 × 105 0.09 0.10 
Mb 1.0 X 107 l0 0.37 3.0 x 105 0.0015 0.004 

not observed for polymer-non-bound analogues 9 alone or with 2~o poly(vinylpyrro- 
lidone). Reversible oxygen-binding in aqueous medium is more efficient when heme 
is covalently bound to a hydrophobic polymer. 

The oxygen-binding kinetic parameters for the polymer-bound hemes 8 and 11 

were estimated by a stopped-flow method and are listed in Table 1 61) together with 
reference data. Because the oxygen adducts of  8 and 11 have a short life-time even at 
toom temperature, the oxygen-binding (kon(O2)) and -dissociation (koff(O2)) rate 
constants can be estimated from the spectral change within ca. 1 sec. kon(O 2) and the 
carbon monoxide-binding rate constant (kon(CO)) of  the polymer-bound heroes are 
much smaller than those of  the polymer-non-bound analogue. It was considered that 
the heme is occluded in the contracted polymer chain which protects the heme and 
its oxygen adduct in the aqueous medium and which, on the other hand, sterically 
retards the coordination of  gaseous molecules. A gaseous molecule encounters the 
barrier of  the contracted polymer chain when it approaches from the solvent phase 
to the internal heme. 

The oxygen-binding affinity, Plt2(O2) , i.e. the oxygen pressure at 5 0 ~  oxygen- 
binding for porphinatoiron, was estimated from the midpoint of  the oxygen-binding 
equilibrium curve for the polymer bound heme in the cold aqueous medium t5,6~) 
The smaller ko,(O2) values o f  the polymer-bound h e r e  brought about lower oxygen- 
binding affinity (larger P~t2(Oz) values) in comparison with those o f  the polymer- 
non-bound analogue, and the resultant oxygen-binding affinity of  the polymer-bound 
hemes resembles that of  Hb  in a red blood cell. 
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'Diphenylheme' 12 62) has two meso-phenyl groups of which rotation is restricted 
around the meso C-aryl C bond due to the tetramethyl substituents on the porphyrin. 
This should immobilize the imidazole ligand and strengthen the iron-imidazole bond. 
This also causes the restricted conformation of the group attached to the meso- 
phenyl group such as the trimesic acid residue in 12c: These groups are expected to 
cover the sixth coordination site, i.e. the oxygen-binding site. Diphenylheme exhibits 
absorption sepctral features very similar to protoheme. This diphenylheme was 
combined with poly(l-vinyl-2-pyrrolidone) to give 12b 63). In an aqueous medium, 
the life-time of the 12b-oxygen adduct was more than 2 hr at 30 °C and 3 min at 
15 °C. In contrast, 12a and 12c solubilized with surfactants in the same solvent was 
oxidized immediately even at --30 °C. Reversible oxygen-binding in the aqueous 
medium is here also efficient when the diphenylheme is covalently bound to a water- 
soluble but hydrophobic polymer. The life-time of the 12b-oxygen adduct was longer 
than that of the polymer-bound heme 11. This indicates that the spacing-group, 
phenylmethacrylamide, and/or the polymer chain covers the sixth coordination site 
of diphenylheme and protects the oxygen adduct efficiently in the aqueous medium. 

One way to minimize the irreversible oxidation is the inclusion of a porphinatoiron 
complex into stiff hydrophobic substances solublized in water 21,64). Oxygen-binding 
in aqueous media was examined by using water-soluble hydrophilic-hydrophobic- 
hydrophilic triblock copolymers 65). The derivative of 1 66,67) was covalently bound 
to the central hydrophobic block of the triblock copolymer: poly(ethylene oxide)/ 
polystyrene/poly(ethylene oxide) yielding 13. 13 with ethylimidazole was soluble in 
water by micelle-forming and gave the oxygen adduct with life-time of half a day at 
room temperature, although the oxygen-binding and -dissociation occured slowly. 
This is the first success in oxygen-binding reversibly in aqueous medium at room 
temperature. The porphinatoiron complex is expected to be completely immobilized 
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into the polymeric micelle core and be surrounded by the styryl residues of the block 
copolymer even in the aqueous solution. 

As described above, reversible oxygen-binding of a porphinatoiron complex was 
successfully observed in aqueous media by combining it with synthetic water-soluble 
polymers, but the following items still remained to develop it as an oxygen carrier 
under physiological condition. 
(i) Reversible oxygen-binding is to be realized at 37 °C with sufficient life-time. 
(ii) Oxygen is to be rapidly ad- and desorbed by a porphinatoiron complex. 
(iii) The carrying amount of oxygen is to be increased, i.e., a large amount of a por- 

phinatoiron must be solubilized. 
(iv) The macromolecular porphinatoiron complex system is expected to be composed 

of biocompatible compounds. 

4 Structure of Liposome-Embedded Porphinatoirons 

In order to construct a hydrophobic environment in aqueous solution, it is a possibility 
to use the liposome of a phospholipid instead of the globin protein. Some attempts 
to achieve reversible oxygen-binding by sotubilizing a porphiantoiron complex in 
water with a micelle or a liposome have been reported 68,69), but they resulted in a 
questionable oxygen-binding or irreversible oxidation. 

Recently we found that the I complex of 1-1auryl-2-methylimidazole incorporated 
into the hydrophobic region of the bilayer of a phospholipid liposome [abbreviated 
as 'liposome-embedded heme' (lipid liposome/heme); Fig. 4 shows the lipid liposome/ 
lipid-heme described later.] binds molecular oxygen reversible under semi-physiolog- 
ical conditions (at pH 7 in aqueous media at 37 °C) 70, 7~. The spectrum of the five- 
coordinate deoxy heme complex (535, 562 nm) changed to that of the oxygen adduct 
(546 nm), which agrees with the well-established spectra of the I complex in an organic 
solvent, on exposure to oxygen through isosbestic points. The oxy-deoxy cycle could 
be repeated more than dozens of times. The life-time of the oxygen adduct of the lipo- 
some-embedded heme was halfa day at pH 7 in aqueous media at 37 °C. 

The life-times of the oxygen adduct were measured for the lipid liposome/hemes 
composed of various imidazole ligands and phospholipids. Only the lipid liposome/ 
heme complexes with a hydrophobic group-substituted imidazole, e.g. 1-1auryl-, 
1-stearyl-, and 1-trityl-2-methyl-imidazole, gave a stable oxygen adduct. A stable 
oxygen adduct was observed for the heme complex solubilized with the liposome of 
phosphatidylcholine such as dimyristoylphosphatidylcholine (DMPC), dipalmitoyl- 
phosphatidylcholine (DPPC), and egg yolk lecithin (EYL) or its mixture with choles- 
terol. The only unstable oxygen adducts were observed for the heme complex solubiliz- 
ed with micelles of synthetic surfactants such as poly(ethyleneoxide) mono-nonanoyl- 
phenylether and cetyltrimethylammonium bromide; the heme complex solubilized 
with non-micelte forming surfactant such as the block copolymer of ethyleneoxide 
and propyleneoxide resulted in rapid irreversible oxidation of heme on exposure to 
oxygen. The heme complex solubilized with a mixture of EYL and lyso egg yolk 
lecithin, which can not form a liposome, did not produce the stable oxygen adduct. 
The use of a phospholipid and a hydrophobic imidazole was necessary to prepare the 
liposome-embedded heme with oxygen-binding ability. 
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Our idea is once more described as follows. First, a hydrophobic environment to 
retard the proton-driven oxidation [Eq. (4)] is constructed around porphinatoiron in 
aqueous media by embedding porphinatoiron in a phospholipid bitayer. Secondly, 
the porphinatoiron is molecularly dispersed in the phospholipid bilayer and the por- 
phyrin plane of the porphinatoiron is oriented parallel to the bilayer, which prevents 
the oxidation via a tx-dioxo dimer [Eq. (3)] (see Fig. 4). We further synthesized novel, 
sterically modified and amphiphilic porphinatoiron derivatives, in order to improve 
the compatibility of the porphinatoiron with the phospholipid bilayer of the liposome. 

Fig. 4. Liposome-embedded heme 
(Lipid liposome/lipid-heme) 

The first target was the synthesis of novel and finely modified porphinatoiron deriva- 
tives. Liposomes containing a porphinatometal have been often studied as models 
for the photochemical reactions of the photosynthesis and for the redox reactions of 
hemoproteins 72,73). But these studies were partly limited by the uncleared structure 
of the bilayers containing the porphiantometal. That is, the position and orientation 
of the porphyrins in bilayers have not been elucidated because of the relatively simple 
structure of the porphyrins. Viewing the geometry and the lipophilic and/or amphi- 
philic property of porphinatoiron to enhance both the oxygen-binding ability and the 
compatibility with a phosphilipid bilayer, we synthesized the following derivatives 
of porphinatoiron. 

The lipophilic porphinatoiron derivative having both, a long alkyl group and an 
imidazole group was synthesized by coupling the 13-amino derivative of 1 with the 
carboxylic acid derivative of the long alkyl imidazole to give 14 7,~). It is expected that 
the compatibility of the porphinatoiron with a lipid bilayer is improved and that the 
coordination equilibrium of the porphinatoiron with imidazole is disregarded. 

Tetradecyl-substituted diporphinatocopper-iron 15 was synthesized as a lipophilic 
derivative of 5 which increases the compatibility with the hydrophobic region of a 
liposome vs) 

The porphinatoiron derivative having tbur carboxylalkaneamide groups on the 
porphyrin plane 16a was synthesized 76). Here a good hydrophobic and hydrophilic 
balance of the porphinatoiron within a liposome is expected. Corresponding deriva- 
tives having oligoethylene oxide groups 16b and saccharide groups 16c as the hydro- 
philic part were also synthesized 77) 
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17 represents a lipid derivative of porphinatoiron: the porphinatoiron having four 
alkanephosphocholine groups on the porphyrin plane vs-so). Tetra[(hydroxy di- 
methyleicosanamido)phenyl]porphine was derived from tetra(aminophenyl)porphine 
and its ~,~,~,a-structure was confirmed by NMR spectroscopy. This porphine was 
phosphorylated, and iron-inserted to give tetra[~,~,a,0~-o-(20-2'-trimethylammonio- 
ethoxy)phosphinatoxy-2,2-dimethyeicosanamidophenyl]porphinatoiron [17, abbre- 
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viated as 'lipid-heme']. Because not only the hydrophobic-hydrophilic balance but 
also the geometry are adjusted to a lipid bilayer, it is expected that the lipid-heine forms 
a stable bilayer with phospholipids. 

The structure and property of the porphinatoiron complex in the lipid bilayer of a 
liposome was studied for the liposome-embedded heine composed of DMPC and 
lipid-heme (DMPC liposome/lipid-heme) as follows 7,-al) 

The incorporation was first confirmed by ultracentrifugation; the supernatant did 
not contain both the phospholipid and the lipid-heme. This indicated that lipid-heme 
is included in the liposome. The liposome solution was also checked by gel permeation 
chromatography monitored by the absorption at 300 and 415 nm based on the phos- 
pholipid and the heme, respectively. The curve coincided with each other, which means 
that the heme is included in the liposome. 

The electron microscopic photograph (TEM) is shown in Fig. 5. The liposome- 
embedded heme was able to be prepared as a single-walled, unilameller liposome with 
the diameter of ca. 400 A (Fig. 5a) or a multilamellar liposome with the diameter of 
ca. 700 A (Fig. 5b). The lipid-heme is embedded in the lipid bilayer of the liposome, 
i.e., the white roop(s) of vesicle, and one liposome vesicle contains ca. 500 or 2,000 heme 
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Fig. 5. Electron microscopic photographs for the liposome-embedded heme (DMPC liposome/ 
lipid-heme): a) single-walled, b) multilamellar 

molecules tor Fig. 5a and 5b, respectively. The average particle size of the liposome- 
embedded hemes was also measured by a light scattering method; the most frequent 
diameters were determined to be ca. 400/k and ca. 640 A with the sharp distribution 
for Fig. 5a and 5b, respectively. Anyhow, the liposome-embedded heme can be pre- 
pared as fine particles (diameter < 0.1 ~tm) and expected to pass through small 
capillaries of the human body. 

The formation of the liposome (single-walled type) was confirmed by NMR 
measurements. When europium ion (Eu 3+) is added to a liposome solution, E u  3 + 

interacts with the choline groups of the outward facing phospholipid and shifts the 
NMR signal of choline methyl groups upfield 82~. The same shift was observed for 
DMPC liposome/lipid-heme with the addition of Eu 3+. This result means the lipo- 
some formation for the liposome-embedded heine solution. The liposome formation 
was also supported by the sharp 3Zp-NMR spectrum (0.8 ppm), which.was caused by 
the spherical geometry of the phosphatidyl group. 

The closed vesicle structure of the liposome-embedded heme was also confirmed 
by the following experiment 83~. A water-soluble fluorescent compound was encapsulat- 
ed into the inside water phase of the single-walled liposome of the liposome-embedded 
heme. A fluorescence spectrum was not observed because the encapsulated and con- 
centrated fluorescent compound within the liposome quenched each other: This 
supports the closed vesicle structure of the liposome-embedded heme. The leakage of 
the fluorescent compound across the phospholipid bilayer occured slowly; rate of 
the leakage was DMPC liposome/lipid-heme > DMPC liposome > DMPC lipo- 
some//. This means that the phospholipid forms a stable liposome with lipid-heine 17. 

The Fourier-transform 1H-NMR spectrum of DMPC liposome/lipid-heme at 
37 °C showed the absorption signal at --0.1 ppm assigned to the 13-dimethyl group of 
the heme beside the signals based on DMPC. This suggests that the heme complex is 
molecularly dispersed in the bilayer of the DMPC liposome. 

The lipid-heme complex labeled with nitroxide was studied by ESR spectroscopy 71, 
81). The spin-labeled heme complex in,hOmogeneous methanol solution gave a triplet 
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signal in the z-direction and weak signals in the x- and y-directions. On the other hand, 
the spin-labeled heme complex forced to be solubilized in water showed only the z- 
direction signal, which was often observed in the solid state. The spectrum of the spin- 
labeled heme complex solubilized in water by the liposome is similar to that in a homo- 
geneous methanol solution. This result also suggests that the heme complex is molec- 
ularly dispersed and well solubilized in the bilayer of  liposome. 

The incorporation oflipid-heme in the liposome was studied by fluorescence spectral 
measurement using porphinatozinc as the fluorescent probe 71,81). For homogeneous 
alcohol solutions of the porphyrinatozinc, the fluorescence intensity increased with 
the decrease of the solvent polarity (methyl, ethyl, and butyl alcohol), as expected. 
The intensity was much larger, more than twice, for the iiposome-embedded por- 
phinatozinc than those in alcohols, indicating that the porphinatozinc is incorporated 
into the hydrophobic region of the lipid bilayer and is molecularly dispersed in the 
liposome. This supports also the incorporation of the heine in the liposome. 

 lllll 
lIIIll IilIII Fig. 6. Orientation of the lipid-heme in 

the phospholipid bilayer 

The porphyrin plane of the lipid-heme is assumed to be oriented nearly parallel 
to the phospholipid bilayer (Fig. 6). This was confirmed by an electrooptical measure- 
ment 8~.) At first electric birefringence of the liposome (diameter > 800 •) solution 
was measured: The liposome has a larger refractive index in a perpendicular direction 
to the electric field, which means that the longer axis of the liposome (oval-shaped 
under electric field) is aligned parallel to the electric field. Dichroism of the heme 
embedded in the bilayer was monitored under an electric field. The transient absorb- 
ance change was much larger when the incident light is polarized parallel with the 
electric field. From these results, it was concluded that the angle (q)) between the 
porphyrin plane and the phospholipid bilayer is practically small (Fig. 6), probably 
based on the steric structure of the heme derivative. 

There is a question whether the heine is outward or inward facing, as shown in 
Fig. 7. The binding-reaction of a bulky ligand such as nitrosobenzene to the liposome- 
embedded heme was studied by a stopped-flow method 83) The time-curve for the 
ligand-binding of the single-walled, small liposome/lipid-heme (diameter ca. 400 ~) 
was that of a mono-phase system, while the curve for the single-walled, large liposome/ 
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Fig. 7. Outward and inward facing lipid-heme in the liposome 

lipid-heme (diameter ca. 800 A) was that of a two-phase system; the rapid reaction 
agreed with that of the small liposome/heme, and the slower reaction corresponded 
to the ligand-binding where the bulky ligand at once crossed the lipid bilayer and 
boulld to the heme from the inner water phase. The slower reaction component was 
estimated ca. 2 0 ~  for the large liposome. The lipid-heme has no perfect cylindrical 
structure but a somewhat cone-like structure, so that the heme situates preferentially 
in outward facing orientation in the bilayer of the small liposome. 

The DSC thermogram of the liposome-embedded heine was measured to estimate 
the phase transition of the lipid bilayer of the liposome-embedded heme 71,81~. The 
DMPC-liposome showed the endothermic peak at 24 °C, which was corresponding 
to the gel-liquid crystal phase transition temperature (To) of the liposome 85) But for 
the liposome in which a simple heme such as 1 was embedded, the phase transition 
peak was broadened and shifted to lower temperature (22 °C). On the other hand, 
the peak was also observed at 24 °C for the DMPC liposome/lipid-heme. This suggests 
that the orientation of the phospholipid in the liposome is equivalent for the DMPC- 
liposome and the DMPC liposome/lipid-heme and that the compatibility of the 
lipid-heme with the phospholipid is large enough to form a stable liposome. 

The stability and miscibility of lipid-heme with phospholipid could also be confirmed 
from surface pressure-surface area isotherms of the lipid monolayer on a ;vater surface. 
For the heme 1, the curve shifted to right hand of the curve of the phospholipid mono- 
layer itself, which reveals no good packing of the lipid molecules in the monolayer 
film. Against this, the curve for the lipid-heme-embedded monolayer film coincided 
with that for the lipid film itself. 

The results mentioned above lead to the following conclusion: The lipid-heme 
complex is included and molecularly dispersed in the hydrophobic environment of 
the liposome which protects the heme-oxygen adduct from the irreversible oxidations 
[Eqs. (3) and (4)]. The geometry of the lipid-heme derivative is assumed to emphasize 
the incorporation of the porphinatoiron into the phospholipid bilayer of the liposome. 
The following result also supports this conclusion. The lipid-heme complex was more 
efficiently taken into the DMPC liposome than the heme complex 1 of 1-1auryl-2- 
methylimidazole was; only 20 moles of DMPC were enough to solubilize one mole 
of the lipid-heine completely in water, while more than 100 moles were necessary for 
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the latter. This could be explained by the high compatibility of the lipid-heme with the 
phospholipid which is caused by the introduction of the alkanephosphochotine groups 
upon the porphyrin plane of the lipid-heme. 

Next we intended to improve the stability of the liposome as the carrier of the por- 
phinatoirons, which will bring about a highly concentrated, physically and mechani- 
cally stable and storageble solution of the porphinatoirons just like as or superior to 
blood. To accomplish this intention, we apply a new concept which makes liposomes 
stable by the polymerization of the lipid bilayer 86L The double bond of the phospho- 
lipid derivative is rapidly polymerized under UV irradiation because of its assembled 
and oriented structure, to give a covalently bound and very stable lipid bilayer. 

The lipid-heine 17 complex of 1-1auryl(-2-methyt-)imidazole was embedded in 
polymerized liposomes ofdi(octadecadienoyl)-glycerophosphatidylcholine (18) 87) and 
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of (vinylbenzoyl)nonanoyt-octadecyl-glycerophosphatidylcholine (1.9) 88) (abbreviat- 
ed as 'poly-lipid liposome/lipid-heme'). The poty-lipid liposome/lipid-heme was 
prepared as follow 89). The liposome of 17 and 18 was prepared with normal ultra- 
sonication. The prepared liposome was allowed under nitrogen atmosphere to poly- 
merize under UV irradiation to give poly-18 liposome/17. The reduction of the Fe(III) 
derivative of 17 to the deoxy spontaneously occured during the polymerization. 
Complete polymerization was confirmed by UV absorption and 13C-NMR spectro- 
scopical measurement; disappearance of the absorption based on the vinyl group and 
of the characteristic signals based on the vinyl carbons of 17. The poly-lipid liposome/ 
lipid-heme was concentrated up to a ca. 20 wt ~ solution by an ultrafiltration method. 

An alkylimidazole derivative having a vinyl bond was synthesized: 1-imidazolyl- 
dodecadienoylacid ester (20)90) The phospholipid derivative 18 or 19 was copoly- 
mefized with 20 in the presence of 17 to give a more advanced 'poly-lipid liposome/ 
lipid-heine' (Fig. 8) where 17 was more strongly fixed into the poly-lipid tiposome. 
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S 

Fig. 8. Poty-lipid liDosome/lipid- 
heme 

By TEM of the poly-lipid liposome/lipid-heme the diameter was ca. 350/k (Fig. 9) 
and it did not change before and after the polymerization. The gel permeation chro- 
matography and the ultracentrifugation of the liposome/heme showed that all of 17 
was entrapped within the liposome. Solution properties of the poly-lipid liposome/ 
lipid-heme were almost the same as those of human blood: specific gravity 1.012, 
viscosity 3.75~1.12 cp, and osmotic pressure 334 mOsm. The solution of the poly- 
lipid liposome/lipid-heme was stable and could be stocked for months without 
precipitation and change of the particle size, i.e. without aggregation and fusion of 
the liposome, at ambient temperature. 

Fig. 9. Electron microscopic photograph for poty-lipid liposome/lipid-heme 
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5 Oxygen Transporting Profile 

The red and transparent solution of the liposome-embedded heme (lipid liposome/ 
lipid-heine and poly-lipid liposome/lipid-heme) was changed to its oxygen adduct 
solution on exposure to oxygen. The oxygen adduct of  the liposome-embedded heme 
was stable, and the adduct formation was rapid and reversible under physiological 
conditions even at high concentration ([lipid-heine] = 10 mM, being equal to that 
of human blood). The oxy-deoxy cycle could be repeated more than a thousand times 
under physiological conditions sl, 89~ 

The volume of the oxygen gas bound to the liposome-embedded heme was measur- 
ed 89). It was was found to be 20 ml per 1 mmol of the heme (100 ml liposome-embedded 
heme solution: [heme] = 10 mM) at 37 °C corresponding to ca. 80~/o of the saturated 
value. The heine-free EYL-liposome solution (100 ml) physically uptook 2.2 ml of 
oxygen, i.e. 22.2 ml of oxygen was dissolved in the liposome-embedded heme solu- 
tion at 37 °C. Table 2 shows the oxygen volume dissolved in various media, e.g. 
100 ml Blood uptakes 23 ml oxygen. The 100 ml solution of the liposome-embedded 
heme uptook 22 ml of oxygen, which is corresponding to that of blood and is ca. 
10 times of that physically uptaken by water. Raising the heme concentration, of 
course, increases the oxygen volume bound to the liposome-embedded heine up to 
ca. 32 ml per a 100 ml solution. An extraordinary high volume of the dissolved oxygen 
is one of the merits of the liposome-embedded heme as an artificial oxygen carrier. 

An oxygen-15 radiotracer method was applied to the precise determination of 
chemically bound oxygen to the liposome-embedded heme 91k The 150 2 gas produced 
with a cyclotron was passed through the liposome-embedded heme solution, and the 
volume of oxygen bound to the heme was evaluated with the annihilation radiation 
intensity within a 5 ~ error of the value given above. 

The kinetic profile of the oxygen-transporting by the liposome-embedded heme was 
studied by a stopped flow method as follows 92, 93~. Oxygen-binding and -dissociation 
occured reversibly and were completed within sec: The oxygen-binding and -dissocia- 
tion of the liposome-embedded heme are rapid enough to act as an oxygen carrier. 
kon(O2) and koff(O2) are summarized in Table 3 with references. The kon values of the 
liposome-embedded heine were a little faster than or similar to those of the red blood 
cell suspension. The refered oxygen-binding rate parameters in homogeneous systems, 
i.e. 9a, Mb, and stripped Hb 94), also listed in Table 3, were about 103 times larger 
than those of the liposome-embedded heme and the red blood celt suspension. This 

Table 2. Solubility of oxygen in various media (at 37 °C, Po2 = 760 mmHg) 

Media Heme conc. Oxygen solubility 
mM gas ml/medium 100 ml 

Poly-lipid liposome/lipid-heme 10 22 
Poly-lipid liposome/lipid-heme 15 32 
Human blood 9.2 23 
Water 2 
Serum -- 2 
Fluorocarbon emulsion -- 8 
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Table 3. Oxygen-binding rate constants for the liposome-embedded hemes 

Heme 10 -4 "kon koff 10 -4 " K(= kon/koff) 
l/tool • sec 1/sec l/tool 

Poly-lipid liposome/lipid-heme 1.3 0.10 1.3 
DMPC liposome/lipid-heme 3.7 2.2 1.6 
DMPC liposome/heme 0.79 0.32 2.5 
DPPC liposome/heme 0.24 0.11 2.2 
Burst DMPC liposome/heme 1.2 0.29 4.2 
Chelated heme 9a 2600 47 55 
Hb in red blood cell 1.1 0,25 4.4 
Stripped Hb 3300 12 270 
Mb 1000 10 100 

means that the oxygen-binding reactions for the liposome-embedded heme and the 
red blood cell suspension showed a similar feature. The oxygen-binding reaction is 
assumed to be largely retarded by the diffusion process of oxygen in and through the 
phospholipid membrane. The oxygen-binding rate was larger for the DMPC- than 
for the DPPC-liposome/heme. This may be explained as follows: The DPPC-lipo- 
some is below its T~ (41 °C) and the DMPC-liposome is above its T~ (23 °C) under 
these experimental conditions (at 25 °C), so that the membrane fluidity and probably 
also the oxygen permeability of the DMPC-liposome is larger than that of DPPC. 
The largest oxygen-binding rate was observed for the burst DMPC-liposome/heme. 
It is assumed that this liposome has a lamellar structure or a non-closed (non-vesicle) 
bilayer structure, and this is advantageous for the supply of oxygen to the heine. 

The kon(CO) value of the liposome-embedded heme is similar to that of  the red 
blood cell suspension and far apart from those given in the literature for hemogeneous 
systems. It seems also that the CO-binding reaction is also retarded by the diffusion 
process of  CO in and through the phospholipid membrane. 

The oxygen-binding profile of  red blood cells has been well studied by Roughton 
et al. 95) taking the diffusion process of  oxygen into account. The overall oxygen- 
binding rate constant for red blood cells (kh) is expressed by kh = (l/a) (k - D • Co) 1/2 
where k is the true oxygen-binding rate constant of stripped Hb, D is the diffusion 
constant, Co is the concentration of Hb in the red blood cell, and a is the average diam- 
eter of the red blood cell. For the liposome-embedded heme each value could be 
estimated from the data mentioned above; a: 400 A, k; 1.1 × 10 s 1" mo1-1 -s - I ,  
D: 1.8-1.5 × 10-5 g .  m 2 . s-1, Co: 0.1 mM. Substituting these values in the Rougton's 
equation yielded the kh value of the liposome-embedded heme; kh: 4.0 x 104 1 • mol - i  
x s-  1. This value is similar to the ko,(O2) value determined in this experiment (Table 3). 
The liposome-embedded heme is clearly a suitable model to study the mechanism 
of oxygen uptake and release by red blood cells. 

The oxygen-binding equilibrium curve (Fig. 10) shows that the liposome-embedded 
heme binds molecular oxygen in response to the oxygen pressure; The oxygen-binding 
affinity (P1/2) of  the liposome-embedded heme was determined by the equilibrium 
curve and listed in Table 4. P~/2 of the liposome-embedded hemes are ca. 50 mmHg 
at 37 °C, which are closed to that of  Hb in  blood, but situate fairly apart form that of  
Mb. This suggests that the liposome-embedded heme has a potential to act as an 
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Fig. 10. Oxygen-binding curve of the 
liposome-embedded heme: a) poly- 
lipid liposome/lipid-heme, b) Hb in 
a red blood cell, e) Mb. The shaded 
area corresponds to the oxygen pres- 
sure at the lungs and muscle tissue 

oxygen carrier under physiological conditions which transports oxygen from lungs 
(Po2 : ca. 110 mmHg) to Mb in muscle tissue (Po2 : ca. 40 mmHg), as Hb does. Table 4 

also shows the thermodynamic parameters for the oxygen-binding. The enthalpy 
change (AH) and entropy change (AS) for the oxygen-binding of  the liposome-em- 
bedded hemes were estimated to be ca. - 15 kcal mol -  ~ and ca. ---40 eu, respectively: 
These values are comparable to those of  Hb and Mb. This result indicates that the 
oxygen-binding by the liposome-embedded heme proceeds in the same way as the 
binding by Hb and Mb. We once more emphasize by seeing Fig. 10 that the oxygen- 
transporting efficiency between the oxygen pressure at lungs and muscle tissue is 

o / '  , o ,  

ca. 30 Jo whlch is superior to that o f  blood (25.4,). 
Two phenomena in which environmental phospholipid bitayer affects the oxygen- 

binding affinity of  heme are described below in comparison with the oxygen-binding 
behavior of  Hb. 

Figure 11 shows the temperature-dependence of  the oxygen affinity, i.e. the recip- 
rocal of  the Pu2 value and the reciprocal of  the temperature 96L The plots for the 
oxygen-binding of  DMPC-  and EYL-liposome/heme give linear relationship. On 
the other hand, the temperature dependence for DMPC-liposome/heme has a break- 
ing point at about 24 °C. AH for the oxygenbinding of  the EYL-system and the 
DMPC-system above 24 °C are ca. 15 kcal/mol and comparable to that o f  the 
corresponding heine complex in toluene and that of  Hb. On the contrary, AH for the 
DPPC-system and the DMPC-system below 24 °C are much larger than those of  the 
others. The phospholipid environment gives a large effect on the oxygen-binding 

Table 4. Oxygen-binding affinity and thermodynamic parameters under physiological conditions 

Heme Pt/2 AH AS 
mmHg kcal/mol e.u. 

Poly-lipid liposome/lipid-heme 43 13 38 
Lipid liposome/lipid-heme 53 15 40 
Lipid liposome/heme 51 16 46 
Hb in red blood cell 27 14 42 
Stripped Hb 0.22-0.36 --14---15 ca. 40 
Mb 0:37-1.0 -- 1,~--21 ca. 40 
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Fig. 11. Temperature-dependence of the oxygen-binding affinity of the liposome-embedded heine 
liposome/heme composed of (O) DMPC, (O) DPPC, (O) EYL 

affinity through its enthalpy contribution. The breaking point of the temperature 
dependence of oxygen-binding by the DMPC-system agrees with T~ of the DMPC- 
liposome. This phenomenon may be explained as follows. Above T~ the phospholipid 
molecules are in the liquid crystalline state, which provides the environment just 
like organic solvents such as toluene around the complex; the heme complex is in a 
'relaxed (R)' state a7), and the gaseous molecule-binding affinity and the enthalpy 
values are comparable with those of the corresponding heme complex in toluene and 
with those of Hb. On the contrary, below T~ the phospholipid molecules are in the 
crystal state, which probably induces an orientation of  the laurylimidazole ligand and 
a structural distortion of the heine complex because the bulky heme molecule is em- 
bedded in the pospholipid bilayer; the heme complex is in a 'tense (T)' state 37), and 
this reduces the oxygen-binding affinity. The R and T states of the heme complex for 
the liposome-embedded heme are not the same ones as the R and T states for Hb; 
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the latter are caused by globin protein. But the gaseous molecule-binding phenomenon 
of the liposome-embedded heme resembles that of Hb. 

The oxygen-binding affinity of  Hb decreases (P~/2 increases) with the decrease in 
pH of the medium. This phenomenon is called 'Bohr effect' of Hb: Hb releases oxygen 
more efficiently when the pH of the medium decreased in the presence of carbon 
dioxide. On the other hand, EYL-liposome/lipid-heme binds oxygen more strongly 
at lower pH 97). This behaviour is in contrast to the Hb's Bohr effect and is explained 
as follows. The EYL-liposome/heme contains a small excess of laurylimidazote, 
and the non-coordinated imidazole situates in the bilayer directing the hydrophilic 
imidazole group outward. The outward directing imidazole is protonated at lower pH 
and destroys the packing structure of the bilayer, which lets the heine complex in a 
relaxed structure. This pH dependence of Pl/2 was cancelled for the EYL-liposome/ 
heme with higher EYL concentration and for poly-lipid liposome/lipid-heme. 

Of course, the same oxygen-transporting profile of the liposome embedded heme 
was also observed for other porphinatoiron derivatives embedded in liposomes. 
For example, non-tetraphenyl type-porphinatoiron 15 was embedded in a liposome 7s) 
This liposome-embedded heme solution turned brilliant red on exposure to oxygen. 
The oxygen and carbon monoxide-binding rate constants and the binding affinity 
are listed in Table 5. Both kon(O2) and ko,(CO ) decreased for lipid l iposome/15 
probably due to steric hindrance of the porphinatocopper cap, which brough about 
lower gas binding affinity in comparison with other synthetic porphinatoiron com- 
plexes. The M value [P1/2(O2)/P1/2(CO)] resembles to that of Hb, and this liposome- 
embedded heine has a resistibity to CO poisoning. 

Table 5. Oxygen and carbon monoxide-binding rate constants and affinities for the liposome-em- 
bedded heme 15 under physiological conditions 

Heine 10 -5 "ko,(O2) P1/2(Oa) 10 -5 • kon(CO) P1/2(CO) M 
l/mol - sec mmHg l/tool, sec mmHg PlI2(O2)/Ptt2(CO) 

Liposome/15 4.5 36 0.25 0.14 275 
9a 260 1.0 36 0.0018 560 
Hb in blood 29 27 1.0 0.10 270 

6 Approach to a Blood Substitute 

The oxygen-binding reaction of the liposome-embedded heme was examined by using 
poly-lipid liposome/lipid-heme in a pseudo vivo and" ex vivo system, 

First the oxygen-exchanging reaction of the liposome-embedded heme with blood 
was tested, using an artificial lung apparatus 98). Deoxy bovine blood was contacted 
with the oxy liposome/heme in counter-current flow through the hollow fibers com- 
posed of a cellulose membrane (~200 Ix, membrane thickness 5 Ix, pore size 25 ~ 30A). 
The liposome/heme was flowed with high space velocity, more than 100 ml per min. 
It was mechanically stable under strong share stress and acted as the oxygen carrier. 
Oxygen was effectively supplied from the oxy liposome/heme to deoxy blood, which 
turned to oxy blood at the outlet of the artificial lung apparatus. 
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The direct and rapid oxygen-exchanging reaction between the liposome-embedded 
heme with a red blood cell was observed by a rapid-scanning stopped flow method 99). 
Although both the liposome/heme and blood are red colored solutions, their visible 
absorption spectra were slightly different from each other and this small difference 
could be analyzed in a high sensitive and rapid scanning spectrophotometer with 
data processor. After rapid mixing deoxy blood with the oxy liposome/heme, the 
absorption change was monitored at the double wavelengths, which were selected 
from the deoxy-oxy isosbestic points for both media• The oxygen-exchanging reaction 
completed within 1 see, and the oxygen-binding percentages for the liposome/heme 
and blood at the equilibrium were agreed with those estimated from the oxygen- 
binding equilibrium curves. For example, when a deoxy red blood cell suspension 
was mixed with the dilute oxy liposome/heme solution saturated with air, 1.5 ml oxygen 
surely transferred to the deoxy blood• 

The oxygen-binding and -dissociation rate constants were also determined from 
the mixture system of blood and the liposome/heme. A three-stage reaction was 
observed; the first stage is the binding reaction of the oxygen dissolved physically in 
solution to deoxy-blood [Eq. (6), ko, = 3.4 x 10 # M -~ s-l]. The second is the oxygen 
dissociation from the oxy liposome/heme in response to the oxygen pressure in solu- 

• ! v t  tion, as shown in Eq. (7). korf" ko, = 5.0× 103 M -~ s -~. The third is the binding 
reaction of the released oxygen with the remained deoxy blood [Eq. (8)]. The reverse 
of this three stage reaction was also observed for the oxygen-exchanging reaction 
between the deoxy liposome/heme and oxy blood. The kinetic constants determined 
were in accord with those determined previously for the individual oxygen-binding 
reactions. 

Blood + Heme-O 2 + 0 2 ko. Bl°°d-O2 + Blood + Heme-O 2 
koff 

(6) 

Blood + Heme-O 2 koff, Blood + Heme + 0 2 (7) 
kon 

Blood + 0 2 k~,, Blood-O2 (8) 
" t t  

koff 

The poly-lipid liposome/lipid-heme solution was also stable in a physiological 
salt solution, plasma expander, human serum, and whole blood even at high concen- 
tration, [heine] = 10 mM which is equal to that of human blood. In these media, it 
gave the same stable oxygen adduct with oxygen-binding affinity (P1/2(O2) = ca. 
50 mmHg) and life-time (ca. 1 day). 

Oxy poly-lipid liposome/lipid-heme was flowed from the artery to the vein of a dog 
leg. In this experiment the injected fluid does not circulated through internal organs 
for a few hours, its tc~xity can be neglected during the observation. The oxygen con- 
centration was monitored at the muscle tissue of the leg with a needle-type oxygen 
electrode. After the artery-vein circulation was connected with the oxy liposome/ 
heme solution, the oxygen concentration was kept at a higher level in comparison with 
the controlled experiment using a physiological salt solution. This result demonstrates 
the fact that the synthetic liposome-embedded heme transports and supplies oxygen 
to the muscle tissue. 
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The liposome-embedded hemes were composed of synthetic derivatives of por- 
phinatoiron and phospholipids originated in nature. To improve the bio-compatible 
property of the liposome/heme some attempts have been reported. 

The biomembrane of a red blood cell Was isolated from a human red blood cell 
and taken into fragments by ultrasonication loo). The heine complex was incorporated 
into the bilayer ofa liposome reconstructed with the fragment: This spherical liposome 
had its average diameter at ca. 0.1 la and was composed of phosplaotipids, membrane 
proteins, and the heme complex (Fig. 12). The membrane fluidity of this liposome was 
the same as that of the membrane of a red blood cell, which means the physical prop- 
erty of this liposome/heme is corresponding to that of a red blood cell. This liposome/ 
heme showed reversible oxygen-binding under physiological conditions. 

UI s  ll UU 
Fig. 12. Electron microscopic photograph for hybrid liposome/heme 

Glycoprotein from bovine serum was incorporated into the bilayer of liposomes lol). 
It reduced the segmental motion of lipid molecules especially of the hydrocarbon 
chains of the lipid,~which brough about an increase in the hydrophobic property of 
the inner region of the liposome bilayer. This hybrid liposome/heme gave a stable 
oxygen adduct. The incorporation of natural membrane proteins not only physically 
reinforces the liposome/heme in vitro but also increases its bio-compatibility. 

The combination of the liposome-embedded heme with catalase or tocopherol 
(Vitamin E) much prolonged the fife-time of the liposome-embedded heme as the 
oxygen carrier loz) On degradation of the berne-oxygen adduct under physiological 
conditions slight amounts of superoxide and hydrogen peroxide are formed, which 
oxidize phospholipids and weaken the liposome. The coexistence of the catalase with 
the liposome/heme removes hydrogen peroxide and thus prolonged the life-time of the 
oxygen adduct. Tocopherol was incorporated in the liposome bilayer: it acted as an 
anti-oxidizing agent of lipids in the bilayer. The poly-lipid liposome/lipid-heme 
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containing a small amount of tocopherol works as the oxygen carrier under physio- 
logical conditions for a few weeks. 

Characteristics of  the liposome-embedded heme as an artificial oxygen carrier are 
summarized as follows. 
(i) Oxygen-binding is reversible and very rapid. 
(ii) The oxygen volume dissolved in the solution is similar or superior to that of  blood. 
(iii) The oxygen-binding affinity is close to that of blood. 
(iv) The particle size is smaller than 0.1 ~t. 
(v) Physically and mechanically stable under shear stress and storage. 

It is an important subject to develop an oxygen carrier as an artificial blood. There 
are several methods to construct artificial bloods. The first method is to utilize natural 
Hb by modifying it with a chemical reactions. The membrane of a red blood cell 
(storoma) has type compounds and causes unconformity of  the blood groups and 
so on. On the other hand, the storoma-free Hb is common for normal human bodies. 
But when the storoma-free Hb is injected in a blood circular, it is cleared up within a 
few minutes. To avoid this problem, the storoma-free Hb is combined with a synthetic 
polymer such as dextran 103~, the Hb is polymerized with glutaraldehyde 104), the 
Hb is encapsulated with a synthetic polymer such as nylon Io5~, and .the Hb is en- 
capsulated with the phospholipid liposome instead of the red blood cell membrane ~o6) 
But there still remain problems such as supply of ultra-pure human Hb. 

The second method is to use fluorocarbons in which oxygen is physically dissolved 
about 10 times of water. Fluorocarbons are chemically stable and do not show any 
biological reaction. 20-35 volvo of fluorocarbons such as triperfluorobutylamine 
and perfluorodecalin are emulsifided in the presence of a surfactant. The white emul- 
sion stays in a blood circular over several days when the pariticle size of  fluorocarbon 
is smaller than 0.1 ~t. The fluorocarbon emulsion has been tried experimentally 
in hundreds of  patients in Japan and the U.S. 107). But there also still remain problems. 
The emulsion carries only 5 ml oxygen per t00 ml medium and a patient is to be kept 
under an oxygen tent. Fluorocarbons are so much radically different in their chemical 
properties from natural Hb, that there is still a possibility to cause unknown problems 
in an in vivo system. 

As mentioned above, the liposome-embedded hemes are promising as an artificial 
blood in many ways, but they are not yet usable as substitutes for the red blood cell 
in living animals. Tests conducted in rodents showed that the liposome/heme indeed 
transports oxygen in vivo, but only for several hours los~. After that, the animals died, 
presumably because of a severe immune system reaction in the animal. Further experi- 
ments are being carried out by our group to try to overcome that problem. 

7 Conclusion and Further Studies 

In this article we demonstrated our strategy to chemically mimic Hb and a red blood 
cell. As the model of a red blood cell, usually Hb has been separated from a red blood 
cell and this membrane-free Hb has been artificially encapsulated with a synthetic 
polymer or a phospholipid liposome. We also used a liposome as the carrier of the 
active site but payed attention on the skin layer of the closed vesicle and not on its 
inside water phase. That is, we utilized the hydrophobic region of the liposome bitayer 
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as the substitution of  the hydrophobic domain of  a globular protein and embedded a 
synthetic porphinatoiron, which is the analogous compound of  the oxygen-binding 
site of  Hb, into the liposome bilayer. This liposome-embedded heme transports 
oxygen under physiological conditions and even in vivo just as Hb or a red blood cell 
does. We would like to emphasize here that our attention has been focused on the 
environment around the active site; i.e., how to realize a hydrophobic environment 
around the moleculary dispersed active site in aqueous media and how to adjust the 
structure o f  the active site to the environment from the viewpoint of  its configuration 
and hydrophobic-hydrophilic balance. Such a subject has been drawn little attention 
by researchers in bio(in)organic chemistry. 

It seems to us that the applications of  an oxygen carrier are not limitted to artificial 
blood. For  example, it will be developed for the purpose o f  isolating pure oxygen 
from the air, i.e. the oxygen enriching system (films on fluids) containing an oxygen 
carrier ~o9). Other applications include its use as catalysts for reactions o f  molecular 
oxygen in vitro and vivo. They become a model o f  oxygenase and a condidate of  
reagents for drug-metabolism and of  anti-cancer agents. Although this article covers 
only porphinatoiron, of  course there are many porphinatometals and other metal 
complexes having a possibility to be oxygen carriers 11o~ and many metal complexes 
with gaseous molecule-binding ability for nitrogen, carbon dioxide, etc. 1tl) may 
exist. Macromolecular metal complexes have a potential as a carrier or an activator 
o f  gaseous molecules as metalloenzymes such as Hb and nitrogenase do. 

Apart  from the gaseous molecule-binding ability, the combination of  a porphianto- 
metal with lipid layer films or highly ordered macromolecular films often offers 
possibilities not attainable in other ways. For  example, electron-transfer from the 
porphinatozinc embedded in lipid layer to the outside of  the layer is interesting t~2~. 
An electron is transfered across the lipid layer by a tunneling mechanism and its allow- 
ing distance was ca. 15 A. Because porphinatometals are active centers of  mediators 
for electron-transfer (redox), electro-magnetic activity, small molecule- and ion- 
binding etc., the porphinatometal containing ultra-thin films have a potential to 
apply as new devices of  molecular level such as molecular switch, memory, and trans- 

ducer. 
As the science of  Hb  provided basic knowledges o f  biochemistry and biophysics, 

chemically mimicked models o f  Hb are expected to offer new unique fields to chemistry 
in the near future. 
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A Introduction 

The continuing strive of chemists for selectivity in chemical reactions may be grouped 
into two general approaches: Selectivity in the sense of a discrimination between 
several possible reaction modes of an ensemble of reaction partners may be the result 
of a joint action of protection/activation procedures, use of sometimes very elaborate 
reagents and careful tuning of reaction conditions. Although there can be great art 
in assembling the individual steps into a successful strategy ~or obtaining a selective 
transformation, this approach appeares wasteful from an economic standpoint on 
comparison to the alternative. This is the employment of catalysts to effect the selective 
reactions. By definition catalysts are not used up like the technical aids in the former 
approach and they are required in minute amounts only depending on their activity. 

The shining examples of the potential of this approach are the natural enzymes, 
which represent the most selective reaction systems we presently know of. Thus, it is 
no surprise that the increasing knowledge about the biocatalysts initiates attempts to 
adopt enzymic working principles for the introduction of selectivity into abiotic 
systems. It is admittedly true that we have certainly not a quantitative understanding 
of biocatalysis 1) and even its molecular basis is still being disputed 2) 

However, a number of features have been discovered and unequivocally proven to 
contribute to the success of enzymes. If one accepts the view that selectivity (and rate 
enhancement) is not  imperatively associated with the protein nature of enzymes, it 
is only rational to exploit these insights for the design of selective but artificial catalysts, 
The term "enzyme model" which was coined for catalysts possessing common design 
features with enzymes could mean, that studying these models might help in the 
elucidation of enzyme mechanisms. The inverse reasoning, however, that the adapta- 
tion of enzymic principles should lead to better catalysts even for non biological 
reactions appears far more promissing. 

The first lesson to learn from enzymes is that complex tbrmation between the 
protein and the substrate(s) in the ground state is mandatory for enzyme action 3) 
This feature is generally acknowledged and X-ray crystallography has supplied evi- 
dence for the dedicated interaction of the functionalities in the substrate structure with 
subsites of the enzyme macromolecule resulting in complexes having a well defined 
and unique structure. Part of the overall selectivity of the enzyme reaction is already 
recognized in the first association step prior to any bond breaking or forming event. 
This notion determines the use of artificial host-guest systems to mimic enzymic 
properties. In addition to ground state complex formation a variety of features related 
to structure or function and common to the majority of enzymes 4) may be incorporated 
into synthetic catalysts: The enzyme-like catalyst itself should possess a well defined 
structure with a stoichiometric number of substrate binding ("active") sites. These 
active sites should generally be located in concave surfaces (cavities, pocketsl clefts) 
offering a densely packed rather hydrophobic environment. Functions to perform 
chemical mechanisms (nucleophilic-, electrophilic-, covalent-, general acid-base-, 
electrostatic catalysis) can supplement the basic host structures. 

The present review deals with the construction of polyammonium salts, the design of 
which was largely inspired and still ows much of it attraction by analogy to natural 
enzymes, and their effects on reaction rates. This is to define the frontline in our 
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efforts to cope with the underlying motivation for studging enzyme models: the 
enhancement of selectivity in chemical systems 5). 

B Definitions 

Selectivity used as defined above is a kinetic phenomenon, because the rates of con- 
version of competing substrates are compared. Thus its magnitude may depend o n  
the ability of a given molecular species to accelerate or decelerate one particular 
reaction to a greater extend than all the others. Rate accelerations are a consequence 
of catalysis, but regrettably the latter term has become blurred. Since clarity of  terms 
is an obligatory requirement for any meaningful comparison catalysis as it relates to 
the natural enzymes and artificial model systems needs some assessment of  its mean- 
ing 6). 

1) Catalysis is the rate acceleration observed in the presence of a molecular species 
(the catalyst) compared to the rate of  the s a m e  react ion (defined by the initial and final 
states) in its absence. As trivial as this statement may seem, it frequently has been 
violated in particular when huge "catalytic rate accelerations of enzyme models" 
have been claimed based on the comparison of partial reactions to the overall process. 
Another example of a frequently used misleading term is "intramolecular catalysis". 
Systems which are said to exhibit "intramolecular catalysis" violate the aforemen- 
tioned condition, because they cannot provide the apropriate (same) uncatalyzed 
reaction to compare with. 

2) Catalysts should not change the free energy of the reaction system (i.e. the 
equilibrium). This condition, however, appears to be less stringent, recognizing that 
any addition to the reaction system (addition of catalyst, too) will  change the free 
energy. So this issue reduces to a matter of quantitative concern: Using the terminology 
of transition state theory a molecule can be named a catalyst if it affects the energy 
of the transition state of  a given reaction to a much higher degree than the ground 
state. The observation of a rate enhancement in a reaction (k . . . .  ta~yz~d ~ kob . . . . .  d, 
kobs > kun) on addition of a substance by itself does not  prove catalysis. The rate 
increase may well emerge from a change in the equilibrium constant from Keq (un- 
catalyzed) -- ku,cat/krev~rse ~ K'~q = kobs/k . . . . . . .  i.e. it may be attributable to a pure 
ground state effect. 

The extrema in the range of possibilities are set by the enzymes on one side, which 
were shown first by Borsook et al. v) not to alter the position of the equilibrium within 
experimental accuracy and on the other side by synthetic macroions, the rate enhance- 
ment of which entirely could be traced back to changes in the equilibrium constant 8) 
Clearly the assessment of rate augmentations to be catalytic, will present problems 
especially with those systems of  poor activity, which require high concentrations of  
"catalyst" in order to display a rate effect. 

By adding the attribute "molecular", catalytic systems are defined which owe 
their activity to a complex formation step. Noncovatent forces serve to connect 
the catalyst (host) and the guest (substrate(s)) in a thermodynamically stable fashion 
prior to the rate-limiting conversion step. The aim is to correlate structural features of  
the host to the rate augmentation, so that a deliberate modification of structure will 
yield a predictable rate effect. Prerequisite to a rational structure variation is some 
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knowledge of the mode of host-guest association. Systems, which cannot furnish 
definit complex structures due to their dynamic and rapidly rearranging nature are 
therefore much less amenable to tailoring. Ammonium macroions and aggregating 
amphiphiles 9. lO) will thus be excluded from the present discussion, although they 
may display substrate binding behaviour and show considerable rate enhancements in 
certain reactions. Incorporation of these systems into structures of higher order (mem- 
branes, monolayers, vesicles etc.) can boost selectivity and enjoys a promising per- 
spective 11) 

C O n the Advantages of Polyammonium Molecular Catalysts 

Artificial molecular catalYsts comparable to the natural enzymes should be able to 
catalyze reactions in an aqueous environment. Although the underlying catalytic 
principles might as well be demonstrated in other solvents, this condition can be 
exploited to take advantage of the most powerful force for combining individual 
molecules into noncovalent complexes in water: the hydrophobic bond 12~ Associa- 
tions predominantly based on hydrophobic effects cannot exhibit great selectivity, 
because the hydrophobic bond originates from a rearrangement of the aqueous 
surroundings rather than from direct interactions of the complex forming partners. 
Consequently, the guests could be exchanged within broad limits provided they possess 
hydrophobic surfaces, without harming the stability of the overall system. The situation 
compares ptanely to a marriage of convenience, which generally yields a very stable 
configuration by some external "pressure" rather than by "emotional ties" between 
the partners. In spite of the poor selectivity to be gained on complex formation, this 
concept may in fact pay off in bimolecular reactions, the rates of which are ruled by 
highly negative intrinsic activation entropies. Here the bringing together of the reac- 
tant groups in spatial vicinity in the host-guest complex may show up in rate accelera- 
tions, because an unfavourable component (e.g. part of the negative activation 
entropy) has been removed from the rate limiting step and has been transfered to the 
prior but kinetically incompetent association process. Thus, in this instance a moderate 
selectivity of host-guest complex formation via hydrophobic interaction in the ground 
state experiences multifold magnification through the interdependent rate process. 

The exploitation of  hydrophobic forces requires the molecular catalysts to supply 
hydrophobic molecular regions yet the structure must remain water soluble. This 
can be achieved through the attachment of sufficient hydrophilic functions to a more 
lipophilic hydrocarbon like core structure. The quantitative relationship between 
hydrophilic and hydrophobic functions determines the degree of self association, 
which has to be avoided in order to obtain interpretable results. The natural cyclic 
oligosaccharides (cyclodextrins) exhibit a similar construction pattern and have thus 
been widely used as enzyme models 13). With the introduction of charged hydrophilic 
functions into the host molecule one can gain an extra bonus on the selectivity, because 
the superposition of an electrostatic field to the hydrophobic bond adds another 
condition to be met by the guest. This could be demonstrated for semisynthetic cyclo- 
dextrins 14) as well as for totally artificial cyclophane hosts is). Judging from this 
aspect only anionic and cationic solubilizing functions should be equally convenient. 
However, the cationic ammonium function offers a number of additional advantages 
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over their anionic competitors, which makes it very appealing as a construction unit 
for molecular catalysts. Besides their hydrophilicity, the most attractive feature of 
amines and ammonium salts is their highly developed chemistry. Since a great 
multitude of high yield reactions is known for the build up and interconversion of 
amino functionality, the rational synthetic strategies for the construction of desired 
molecular frameworks can be designed rather readily. The capability of amino func- 
tions to form 3 to 4 covalent bonds may well serve to build rigid host molecules by 
virtue of a high connectivity. Rigidity, in turn, seems to be a prerequisite for steric 
discrimination of guests and certainly aids the interpretation of binding data in 
different solvents, because host-guest interaction should not be obscured by con- 
formational equilibria of the host. 

More practical advantages arise from the ready modifiability of amino groups, 
the most straightforward being protonation. So the properties of the host may be 
tuned through the setting of the pH-value. Alternatively the measurement of changes 
in pH-value on addition of guest species provides a very accurate and sensitive means 
to determine binding stoichiometries and complex formation constants 16). This 
can help with the purification of the host as can the variation of counterions which 
may ease crystallisation to obtain suitable crystals for X-ray structure determination. 

So far the arguments in favour of ammonium functions to build molecular catalysts 
on refered to the set up of an host-guest relationship known to be a fundamental 
feature of biocatalysis. Supplementary to the ground state stabilisation of substrates 
in a noncovalent complex, the transition state of the reaction as well might be prone 
to stabilising effects or it can be changed entirely to furnish a more speedy reaction 
route in the presence of ammonium salts. Chemical mechanisms of catalysis like 
nucleophilic-, electrostatic-, and general acid-base catalysis 6, i7) can be incorporated 
into molecular catalysts via attachment of suitable ammonium groups. This opens a 
large field with countless degree of freedom to design artificial catalysts and test their 
efficiency while retaining an analogy to the natural counterparts which are known to 
profit from the properties of ammonium groups in their catalytic action, too 18) 

D Cyclophanes 

DJ Cyclophane Hosts without Additional Catalytic Functions 

Among the first to exploit totally synthetic water soluble host compounds to catalyze 
chemical reactions were Tabushi et. al. who found an accelerating influence of their 
newly developed 19~ polyammonium cyclophane 1 on the hydrolysis of aromatic 
chloroacetates 20). These authors showed conclusively that a rapid association of 
substrate and 1 preceeds the rate limiting attack of solvent on the ester group. This 
step is amenable to buffer catalysis, too. Some relevant rate data are given in Table 1. 
The evaluation of these data now depends largely on definitions. Tabushi et al. chose 
to view their results in terms of  a "kinetic substrate specificity" manifested in kcat/kun 
ratios. As a corollary they state a "marked specificity" in the conversion of substrat~s 
2-4. This is formally correct but it bears the danger of misinterpretation and is cer- 
tainly seductive to draw faulty conclusions. 
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Table 1. Spontaneous and catalysed hydrolysis of aromatic esters in water; 20.2 '~C, pH 8.10; 1/15 M 
phosphate buffer; selected illustrative examples from 20) 

catalyst substrate KM [mM] k,,,/k,, kc,t/KM [1. mol- t . s- t],) 

1 2 0.54 25 35.5 
3 0.18 6.0 27,2 
4 0.51 2.6 28.6 
5 0.20 0.085 1.1 

6 2 2.62 1.6 0.5 
CTAB 2 0.03 6,8 197 

") recalculated from the data given in Ref. 2o~ 

If  one accepts that in enzyme analogues substrate complex formation as well as 
transition state (TS) stabilisation contribute to the efficiency o f  the model, the para- 
meter which takes both influences into account is k~at/KM, It reflects the free energy 
of  the highest barrier along the reaction path relative to the initial state and thus 
determins the conversion rates o f  competing substrates 21). Taking this measure there 
is ~rtually no selectivity (maximum factor 35.5/27.2 ~ 1,3) in the positive catalysis 
of  the ester cleavage by 1. The free energies of  the TS - -  given the plausible assumption 
of  identical ground state energies o f  hydrolysis at least for the naphthyl derivatives 
2 and 3 - -  are very much alike. (AAG* < 0.72 K J/mot). Differences in the free energies 
of  the noncovalent complexes in the ground state predominantly account for the differ- 
ential rate effects observable at saturation (k~,t/k,,,). Thus the conclusion that N ÷ 

oxyanion interaction at the TS for the tetrahedral intermediate formation re- 
markably depends on the substrate structure 20) does not seem to be justified. One 
substrate 5 shows inhibition rather than acceleration. From the alternatives of  ex- 
planation offered - -  nonproductive binding and/or induced disfit - -  the former one 
which was favoured 20) is not likely to be the predominant factor, because nonpro- 
ductive binding should not change the value of  k~at/KM 22) the opposite being found 
experimentally. 

In order to put the efficiency of  molecular catalysts into perspective one must 
compare it to their natural analogues wherever possible. The figure for comparison 
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again is given by the k~at/KM-value, since this number appears to be under maximising 
evolutionary pressure in enzymes 23~. Natural broad specificity esterases 24, 2s) exhibit 
a higher efficiency by 104-105 fold than 1, which is even inferior to CTAB micelles 
according to this criterion (Table 2). However, in spite of the obvious paucity in 
catalytic efficiency of 1, it was recognized that the general concept would hold and 
successive structural variation might improve the catalytic capabilities considerably. 

Table 2. Comparison of  esterolytic efficiencies of  natural and abiotic molecular catalysts 

catalyst substrate k¢.t/KM [1 -mo1-1 • s - t ]  

1 2 35.5 
1 4 28.6 
17 3 25 
17 2,4-dinitrophenylchloroacetate 1220 
pig liver esterase p-nitrophenylbutyrate 2.6 • 106 
acetylcholine- acetylcholine 1.6, l0 s 
esterase ethylacetate 2 • l0 s 
CTAB 2 197 

Another attempt to use the host-guest complexation of simple cyclophanes has been 
reported by Schneider 26) They take the easily accessible host 7, an analogue of which 
had been demonstrated by Koga 15) to bind aromatic guest molecules by inclusion 
into its molecular cavity, and study its rate effects on nucleophilic aliphatic substitu- 
tions of ambident anions (NO~-, CN-,  SCN-) on 2-bromomethylnaphthalene 8 
and benzylbromide. Similar bimotecular reactions are well known in cyclodextrin 
chemistry 27) and other artificial host systems 28). In addition to the rather poor 
accelerations observed (see Table 3) the product ratio is changed in the case of nitrite 
favouring attack of the ambident nucleophile via its nitrogen atom. 

CH3| ~ H3 
H3C\ ../CH 3 

N fC " e-~ H~'N 

CH 2 CH 2 

~.. N-  CH2~-N.  
~C"l ~ -°["CH3 

CH 3 CH 3 
7 

[•/CH2Br - CH2Nu 
+ Nu- ---> ~ _ ~ J  ~- B~' 

I0 II 12 

Inhibition of the reaction by the dye 10 and independent NMR-measurements support 
the view that the hydrophobic naphthalenes 8 and 10 but not the smaller benzylbrom- 
ide 12 are complexed by 7. The authors explain their results through the action of an 
entropic effect: The gathering of anions in the vicinity of the host due to electrostatic 
attraction should boost SN2 attack and thus accounts for the preponderance of nitro- 
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Table 3. Pseudo first order rate constants  k~ and product  ratio for substitution reactions of alkyl 
halides with nitrite ion in 5 0 ~  aqueous dioxane, 30 °C; [NO2-] = 0.42 M;  26~ 

substrate additive k¢ • 103 [s- 1] product  ratio 
(concentration, mM)  R-ONO/R-NO2 

8 ........ 0.7 0.50:1 
8 7(43) 2.6 0.37 : 1 
8 7(43) •0(46) 0.6 0.53:1 
8 ••(430) 1.1 20:1 
8 N + (CH3)4(430) - -  6.7:1 

1 2  - - -  1.2 0.34:1 
1 2  7(43) 1.2 0.34:1 

product formation. The rate increase does not parallel the change in product ratio 
which means that several SN2 and SN1 processes in solution as well as in the association 
complex may proceed simultaneously. Since no data are given on the individual 
contributions to the overall process the given explanation seems somewhat super- 
ficial. 

One may question, moreover, whether true catalysis is involved, or the rate aug- 
mentation rather emerges from a shift in the equilibrium constant (see Section B), 
visualizing the large host concentrations necessary to observe the rate effect. In the 
light of the inconclusive measures taken to exclude influences of micellation (from the 
product distribution data one would assume aggregation of the host to take place in 
contrast to N(CH3)4 salt) and the little detailed definition of the rate processes compar- 
ed, the utility of these results to the improvement of molecular catalysts appears 
limited. 

This improvement can be expected from the development of more sophisticated 
host structures. A recent publication of V6gtle et al. 29) documents this trend. They 
were able to synthesize the macrobicyclic heterocyclophanes 13 and 14, which relate 
to each other in an "in-out" isomerism. The uptake of naphthalene derivatives like 
15 was evidenced by proton NMR spectroscopy. In contrast to 14, host 13 is capable 
of binding aliphatic guest molecules like adamantane 16. This is readily conceivable 
on the basis of the steric argument that in 14 the endo methyl group occupies part of 
the cavity space necessary for inclusion binding of the quasi spherical guest 16 and 
thus hampers complex formation. The gross size of the cavity suffices for adamantane 
inclusion as deduced from the positive binding by host 13. 

H 3C --C ~ H - - ~ C H z ~ - N  @ - - ' C -  -'CH 3 

l• OUt-in 
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A strange observation was reported 29~ on the catalytic H/D exchange of 15 in 
acidic D20 solution of 13 and 14: Although either of these hosts form complexes 
with this guest, only 13 displays catalytic H/D exchange. Since no quantitative data 
were given the question whether this observation bears on differences in complex 
structure, ammonium salt acidities or indicates an unexpected change in mechanism 
must remain unanswered at present. 

D.II Functionalized Cyclophanes 

The synthetic strategy of building azacyclophanes lends itself to easy modification 
of the parent macrocycle through attachment of substituents capable of executing 
chemical catalysis mechanisms. Most frequently functions suitable for ester cleavage 
have been introduced. Following this route the supplementation of the quaternary 
ammonium cyclophane 1 with a hydroxamate function leads to the molecular catalyst 
17 3o~ with greatly improved catalytic power (see Table 2). Again the kinetics of cleavage 
of the activated esters 3 and 4 and others can be analyzed in terms of a rapid host- 
guest association followed by the intramolecular attack by hydroxamate anions to 
produce a tetrahedral intermediate. Contrary to the mechanism operative with host 1 
the breakdown of this tetrahedral intermediate appears to be rate limiting in this case 
as is indicated by a Broensted 13 value of --0.6 in a plot of k2 versus the PKa of the 
leaving phenol.'The covalent acyl-host intermediate hydrolyses fast enough to permit 
true catalysis (i.e. turnover) to be observed. Model 17 provides an illustrative example 
of the limitations of simple molecular catalysts. While it may seem straightforward 
to accelerate the rate determining step in a given uncatalyzed reaction by use of molecu- 
tar catalysts with dedicated functionality , these enzyme models in general fall short 
of reaching very high acceleration factors, because another elementary step in the 
multistep reaction sequence takes over and thereby limits the speed of the overall 
process. 

o, C.H3, c cJ 

° H + ROCCH2CI 
o=c, 

O CH 3 CH~I II ~ H 3 0  

: H3 --  -- H3 H2Cl O=--C O 
H -: 

17 

The well known ability of aromatic nitrogen bases to catalyze H/D exchange of phe- 
nols 31~ laid the basis for their use in cyclophane host-guest systems 32~ The introduc- 
tion of pyridinium side chains into a 30-membered azacyclophane ring 18 not only 
renders the molecule soluble in aqueous acid but also enables the deuteration of 
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aromatic diols 15, 19 and 20 which is not observed with simple cyclophanes like 7 
and proceeds more rapidly than with the pyridinium macrocycle 21. 

(1 
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c 
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Again catalysis brought about by 18 appears to result from the joint action of substrate 
complexation as evidenced by IH-NMR shifts (which is not observed with 21) and 
chemical steps conductable by the pyridinium substituents in 18 but not available to 7. 

The azacyclophane 18 is built according to the same general pattern which has 
been successfully applied in the construction of esterolytic octopus-like molecular 
catalysts 33). The design features and catalytic properties of functionalized octopus 
cyclophanes 22 and related structures have been reviewed in depth recently 34). 
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Suffice it to state that in contrast to 22a the imidazolyl-substituted cyclophanes 22b 
and 22c indeed catalyze the hydrolysis of aliphatic carboxylic activated esters, 22c 
being a little more effective. The efficiency as represented by the ratio of pseudo first 
order rate constants of the catalyzed versus the uncatalyzed reaction keat/kun displayes 
a sharp maximum with the ester of tetradecanoic acid (kcat/kun [22c] ~ 100), whereas 
almost no rate acceleration was found with esters of short chain acids. This and acces- 
sory results from spin label and fluorescence measurements together with the rate 
dependence on pH-value support the view that substrate and catalyst arrange each 
other in a distinct manner. The aliphatic chain of the substrate is supposed to be 
wrapped by the "octopus arms" of the cyclophane, causing its coiled structure to 
unfold and placing the ester group to be cleaved in juxtaposition to the nucleophilic 
imidazole moiety. The acylimidazole intermediately formed through attack of  a 
presumably anionic imidazole decomposes at a higher rate and thus establishes a 
catalytic cycle. In model 22 features ofmicelles and molecular catalysts are successfully 
combined, but the purposely built-in hydrophobicity necessary for substrate binding 
shows up in a strong tendency to self aggregation, which limits the applicability in 
practice. 

E Macrotricyclic Ammonium Cage Compounds 

EJ Conceptual Design and Host-Guest Interactions 

Recognising the fact that about 70 ~ of all enzymes act on phosphate esters and 
carboxylates i.e. negatively charged substrates, one may imagine another application 
of molecular catalysts bearing ammonium groups which mimics this frequently 
occurring facet of the biocatalysts: the binding of anionic species in aqueous solution. 
Clearly this task requires an extension of the systems which primarily rely on hydro- 
phobic interactions to effect substrate binding and a novel conceptual design of 
suitable host structures must be developed. The target structures of course should 
possess the general enzymic features which have proved profitable in cyclophane 
enzyme models. As a corollary an anion host must provide a molecular cavity which 
is Shielded from the outside. The cavity should be rimmed by densely packed lipophilic 
walls to constitute a hydrophobic microenvironment like in the interior of enzymes and 
for maximising dispersion interactions. Since the transfer of  heavily solvated anions 
from water into the lipophilic pocket of an host is energetically very unfavourable 
host-anion binding can only be expected if strong and far reaching favourable inter- 
actions outmatch the loss in hydration. By analogy to the enzymes, which in addition 
to forces inherent in their protein nature as~ make utmost use of positive charges 
located on the side chains of arginine, lysine and histidine 36) to bind and orient their 
anionic substrates, electrostatic interactions could serve to bring about complex 
formation in artificial anion hosts, too. The positive charges, however, must be placed 
in a fixed spatial relationship to each other in order to insure that ion pairing with 
the anionic guest will indeed result in a welt definable complex structure. This can 
only be guaranteed by a fairly rigid molecular framework which in turn aids in the 
steric discrimination between different guests. 
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A putatively opposing requirement is the necessity to establish fast guest exchange 
in order to obviate rate limitations in prospected catalytic reactions due to slow 
association - -  dissociation processes. This can most easily be achieved in very flexible 
host molecules, but rigid structures which are not subject to major conformational 
reorientation on complexing the guest species may meet this requirement as well. 

In contrast to host molecules for binding cations examples for anion hosts are 
still very scarce 37~ One simple reason becomes immediately obvious on comparison 
of  the molecular dimensions of  the guest species (Table 4). 

Table 4. Van der Waals radii of selected cations and 
anions 38~ 

radius r (pm] radius r [pro] 

Na + 97 CI- 181 
K + 133 Br- 195 
Cs + 167 I 217 
Ag + 113 BF4 280 
Mg 2 + 78 CIO4- 300 
N(CH3) 2 330 Picrate- 510 

Thus, host molecules which are to take up anions into a cavity must be considerably 
larger than their cation binding counterparts and may easily attain molecular masses 
exceeding 1000 D. Consequently a symmetrical host structure would be helpful for 
monitoring the synthesis with the ordinary instrumental tools of  organic chemistry. 

The synopsis of  the requirements and boundary conditions culminated in the design 
of  macrotricyclic quaternary ammonium salts 23, 24, 25. The synthetic strategy furnish- 
ing these tetrahedral structures has been elaborated by Lehn 39> and is depicted in 

Fig. 1. 

C) Z N  + ~ Z 

~ R  N 
--.. / 

zS-i .z 
Me 

N N+ 

Me 

Fig. 1. Strategy for the synthesis of the tricyclic ammonium salts 23, 24 and 25 
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This route involves three successive cyclisations under high dilution conditions which 
limits the scale and yield of the overall synthesis severely. The parent macrotricyclic 
tertiary amines were obtained in 2-5 ~ overall yield 39,40) and were quaternized under 
selected conditions giving the target structures 23-25 41~ uncontaminated by in-out 
isomers. 

Visualizing the symmetrical architecture and the high ratio of hydrophilic (N ÷ R4) 
to lipophilic (CH2) moieties one must presume that these compounds are not susceptible 
to micellation. This was confirmed through the measurement of ionic conductivities. 
Even the macrotricycle 25 (as fluoride)supposedly most amenable to aggregation 
followed Kohlrausch square root law (equivalent conductivity vs concentration 1/2) 
up to 0.04 M without showing any curvature or break in slope of the plot. Together 
with results from substrate binding and kinetic experiments (see below) it appears 
safe to conclude that the tetrahedral ammonium salts 23--25 are strong electrolytes 
and form molecularly dispersed solutions in water. Solubility, however, markedly 
depends on the counter anion. Chaotropic anions like perchlorate, hexafluorophos- 
phate or tetraphenyloborate precipitate these compounds from aqueous solution, 
which can eventually be used for their gravimetric determination. 

First indications that 24 and 25 indeed served the purpose they were designed for 
- -  the inclusion comptexation of anions in aqueous solution -- were given by their 
~H-NMR spectra (Fig, 2): On addition of iodide to solutions of 24 or 25 in D20 the 
resonances of the c~, 13 and 4/, (8) methylene groups shift to lower field without apparent 
line broadening or splitting but opposing the direction of shift experienced by the 
exomethyl groups. The dependence of shift on iodide concentration (Fig. 2) obviously 
suggests an 1:1 complex formation with guest exchange occuring beyond the fast 
exchange limit of the spectrometer. Similar shifts could be observed with other anions, 
too. The absolute magnitude parallels the size of the anion in the halide series, but 
hydrophilic oxoanions though rather large only showed a very weak effect. The 
tetrahedral macrocycles themselves display big differences: whereas the 1H-NMR 
signals of 23 did not respond to any alteration of the type or concentration of coun- 
terions the resonances of 24 generally were influenced to a greater extend than those 
of the large macrocycle 25. The shifts, however, vanished on addition of acetone and 
were unobservable in methanol. 
These NMR observations are consistently explained assuming a unique type of ion 
pairing: The penetration of an anionic guest into the partially compressed molecular 
cavity of the macrotricycles. Owing to hydrophobic interactions the alkylene chains 
connecting the nitrogen atoms in 24 and 25 will tend to make closest contacts to each 
other, thus reducing the effective diameter of the cavity. The introduction of the anion 
causes a breathing motion of the host, observable as a change in chemical shift which 
affects the bridge methylene signals and the exomethyl resonance in a differential 
manner. A conformational change of the host is unobservable if the structure is not 
compressed in the uncomplexed state due to increased repulsion of the positive 
charges and more hydrophilic bridges as in the smallest macrotricycle 23 or the use 
of a solvent with a less pronounced solvent structure (like aqueous acetone or meth- 
anol). Moreover, if the tetrahedral symmetry of the guest allows an arrangement 
within the cavity with minimal reorganisation of the host structure as the inspection 
of CPK models suggests in the case of oxoanions, the observable effect as well may 
be vanishingly small. 
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Fig. 2a and 5. 200 MHz IH- 
NMR spectra of 24 (mesitylene- 
sulfonate salt) in the presence 
of increasing amounts of I -  ion; 
molar ratio I /24 = Q: a = 0; 
b = 0.25; c = 0.5; d = 2.0, 
internal standard: tert.butanol; 
5 Plot of the changes in chemical 
shift versus molar ratio Q; 
• = N C H  2 protons; 

= N--CH 3 protons 

Direct p roof  of  true inclusion complexat ion was provided by an X-ray crystal 
structure determinat ion o f  the iodide complex o f  24 (Fig. 3)42k One out  o f  four 
iodide counterions occupies the central cavity formed by the host. Nearly identical 
I - - N  interatomic distances and N - - I - - N  angles which very closely approach the 
tetrahedral  s tandard indicate an almost perfect tetrahedral  arrangement of  the positive 
charges located on nitrogen around the encapsulated anion. F rom the notion that  the 
torsional  angles in the methylene bridges generally exceed 160 ° thus maximizing 
the chain length, and the closest contacts of  the encapsulated iodide ion to the alkylene 
carbon atoms correspond to the sum of  their van der Waals  radii  one must  conclude 
that the guest fits very snuggly into the molecular  cavity. The bridges are even distorted 
a little by slight outward bending giving the complex a more spherical shape. This 
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Fig. 3. X-ray-crystal structure of the 
iodide complex of 24 42~ 

f inding lends further  suppor t  to the speculat ion on  the origin of  N M R  chemical  shift 
changes on  complexat ion.  
Fo r  the de te rmina t ion  o l  the guest b ind ing  specificity and  for the e lucidat ion of  the 
factors governing  an ion  complexat ion  the quant i ta t ive  de te rmina t ion  of  dissociat ion 
cons tan t s  was necessary. Since no  single method  sufficed to yield the desired da t a  on  
t h e  whole range o f  guest sustrates, spect rophotometry ,  pH- t i t r a t ion  and  potent io-  
metry  with ion  selective electrodes either directly or  in compet i t ion  exper iments  
served to collect the Constants given in Tables  5, 6, 7 43). Hos t  23, which is the smallest 
and  mos t  hydrophi l ic  macrotr icycle in this series, did no t  form complexes with anionic  
guests exceeding the size o f  bromide.  

Table 5. Dissociation constants (--log Ko = PKr~) of 1 : 1 complexes of anionic guests with host 24 
in water at 298 K (supporting electrolyte 0.1 M sodium- or tetraethylammonium toluenesulfonate, 
methods: A = potentiometry, B = pH titration, C = photometry)43~ 

anion pKD method anion PKD method 

CI- 1.7 A HPO z- 2.5 A 
Br- 3.0 A p-O2NC6H4OPO3 2 2.1 A 
I-  2.7 A Glucose-l-phosphate 2 - 2.2 A 
HCOO - 1.3 B Glucose-6-phosphate 2 - 2.2 A 
CH3COO- 1.9 B Adenosin-5'-phosphate (AMP) 2- 2.0 A 
HCO 3 1.8 B Adenosin-5'-triphosphate (ATP) ~ - 2.5 A 
CO~ - 2,4 A NAD 2.1 A 
H2PO2 2.1 A P-O2NC6H40 - < 0,7 A 
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Table 6. Dissociation constants (pKD) of halide 
complexes with 24 in 95% CH3OH (conditions 
as cited in Table 5) 4a~ 

halide pK D KD(HzO)/KD(CH3OH) 
CI 3.27 37 
Br 4,71 50 
I 4.96 180 

Table 7. Dissociation constants (pK D) of 1 : 1 complexes of anionic guests with host 25 in water at 
299 K, (1 M tris fluoride pit 8.6, ta = 0.22. abreviations as in Table 5)a3~ 

anion pKo method anion pKD method 

p-nitrophenolate 2,3 C benzoate- 0,4 C 
2.4-dinitrophenolate 2.4 C phthalate 2 0.9 C 
Br 2.0 C HPO42 0.3 C 
Br 2.0 A ~ iodoacetate 2.0 C 
N~- 1.9 C Adenosine-5-phosphate 2 - 1.0 C 
I 2.5 C Adenosine-5-triphosphate " - 1.4 C 
SCN 2.9 C 3.5-diiodotyrosine 2 - 1.1 C 
HAsO42 < 0.2 C N-acetyltryptophan- < 0.7 C 

"~ supporting electrolyte: 0.55 M sodium glucuronate 

These da ta  reveal some important  aspects o f  the inclusion phenomenon displayed 
by the anion hosts 24 and 25: Many small and heavily hydrated anions can be bound 
in water with stability constants exceeding those with simple cyclodextrins '~) by 
factors of  20-150. The specificity of  binding, however, is rather poor.  The stabili ty 
pat tern does not  follow the hydrat ion enthalpies of  the anions as is most  obviously 
realized in the halide series. Though bromide ion possesses an intermediate enthalpy 
of  hydrat ion 45) it forms the most stable inclusion complex with 24. 

The situation changes to a monotonous  sequence of  stabilities on going to the less 
solvating solvent 95 % aqueous methanol.  F r o m  the considerat ion of  solvent transfer 
coefficients of  the anions only 46} one would expect the chloride complex to experience 
the biggest increase in the stability constant,  just  the opposi te  being the case. In addi-  
t ion to sotvation, which undoubtedly  plays a prominent  role, other factors related to 
the guest size in comparison with the actual  dimensions of  the molecular  cavi ty 
i.e. the conformat ion of  the host in a given solvent appear  to influence the complex 
equil ibria (vide supra). I f  the guest becomes too large to penetrate into the cavity 
complex formation will not be observed. It will suffice, however, if  only the negatively 
charged moiety of  a substrate, the entire structure of  which is too big for inclusion, 

can be encapsulated. 
Steric repulsion barriers in this case are not  very stringent as is shown by the glucose 

phosphates.  Electrostatic interactions seemingly dominate  complex format ion with 
the smaller host 24 to a greater extent than with 25, the dissociation constants with 
small "ha rd"  anions are typically smaller by a power of  ten with 24, but doubling the 
charge in homologous  anions decreases KD by a factor of  2.5 in either case. The larger 
tricyclic host  25 in turn is much more amenable to the polarizabil i ty of  the guest 
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anion. This indicates that 25 is flexible enough to adjust its conformation to the incom- 
ing guest in order to make use of the short range dispersion forces. One might have 
expected that the quadrupolar coulomb field of the ammonium hosts should stabilize 
tetrahedral anions most which possess an exactly complementary charge distribution. 
Opposite to this idea the macrotricyclic anion hosts behave as if their molecular cavities 
were to a first approximation spherical. 
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E.II Rate Effects Shown by Macrotricyclic Quaternary Ammonium Salts 

From the energetic point of view the formation of inclusion complexes between 
hosts and guests means a stabilisation of the ground state which in principle should 
show up as an altered reactivity of the guest molecule. In the simplest case substrate 
reactivity of the particular kind under consideration is totally lost in the noncovalent 
complex. Consequently the rate of the reaction in question will drop reflecting the 
fraction of unbound substrate that still can undergo the spontaneous process. Inhibi- 
tion will only depend on the amount of host relative to the dissociation constant of 
the host-guest complex. Systems of this type afford a dynamic protection of the sub- 
strate i.e. protection that is based on a readily reversible equilibrium. However, as 
with other protecting groups, this is not a catalytic process but the host compound 
is required in reagent quantity. A useful application has been highlighted by A. G. M. 
Barrett et al. 47) who took crown ethers for selective protection of primary ammonium 
functions in polyamines against acylation. 

The idea that inclusion of an anionic function into the molecular cavity of a macro- 
tricyclic ammonium salt might protect this moiety and probably its vicinity against 
reagent attack by simple steric repulsion was tested in the alkylation of tyramine 26 
and p-coumaric acid 28. These bifunctional compounds offer the opportunity to 
detect protective action by product ratios emerging from competitive reagent attack 
on the same substrate. Whereas the reaction of 26 with methyl tosylate and base in 
ethanol yields on mixture of O- and N-methylated products, addition of host 24 
changes the picture completely: Now only N-methylated products are formed, so 
that clean dimethylation at nitrogen can be effected with excess reagent. This result 
is consistent with the assumption of a no,ncovalent complex formation involving the 
anionic phenolate moiety and the tricyclic host molecule which prevents reagent attack 
at this substructure. The host is too small to cover the entire substrate so that the 
aminoethyl side chain might rather stick out into bulk solution and thus be amenable 
to atkylation. 
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Coumaric acid 28 presents a more ambitious problem because differential protection 
of two competing anionic sites is to be observed 48). In the absence of 24 any possible 
esterification and etherification product is formed but adding a slight excess of host 
24 switches the reaction paths to the exclusive production of the ester. The absolute 
reaction rate drops considerably indicating that host-guest complexation effects both 
reaction centers of the substrate. Nevertheless the differences in their reactivities are 
stressed by virtue of  this dynamic protection preferentially at the phenolate thus 
enabling the enhancement of reaction selectivity. 

The total abolition of reactivity of  the guest by inclusion complexation represents 
an extreme case. In practice one should be able to find examples in which the substrate 
in the host-guest complex shows a more or less weakened reactivity or no change at 
all. Even rate augmentations in truely catalytic reaction cycles may be observed. 
The situation is best discussed with the aid of  reaction diagrams (Fig. 4). 
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Fig. 4. Reaction diagram of a 
monomolecular reaction of 
substrate s in the absence and 
presence of a complex forming 
host molecule h 
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In terms of transition state theory the rate of an uncatalysed monomolecular reaction 
(chosen for the sake of simplicity of argument) of substrate s is governed by a free 
enthalpy barrier (path A, Fig. 4) AGu*, which determines the "concentration" of 
molecules in the transition state. On addition of an host molecule h an alternative 
reaction pathway is provided which initially leads to the rapid formation (low barrier) 
AG,* of a corresponding host-guest complex hs, This complex lies in a minimum of 
free energy (AG o ) which translates as the association constant. If the stabilization 
(loss in free energy) experienced by the substrate AG o just matches the stabilisation 
of the transition state by the host (AG~*, = AG~*a0 no rate effect would be observable 
(path C). But if the energetic stabilisation of the TS exceeds or underscores the stabilisa- 
tion of the substrates (paths B or D), rate augmentation or inhibition, respectively, 
results. Dynamic protection by steric repulsion of the attack of reagents thus may be 
imagined to emanate from an extremely high free energy of activation caused by the 
very unfavourable activation entropy of a productive encounter of the reaction partners 
in the confines of the molecular cavity. 

Since it is the difference in the energetic interaction of ground state and transition 
state with the host molecule which becomes apparent as a change in reaction rate 
one can envisage the types of reactions which should be prone to catalysis or inhibi- 
tion by the macrotricyctic ammonium salts. The influences of activation entropy are 
very hard to predict because there is no means of estimating the steric restrictions 
within the complex. If the molecular cavity is large enough to host both reaction part- 
ners in a bimolecular reaction prior to their rate limiting chemical conversion step, 
the entropic advantage of transforming a bimolecular into an intramolecular reaction 
can boost the overall rate, too. Enthalpic contributions to the activation barriers can 
be asigned much more readily. From the study of anion complexation it was concluded 
that the complex stabilities with the quaternary ammonium hosts 24 and 25 increased 
the more negatively charged and the more polarizable the guest was. Thus reactions 
running through highly delocalized anionic transition states with a greater nominal 
charge than the ground state are expected to experience an accelerating effect. On 
the contrary reactions involving monomolecular bond dissociation to produce an 
ion pair or even a cation in the rate determining step should be inhibited. These predic- 
tions can only hold if the substrate(s) are actually bound by the tricyclic host. The 
cyclisations of 3-(o-hydroxyphenyl)propylhalides 30 offered the opportunity to check 
these conceptual ideas on monomolecular aliphatic substitutions. 

30 x 
o Cl 

b Br 

C I 

31 

-t- It- 

Similar reactions have been studied by Illuminati 49). The gross transition state 
structure of the uncatalyzed process did not vary with the leaving group as judged 
from the nearly identical activation entropies. It most likely should be described by 
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Table 8. Kinetic and activation parameters for the cyclisations of 30a-c in the absence (un) and 
presence (cat) of tricyclic host 25.24 "C, carbonate buffer pH 10.6 ,~8j 

substrate keat/k,, K M [mM] AH* [KJ • mo1-1] A S *  [J . K -1 - mol -~1 

u n  cat  un ca t  

3Oa 0.53 1.25 98.1 108.9 + 14.7 +45.2 
30b 0,86 90.3 + 15.0 
30c 2.9 1.52 92.5 72.5 + 18.0 ---39.8 

an intramolecular SN2-type structure. The smaller tricycle 24 did not affect the cyclisa- 
tion rate at all but the larger ammonium host 25 displayed differential rate effects 
depending on the leaving substituent (Table 8),8). Whereas cyclisation of 30a and 
30 b was inhibited in the presence of  25, the iodo compound 30 c experienced a moderate 
rate enhancement. Clean first order kinetics were maintained which eased the elucida- 
tion of the factors causing this unexpected result. 

Thus the activation parameters of the reactions of 30 in the presence of host 25 
strongly suggest different transition state structures for 30a and 30c, respectively. 
The iodo compound 30c experiences a considerable diminution (,,-20 KJ) of its 
enthalpic barrier by virtue of the interaction with host 25, but this favourable effect 
on rate is counteracted appreciably by the concomitant loss in activation entropy. 
This result is consistent with the expectations advanced on the grounds discussed 
above. The chloro derivative 30a in contrast does not fit readily into this picture. In 
particular the enhancement of  the activation enthalpy suggests that a different sub- 
stitution mechanism might be operating in the complex. This could be caused by a 
peculiar structure of the host-guest complex that is not available to 30c and shows up 
as an increased though unexpected complex stability (see Table 8). The bromo com- 
pound 30b just barely displayed a rate effect which impaired the determination of 
the activation parameters. 

Delocalized highly polarizable anionic transition states occur in certain elimination 
reactions, too. The breakdown of erythro-dibromophenylpropanoic acid 32 provides 
an example which can serve to test the influence of the tetrahedral ammonium hosts 
upon two alternative competing reaction pathways. The investigations of Groven- 
stein 50) and Cristol 51) revealed that 32 may either undergo rate limiting dissociation 
of the benzylic carbon-bromine bond which ultimately leads to the formation of 
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isomeric bromostyrenes 33 in a ratio of their thermodynamic stabilities (E/Z 9: 1) 
(path A). Alternatively 32 may fragment in a concerted process yielding the less 
stable Z-bromostyrene, exclusively (path B). The product ratio of geometric isomers 
thus reflects the relative proportion of substrate processed by either pathway. 
In aqueous methanol the substrate 32 spontaneously breaks down to give an E/Z 
ratio of 1.64. The presence of 0.04 M host 25 does not only speed up the consumption 
of 32 by 36~o but also leads to an isomer ratio E/Z of 0.4852), with the 
thermodynamically less stable Z-33 now predominating. Obviously host 25 specific- 
ally accelerates path B which runs through the more delocalized anionic transition 
state. This result is in support of the rational developed to understand the molecular 
catalysis of the quaternary ammonium host 25 and it illustrates a genuine enzyme- 
like feature: From an alternative of reaction modes one has been selected thereby 
establishing reaction specificity. 

In an attempt to extract information on the mode of host-guest association from 
kinetics the decarboxylation of 6-nitrobenzisoxazole-3-carboxylate 34 in the presence 
of quaternary ammonium hosts was investigated 53) This reaction has been shown 54) 
to follow clean first order kinetics the absolute rate being extremely dependent on 
the solvent. Addition of an ammonium host 36, 24 or 25 
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Scheme 1. Reaction scheme for the kinetic analysis of the decarboxylation of 34 in the presence of 
host compounds 
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Table 9. Kinetic parameters of the decarboxylation of 34 in water at 25 C in the presence of hosts 
36, 24, and 25 at [host] > [34], FM,e I = normalized figure of merit: ku. • KD/k¢,, s.~l 

host lkc. t [s l] 'K D [M] lk~.,/ku, lkc~,/1KD [1 " mo1-1 • s -1] FMre I 

36 1.15.10 -'~ 0.46 31 2.5. lO "~ 2.2 
24 1.35.10 "~ 1.3 
25 3.97.10 4 0.037 110 1.07.10 2 100 

to an aqueous solution of  34 ([host] > [34]) enhances the decarboxylation rate in 
any case but 36 and 25 only give saturation type kinetics on increasing the host con- 
centration. Analysis of  the rate effects according to Scheme 1 yields the constants 
given in Table 9. 

These data reveal that the larger tricyclic host 25 is by far the most efficient catalyst 
in this series. Although the catalytic effect at saturation kcat/kun compares favourably 
to other host-guest systems (e.g. [3-cyclodextrin = 3.5) 57) it is only moderately higher 
than with the monocycle of  the same ring size 36 and falls short of  the values expected 
on the basis of  the solvent effect on rate. The dependence of  ground state binding on 
the structure of  the molecular catalyst is much more pronounced. Replacing the three 
dimensional cavity of  25 by the "two dimensional" pocket of  the monocycle 36 

lowers the complex stability by a factor of  12. Host-guest association with 24 which 
cannot take up aromatic molecules into its cavity is too weak to be quantified by the 
kinetic method. In synopsis with the surprising finding that the rate effect exhibited 
by 25 in this reaction does no depend on temperature, i.e. catalysis emerges solely 
from a change in activation entropy rather than from an enthalpic stabilisation of  
the transition state in the host-guest complex, one may conclude that in the catalysed 
process the carboxylate moiety undergoing the actual chemical conversion is not 
included into the molecular cavity but feels much the same molecular environment 
as in the uncatalysed reaction. Host-guest association in this case is mediated through 
hydrophobic contacts of  the nitroaromatic portion of  34 penetrating into the molecular 
cavity of  the host. 

Catalysis then is apparently brought about by removing the "high energy" water 
structure lined up around the hydrophobic moiety of  34. Thus the - -  in terms of  its 
entropy requirement - -  costly rearrangement of  the solvent structure on approaching 
the transition state is largely avoided and a greater activation entropy and consequently 
an augmentation in rate can be realized. Again this system demonstrates close analogy 
to the biocatalysts: Catalysis is caused by virtue of  favourable interactions of  non- 
reacting parts of  the substrate with the catalyst which removes an unfavourable 
component  from the rate limiting activation process. 

Analogy can be driven farther still. The catalytic power of  25 in the decarboxylation 
process suffices to analyze the rate effects using "catalytic" quantities of  the host 
([25] ,~ [34]). Under these conditions sigmoidal kinetics are observed (Fig. 5) which 
fit to a Hill equation taking 1.4 as an apparent Hill coefficient s3~. This suggests a 
cooperativity phenomenon to take place and requires the extension of  Scheme 1 a 
to I b with involvement of  a 1:2 host-guest complex to accomodate the experimental 
facts. The question whether the positive cooperativity observed is due to better bind- 
ing of  the second guest molecule or rather originates from a higher turnover number 
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Fig. 5. Dependence of initial rates vc. , of the decarboxylation of  34 on substrate concentration under 
the experimental condition [host] ,¢ [s] 53~ 

in the 1 : 2 complex can be answered by the kinetic analysis. It turns out that cooper- 
ativity emerges from an increased stability of the complex hosting two guest molecules 
(~KD = 0.037; 2K o = 0.015) which is counteracted marginally by a decrease in 
kea t (lkca t ----.----4' 10 -4 S-l; 2kca t = 3.3'  10 -4 s-l). One can rationalize this result 
with the aid of space filling CPK models recognizing the mismatch of host and guest 
structure. The flat plate like substrate cannot fill up the nearly spherical cavity of 
25. On penetration of the hydrophobic moiety into the possibly collapsed molecular 
pocket of the host a void is opened which eases the uptake of a second guest molecule 
in the same fashion. The hydrophilic portions suffering the chemical conversion 
extend through different faces of the tetrahedral cage into bulk solution. In this way 
no interaction between these groups is possible as documented by the nearly identical 
turnover numbers in the 1 : 1 and 1:2 complexes. NMR-measurements do support 
this picture although taken alone they do not suffice for a meaningful evaluation. 
This example illustrates that even kinetic cooperativity which defines an important 
aspect of enzyme regulation can be mimicked by simple artificial models, too. 

Bimolecular reactions may gain a huge rate enhancement if a host molecule manages 
to gather both reaction partners in a rapid equilibrium fashion in a ternary complex 
prior to the rate limiting step. Theoretical estimations of this entropy effect assess 
the maximum magnitude of its rate acceleration factor to 108 ss~. Although in ground 
state complexation studies the formation of 2:1 (ternary) complexes involving two 
guest anions and the macrotricyclic ammonium host has never been observed, the 
results emerging from the decarboxylation of 34 evidenced the possibility of their 
existence at least if the guests were partially hydrophobic. The evaluation of the most 
informative monomolecular rate constant kea t f o r  the rate limiting process within the 
ternary host-guest complex and the order of guest association may advantageously 
follow the strategies developed from steady state enzyme kinetics. This requires, 
however, a certain minimum catalytic activity of the molecular catalyst and may in 
practice frequently collide with experimental boundary conditions imposed by the 
reaction under consideration (rate detectability, rate magnitude, solubility etc . . . .  ). 
Part of the relevant information on the kinetics of Scheme 2 is easily extracted simply 
by introduction of pseudo first order conditions which saturate the host with respect 
to one reaction partner. This reduces the complexity of the kinetics considerably but 
an answer to the relevant question whether the reaction involves the formation of 
a kinetically kompetent ternary complex or rather prefers a direct conversion pathway 
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kun 
H + A + B  ........ ~ P + Q + H  

/ \  
2k 

A ÷ B c H  B + A c H  cat ~- p + Q c H  Q ÷ P C H  

A~B c H ~ p~Qc H 

Scheme 2. General reaction scheme for the kinetic analysis of bimolecular reactions between sub- 
strates A and B as catalyzed by host H 

(2kc, t, in the terminology of enzyme kinetics this would be a Theorell-Chance mecha- 
nism) cannot be found. 

Instead the analysis brings up a second order rate constant kcat characterising the 
attack of B on A ~ H (if A was the reaction partner used in excess to define pseudo 
first order conditions and to saturate the host H, see Scheme 2), which may be identical 
to 2kc, ~ but alternatively may also represent tkc,t/aKm The comparison of k¢,, and 
k , ,  reveals the change in reactivity experienced by guest A towards B on binding to 
the host molecule. 

Inspired by the pioneering work of Tabushi (Chapter D) the effect of the macro- 
tricyclic quaternary ammonium hosts 24 and 25 on the hydrolysis of the activated 
carbonyl derivatives 37 and 38 was studied. In contrast to the polyammonium cyclo- 
phane 1 which gave a maximum rate enhancement kcat/kun of 2.6 with 4 and 13-cyclo- 
dextrin which yielded an enhancement factor of 16 with 38 65), neither 24 nor 25 
displayed a significant rate effect in hydrolysis of 37 or 38. This surprising finding 
could simply mean that substrate binding by the host is so weak ( K _  < 15 1. mol-~, 
if k~,~/k~n = 1,5) that catalysis escaped the detection under the experimental condi- 
tions. Therefore another second order reaction of 37 was investigated in which the 
binding of one reaction partner to the tricyclic hosts had been unambiguously proven. 
The cleavage of 37 by azide experienced an inhibition in the presence of 24 and 25. 
This is readily understandable with the aid of CPK models in the case of the smaller 
tricyclic host 24. Here the formation for the transition state composed of the two 
reaction partners and the host would require to overcome considerable steric barriers. 
Thereby the free energy of activation is increased for this process and the reaction 
rate drops accordingly. The same argument does not hold for the larger host 25, 
because model inspection suggests that transition state formation should hardly be 
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affected sterically. The inhibition with 25 rather points to a lack of stabilization of 
the transition state by 25 relative to the ground state host-guest complex. As a rational 
one can assume that the attack of azide onto 37 leads to a transition state in which 
the charge is largely localized on an oxygen atom. Since anion binding in 25 increases 
with the polarizability ("softness") of the guest (see Chapter EI) the transfer of charge 
from a more (N 3) to a less delocalized state on activation is a disfavoured process and 
should show up a decreased reaction rate within the host-guest complex i.e. inhibition. 
In order to observe catalysis with 24 or 25 one must look for reactions running through 
more delocalized transition states than their ground states. One of the sterically least 
demanding processes of this type is the nucleophilic aliphatic substitution of methyl- 
iodide by azide. In fact this reaction showed a marked rate augmentation in methanol/ 
H20 in the presence of 25 which followed saturation type kinetics 52) (Fig. 6). The 
evaluation of the catalytic rate constant was hampered by experimental difficulties 
but a minimum enhancement factor k¢at/k,n of at least 200 in 50 % aqueous methanol 
could be estimated. Clean first order dependence in methytiodide was observed in the 
catalysed reaction and no indication of saturation behaviour with this substrate was 
detected in the attainable concentration range (< 0.1 M). 

CH3I + N 3 b N;~"C"-I  ~ CH3N 3 + I -  

H H  

25' 

20' 

15' 

IO' 

5' 

Vobs'10 6 

• ~ " /  cat. ° M.mir~ I 

J / 
[ uncat .  

/ 

.ol .~s .i 35 .~ 

Fig. 6. Nucleophilic substitu- 
tion of methyliodide by azide. 
Dependence of initial rates on 
nucleophile concentration in the 
absence (uncat.) and presence 
(cat.) of 25 (0.01 M). [CH31 ] 
= 0.01 M 

These results confirm that the macrocyclic host 25 can indeed tune the reactivity of 
azide depending on the reaction type : it boosts reaction rates if soft anionic transition 
states are involved but retards those reactions that require the localisation of charge 
on "hard" centers in the course of activation. 

To put this working hypothesis on a more quantitative basis aromatic nucleophilic 
substitutions with azide as a nucleophile were tested for catalytic effects with 24 
and 25. The corresponding transition states are even more delocalized than their 
aliphatic counterparts and thus higher rate augmentations should be expected. All 
or part of this favourable effect, however, can be anihilated due to an unfavourable 
activation entropy because the formation of the large transition state may suffer from 
the severe steric restrictions in the cavity of the host. As a corollary it was no surprise 
to find that the smaller tricyclic host 24 inhibited the substitution of 39 with azide in 
aqueous methanol 52> The same reaction experienced a big rate acceleration in the 

125 



Franz P. Schmidtchen 

presence of  the larger host 25 5zl. An extended study revealed s6) that azide substitu- 
tions of  the other halonitrobenzenes 40-43 as well were catalyzed by 25 (Table 10). 
The enhancement factors increase with the size of  the halogen substituent though 
from steric considerations one would expect the opposi te  to happen. 

Obviously steric requirements cannot  be the dominant  rate determining factors, 
The apparent  increased reactivity of  azide in these reactions may be compared  to 
the similar effect observable on its transfer to aprotic solvents which was at tr ibuted 
to desolvation phenomena 46,58). Solvent transfer coefficients, however, show that 
the nucleophile is destabilized in these cases whereas its inclusion into the molecular  
cage of  the host clearly exerts a stabilisation (free energy loss) of  the guest. Nevertheless 
this penetrat ion involves desolvation in the sense that  the original solvent shell must  
largely be replaced by the host structure. The host thus constitutes a "microsolvent"  57) 
that  has to have an even higher solvating power towards the transit ion state under 
considerat ion in order to bring about  rate enhancements,  The increase in the rate 
enhancement factors with the size of  the halogen substituent thus reflects the better 
interaction of  the host structure with the more extended charge distr ibution of  the 
transit ion states. The finding that the anionic substrate 43 shows the biggest rate 
enhancement in this series adds further support  to the idea of  transit ion state "solva- 
t ion" by the host being the responsible factor for rate acceleration. Anion binding to 
25 in the ground state had taught that doubling the charge of  the guest increases host-  
guest complex stability. Consequently, the formation of  a transit ion state of  higher 
nominal  charge than the ground state should receive an extra stabilisation in the 
cavity of  the host that reduces the free energy barrier  between these states and thus 
speeds up the reaction rate. 
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Table 10. Kinetic parameters of aromatic nucleophilic substitutions of 39~13 by azide in the absence 
and presence of host 25 in 25 ~,; CHaOH/H20 at 25 C 5m 

substrate kun [1 -mol -~ • s -1] k,~t [1 ' mo1-1 • s i] k~,/k~, ku, • KD/k,~t [M] FM 

39 4.0" lO -2 1.9 48 1,4' 10 -'~ 
40 7.9 " 10 ~5 1.0" 10 -2 131 4,4 ' 10 -s 
41 1.2' 10 °''+ 1.5 " I0 '2 122 4.8' 10 --5 
42 9.2" t0 -5 2.1 "10 -2 227 2.5'10 -5 
43 9.3" 10 -4 0.62 670 7,0 " 10 -6 
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Table l0 contains a column that gives a measure of  the efficiency (Fig. of  merit FM) 
of  25 in the catalysis o f  these substitution reactions. It translates as the concentration 
of  catalyst required to double the uncatalyzed reaction rate. Obviously the quaternary 
ammonium host 25 is by several orders of  magnitude more active in the catalysis of  
these reactions than common micelles forming surfactants, which characteristically 
display catalysis only above their critical micelle concentration. 

If  desolvation of  the anionic nucleophile is to be the prominent factor in the molec- 
ular catalysis one would expect the most heavily solvated guest to display the largest 
rate enhancement factors at saturation in a given type of  reaction. Heavy sotvation 
o f  the anion may, however, impair host-guest complex formation so that the complete 
kinetic analysis with evaluation of  every rate- or complex stability constant might not 
be possible. This turned out to be the case when the rate effects o f  different anionic 
nucleophiles in aromatic nucleophilic substitutions were studied 59). The catalysis by 
the polyammonium host molecule 25 in most of  these reactions could only be charac- 
terized by a Fig. o f  merit (FM = ku,  " Ko/kc, , )  but not by individual rate constants. 
In the case of  nitrite nucleophile, however, the favourable situation was met that the 
role o f  this anion in aromatic nucleophilic substitutions had been thoroughly investi- 
gated 6o) and host-guest complexation happened under the experimental conditions 
of  catalytic rate constant determination, 

The data o f  Table 11 reveal that the reaction o f  39 with N Q -  shows similar features 
in the catalysis by ammonium hosts as the one using azide : Whereas the smaller tetra- 
hedral host 24 displayes no rate effect the larger host 25 gives pronounced catalysis. 
Even the macromonocycle 36 corresponding to one face o f  the tricycle 25 shows some 
rate augmentation. But covering the "two dimensional" cavity of  36 by a hydrophobic 
cap containing one additional positive charge to construct the three dimensional 
cavity of  host 25 boosts the efficiency of  the catalyst 70 fold. Again this supports the 
idea that the segregation o f  the guest anion from bulk solution through inclusion 
complex formation is vital to the efficiency of  the catalysis. 

Table 1 i. Kinetic parameters of aromatic nucleophilic substitutions with nitrite ion in 25 ~'/o CH3OH/ 
H2Oat25~C;K o ( N O  2 ~_ 25) = 0.031 M59~ 

substrate catalyst ku, [mol- l s-I 1 kc, t [tool - 1 s-J] k,,~/k~n k , ,  • Ko/kc, , [M] 

39 36 7.7 • 10 -5 1.0.10 z 
39 24 7.7.10 5 no significant catalysis 
39 25 7.7 - 10 s 1.72 - 10 -~ 223 1,39 - l0 -4 
40 25 3.2, 10 -6 1.9. 10 -~ 590 5.2. 10 -5 
43 25 1.7. 10 -4 0.167 950 3.3.10 -5 

The comparison of  rate enhancement factors of  25 with azide (Table 10) and nitrite, 
respectively, (Table 11) discloses, that nitrite experiences the larger effects but follows 
the same pattern with respect to the organic substrates as azide. The determination 
o f  the activation parameters o f  the reaction between 43 and NOz  revealed that the 
rate advantage of  the catalyzed (by 25; AH* = 41.4 + 3 KJ/mol;  AS* = --121 
_ 8 J/K/tool) versus the uncatalyzed reaction (AH* = 61.9 4- 3 KJ/mol;  AS* 
= --109.2 + 8 J/K/mol) is entirely due to the diminution o f  the enthalpic barrier, 
This documents the strong stabilisation of  the transition state mediated presumably 
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Table 12. Kinetic parameters of the reaction of 40 with nucleophiles, 
by 25 in 25 ~ CH3OH/H20 at 25 ~C 59~ 

uncatalyzed or catalyzed 

nucleophile k., [mol-I s-l] k~.t!Ko [mol-2 s- 1] ku. • KD/k¢,t [M] FM 

O H -  1.4 • 10 -4 3.6"  10 -2 3.8 • 10 -3 

p- O C 6 H 4 C O O  3.6"  10 -4 38.1 9 .5"  10 -6 

N O £  3 . 2 '  10 6 6.1 • 10 -z  5 .2"  10 5 

N 3 7 .9"  10 -5 1.8 4 .4"  10 -5 

- S C H z C O O -  4.1 7140 5.7"  10 -4 

- S C H 2 C H 2 O H  2,5 2240 t . t  " 10 -3 
SO~ 7 .0"  10 z 16.1 4 .3"  10 -3 

by electrostatic and dispersion forces of the host. Activation entropy counteracts 
this decrease in the potential energy barrier to a minor extend. 

Host 25 exhibits considerable kinetic selectivity with respect to the type of the 
nucleophile in aromatic nucleophilic substitutions. The figures of  merit (FM, Table 12), 
which determin the selectivity of the catalysis in nucleophilic attack on the substrate 
40 in competition of the nuleophiles with each other, may be used as a guideline to 
separate the nucleophiles into two groups: Apart from O H -  which constitutes a 
special case presumably due to its unusual solvation properties, the first group is 
composed of oxygen- and nitrogen nucleophiles and is characterized by a strong 
susceptibility to catalysis by 25 (low FM). The other group contains the sulfur nucleo- 
philes and exhibits FM-values at least a power of ten higher than those of the first 
group, indicating a greatly decreased catalytic efficiency. The experimental data do 
not suffice to split the FM values into the contributions of ground state binding of 
the nuleophile (K D) and the activation process (kcat). Thus the roots of the observed 
selectivity cannot be rigorously explored though in view of the anion binding studies 
and the rate effects analyzed a fair guess would assign this effect to k~at rather than 
to KD. 
From the rate studies the macrotricyclic quaternary ammonium host 25 emerges as 
an efficient though very simple enzyme model: It is a water soluble compound of 
well defined structure and size which possesses one molecular cavity (active site). 
Substrate binding occurs there in a specific fashion and may initiate catalysis in certain 
reactions. The rate effects demonstrate reaction - -  as well as substrate specificity and 
originate in principal from entropic and enthalpic diminution of the rate limiting free 
enthalpy barrier. Even kinetic positive cooperativity can be observed. 

Based on its success in mimicking a variety of essential facets of biocatalysis and 
on the magnitude of rate enhancements achieved host 25 at present compares favour- 
ably to artificial enzyme models of alternative structure. 

F Miscellaneous Polyammonium Catalysts 

F.I Azacrown Ethers 

Although the synthesis and host-guest chemistry of azacrown ethers is well develop- 
ed 61) their exploitation as molecular catalysts has been comparatively scarce. A 
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particularly interesting example has been communicated by Lehn et al. 62) who studied 
the hydrolysis of adenosinetriphosphate (ATP) as catalyzed by various macrocyclic 
polyammonium compounds. This reaction owes much of its attraction to the analogy 
to biological systems because it relates to fundamental processes like photosynthesis, 
oxidative phosphorylation, muscle action, active transport etc. Polyammonium 
macrocycles had been demonstrated to bind adenosine nucleotides in water 63) and 
although the structure of the complexes remained unexplored the search for potential 
effects on the reactivity of these ubiquitous nucleotides appears logical. 

Indeed, most of the polyammonium compounds studied 62~ exhibited more or less 
pronounced catalysis of the hydrolytic cleavage of ATP. The most efficient compound 
in this series was 44 showing a pH-depent rate enhancement factor kobs/k,n exceeding 
570 at pH 8.5. Based on the notion that catalysis correlates to the sum of all complex 
species present (which may differ with respect to their protonation state) and the 
observation of kinetic saturation one must conclude the host-guest complexation 
is a prerequisite to catalysis. However, this condition is certainly insufficient since 
some macrocycles which form rather stable complexes with ATP only show very poor 
catalytic activity. There appears to be no obvious correlation between the host struc- 
ture and the rate enhancement observed, which makes it hard to arrive at a plausible 
explanation of the rate augmentation. The course of the hydrolysis could Unambig- 
uously be shown to follow a stepwise sequence furnishing at first ADP which subse- 
quently breaks down to AMP and orthophosphate. Making use of the 31p-NMR 
method to monitor the reaction an intermediate -- possibly a phosphoramidate 
species --  could be identified at neutral pH, which might offer a clue to the catalytic 
action. Nucleophilic catalysis by an unprotonated amino function of the macrocyclic 
host could in fact explain the formation of this phosphoramidate intermediate and 
in addition would account for the rate increase since these intermediates can hydrolyze 
at faster rates at a given pH-value than the parent phosphoric anhydrides. From the 
other two factors suggested by the authors to be involved in catalysis - -  general acid- 
and electrostatic catalysis, respectively --  the latter one seems to exert a less likely 
contribution, because it is hard to visualize an extra electrostatic stabilisation of the 
rate determiriing transition state within the host-guest complex that has not already 
been realized on complex formation and thus cannot contribute to the diminution of 
the activation energy at saturation. 
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The understanding of the origin of catalysis in these reactions suffers severely from 
the lack of information about the structure of the host-guest complexes so that any 
explanatory attempt remains highly speculative at present. 
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F.H Steroid Based Catalysts 

Molecular catalyses need not necessarily rely on macrocyclic host compounds. The 
relevant feature - -  host-guest complexation - may as well be shown by substances, 
which in addition to providing rigid hydrophobic surfaces suitable for association 
to lipophilic substrates are equipped with some catalytically active functionality. 
A compound of this type is the steroid based imidazole 47 64) which was designed to 
catalyze the hydrolysis of hydrophobic activated esters. The idea influencing the 
construction was the anticipation that hydrophobic substructures should bind to 
the steroid surface in a fashion to bring the nucleophilic imidazole and the ester func- 
tion of the substrate into close proximity. A comparison of the rate constants and the 
enhancement factors obtainable only after very sophisticated analysis of the kinetics 
revealed that this hypothesis holds in fact. As a corollary the more hydrophobic 
ester is hydrolyzed faster with either catalyst 47 or 48, but the greater efficiency of  
47 leaves little doubt that in the catalytic action with this compound both steriodal 
hemispheres must cooperate to bind the substrate. The most plausible host-guest 
structure would then require the plate like aromatic substrate to be "sandwiched" 
between the steroid ring systems thus maximizing hydrophobic contact. These molec- 
ular catalysts, however, suffer from their very limited water solubility which 
complicates the kinetic analysis but the prospected introduction of supplementary 
ammonium functions replacing the keto groups should ease this restriction and further 
aid in the catalysis. 
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Table 13. Rate enhancement factors of the hydro- 
lysis of 49-51 as catalyzed by 47 and 48 relative to 
the catalysis by unsubstituted imidazole. (recalculat- 
ed from the data given in Ref. 63)) 

49 50 5 l 

47 4.3 68 200 
48 0.8 1.2 3.2 

G Conclusion 

Polyammonium salts are particularly well suited to the construction of  host-guest 
systems possessing catalytic activity (molecular catalysts). In addition to the ease and 
variability in the build up of  molecular frameworks inherent in this class of  com- 
pounds the hydrophilicity of  the charged group represents their most prominent 
aspect. Thus water solubility of  host can be retained although very hydrophobic 
moieties have to be incorporated into its structure in order to effect substrate binding. 
The range of  water soluble host systems span from heterocyclophanes, azacrown 
ethers, macrocyclic cage compounds to dimeric steroids. Hydrolytic reactions of  
carboxylic- or phosphoryl derivatives, decarboxylations as well as nucleophilic 
aliphatic- and aromatic substitutions are the only reaction types known so far to be 
amenable to catalysis by polyammonium hosts. The rate enhancement factors in 
these truely catalytic reactions generally amount  to 10-100 with a few cases reaching 
a factor of  1000 or more. Compared to the natural enzymes this still appears to be 
quite modest, but as simple as these nonproteinogenic molecular catalysts are they 
in fact mimic qualitatively many of  the essential features of  the biocatalysts success- 
fully. Moreover they bear the potential of  rational redesign in order to improve their 
catalytic properties. Thus it seems likely that the present first generation of  poly- 
ammonium catalysts will evolve to more sophisticated systems including serveral 
binding- or catalytically active moieties. This synthetically demanding path to modular 
catalysts rather than the development o f  completely novel host structures appears 
to be the more promising approach to the enhancement of  selectivity in chemical 
systems, which in turn is the underlying motivation to design artificial polyammonium 
molecular catalysts. 
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1 Introduction: How to Complex Organic Molecules? 

A relative young topic in organic chemistry, but facing increasing interest, deals 
with the complexation of organic molecules (as guests) inside cavities, niches or 
pockets of larger synthetic molecules (as hosts). This field has become widely known 
as Host/Guest Complex Chemistry 1). 

The sophisticated goal of this research area is to mimick enzymes in their capability 
to bind substrates fast, selectively and reversibly, and to catalyse chemical reactions. 
In addition to that, knowledge is searched also with regard to the mechanisms of the 
action of odourants and tasting substances and drugs in general. Through investiga- 
tions, using host and guest substances, molecular binding and recognition processes z) 
underlying such physiological effects most probably can be understood in detail. 
Studies in this direction should also give more insight into weak, but multiple inter- 
molecular interactions similar to those that are often responsiNe for the binding of 
substrates and ligands to proteins and enzymes in biological systems. The fundamentals 
of these weak inter- and intramolecular interactions are not sufficiently understood 
as yet. 

Particularly, water-soluble host cavities are thought to mimick the above mentioned 
biochemical interactions because water is the common medium in physiological 
processes. 

In this progress report besides remarks on the complexation of cationic and anionic 
guests, special emphasis will be drawn to the encapsulation of uncharged organic 
guest molecules by large cavities formed by synthetic macrocyclic hosts. In prefer- 
ence, this allows the study of non-ionic weak multiple intermolecular interactions. 

2 The Cyclodextrins: Models for Synthetic Host Cavities 

The cyclodextrins were the first compounds that have been studied with regard to 
their complexing and catalytic --  in other words enzyme mimicking --  properties. 
The enzymatic catabolism of starch mainly yields a-, 13-, and 7-cyclodextrin (CyD, 
1-3). Those are macrocyclic oligosaccharides, in which six (a), seven (9) and eight 
(~,) ~-D-glucopyranose units, respectively, are connected by 1,4-glycosidic bonds. 

It is known from crystal structure and spectroscopic analyses that the cyclodextrins 
in the solid state as well as in solution exist in an approx, round, .conical shape (4) 
with a height of the wall of approx. 8 A and an inner cavity diameter varying between 
5 (a-) and 7.5 A (?-CyD). The cyclodextrins ar~ water-soluble due to their high number 
of  hydroxylic groups they contain and which all lie on the outside of the molecule. 
In contrast to that, the cavity of the cyciodextrins is surrounded by CH- and glycosidic 
C--O bonds and therefore is hydrophobic inside. 

Since the work of Cramer, Saenger and others in the 50th's, a high number of mole- 
cular inclusion compounds of cyclodextrins has been discovered and characterized. 
The guests to be included range from inorganic ions to polar organic compounds 
like acids and amines and even to lipophilic guest molecules. These studies were 
the subject of numerous reviews and monographs 3). An overview with regard to the 
correspondence of cavity size and guest volume is given in Table 1 4~ 

The cyclodextrins most often form 1 : 1 complexes. It has been proved for all three 
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cyclodextrin hosts in numerous examples that the guest is located inside the conical 
cavity. By this molecular inclusion the selection of spacially fitting guest molecules 
by the different cyclodextrin cavities is explained as well as the discrimination of 
potential guests that are too large or too small in size. 

The cyctodextrins are not only useful to simulate receptor binding sites, but are 
also versatile enzyme models 5). A large number of  reactions is known that are catalyzed 
by natural and modified cyclodextrins. Thereby the educts are enclosed into the cavity 
and, after that, often converted to the products faster and more selectivity and some- 
times under asymmetric induction 6). The products are then liberated through de- 
complexation or in the course of a following reaction. To give an example: the hydro- 
lyses of para-nitrophenol esters are accelerated in the presence of ~cyclodextrin 
by a factor of up to 750,000 7) 

The capacity of complex formation of the cyclodextrins is of practical import- 
ance 3d): In the pharmaceutical and plant protection industry sensitive drugs and 
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Table L Overview showing the correspondence of the cavity size of cyclodextrins and the size of the 
guests 

Cyclodextrin Number of Number of ring Inner cavity Examples of 
glucose units members (atoms) diameter [A] enclosed guests 

7- 6 30 ~ 5 benzene, phenol, 
nitrophenol 

13- 7 35 ~6 naphthalene, 1,8-ANS 
T- 8 40 ~ 7.5 anthracene, crown 

ethers, 1,8-ANS 

Fig. 1. Inclusion of m-nitrophenol in a-cyclodextrin (stereo view) 

other substances are stabilized against air and moisture by molecular inclusion using 
the cyclodextrins or their derivatives. The solubility of substrates which are only 
weak soluble in water in general can be increased by inclusion into cyclodextrins. 
Cyclodextrins in a polymeric form or bound to a macromolecular material are applied 
to gel inclusion chromatography and affinity chromatography. 

The low selectivity of the formation of cyclodextrin inclusion complexes with guests 
of similar volume but of different shape or charge is explained by the existence of 
several binding types: hydrophobic and van der Waals interactions as well as hydrogen 
bonds. 

Synthetic hosts and their complexation behaviour can contnbute not only to the 
understanding of these binding types, but also will be useful to quantify the different 
binding modes. One of the aims of the design, synthesis and study of new synthetic 
hosts also is to end up with tailor-shaped host cavities that are highly selective for 
special guests of biological or industrial importance, e.g.: toxic substrates, side 
products of industrial processes, drug metabolites with negative side effects, isomeric 
substances which can only be separated with difficulties by other methods. In addition 
to this, optically active host cavities exhibiting high enantiodifferentiation are acknowl- 
edged to be valuable synthetic goals. 
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3 Physicochemical Methods for Investigation of This Type 
of Complexation 

3.1 Nature of the Host]Guest Interactions 

It is appropriate first to discuss the intermolecular host/guest interactions in water 
solution. Usually several attractive forces are effective at the same time to a different 
extent depending on the nature of host and guest. 

These forces essentially are the following: 
a) hydrophobic interactions, 
b) strain energy of the "empty" cavity, 
c) electrostatic interactions, 
d) hydrogen bridges, 
e) van der Waals interactions, 
f) charge transfer interactions. 

If the guests are uncharged and not or only sparingly soluble in water, hydrophobic 
interactions are the important forces which lead to an inclusion inside the cavities 
of water-soluble host molecules 3c,8-1o). The guest molecules then must get rid of 
their own hydration shell and also have to displace the water molecules out of the 
host cavity. In such a way, a hydrophobic micro environment for the guest is formed, 
which facilates the complex formation. This phenomenon is known as the hydro- 
phobic effect ~1) and plays an important role in biochemistry. The water molecules 
which have been set free during this process of molecular encapsulation, are accepted 
by the environment, whereby they win degrees of freedom. This increase of entropy 
also facilitates the formation of the complex. 

Saenger 12) has noted that the water molecules located in the hydrophobic host 
cavity, cannot necessarily apply the optimum number of hydrogen bridges that could 
be thought of and therefore are in a state of activation lo.13). Their ejection into the 
environment through a gain of potential energy leads to an additional entropy de- 
crease. This seems to explain partly the unspecific, that means guest-independent, 
part of the inclusion potential. 

Small hosts, which in their "empty" unpolar cavity only contain water, can be 
considered to exist in a strained ring conformation. The uptake of a guest in this case 
leads to a decrease in strain and to a more stabile arrangement of the ring system and 
consequently to an entropy gain 14). These effects of course strongly depend on the 
size and shape of the substrate molecules. In the case of positive or negative charged 
hosts depending on the polarizability and charge of the guest, ion-ion-, ion-dipole- 
and dipole-dipole interactions can occur 15), which is in contrast e.g. to the neutral 
cyclodextrins. This can lead to a discrimination of uncharged and non-polarizable 
guests by these hosts. If  hydrogen bridges can be formed through favourable geo- 
metric arrangement of functional groups an additional complex stabilization results 16) 

If there is no functional group available at the guest, the complexation will be ex- 
plained by van der Waals interactions 13,17). In a few cases, charge transfer interactions 
are discussed, but nowhere the final proof was made 18) 

Which of the effects mentioned above or of additional stabilization effects in a 
certain complex formation predominates, often is difficult to figure out. Attempts of  
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quantification by theoretical model calculations have faced difficulties but have only 
partly been successful 3 b, 18) 

Today the most important factor seems to be the steric fit, in other words, the opti- 
mal size fit of the convex guest inside the concave binding site of the host. In such a 
way, a guest selection according to the size and shape of the guest molecules is possible. 
Most often several of the above mentioned binding forces will be effective to a different 
extent. The biochemical principle of multiple recognition 19~, in e.g. enzyme substrate 
binding, is mimicked here suc~ssfully. 

3.2 X-ray Analyses 

A possibility to prove the molecular inclusion of the guest in the host cavity, at least 
in the crystalline state, is given by X-ray analysis zo). There are different fundamental 
types of host/guest structures that have to be distinguished: 
a) The crystal lattice inclusion compounds of the clathrate type 2a) in which the guest 
molecules are located in cavities of the crystal lattice of the host: 

n hosts + m guests ~ (host), (guest)m 

b) If the host compound contains a cavity of any type, in which a guest can be in- 
cluded and bound through coordinative bonds, as has been discussed above, then the 
aggregate is named a cavitate and the host a cavitand 22). 

n hosts + n guests ~ (host guest)n 

This molecular inclusion complex now crystallizes as a unity in a known crystal 
lattice. 

The X-ray analysis all at once also reveals the conformation of the host and the 
orientation and conformation of the guest in the cavity. Limiting factors are that it 
is now always possible to grow crystals of sufficient quality and, on the other hand, 
the results without uncertainties cannot be translated to the different conditions in 
solution. The orientation of the guest in the crystal lattice of the host can be completely 
different compared to that in (water) solution. Dynamic effects like complex forma- 
tion and dissociation processes also should be taken into account. 

Despite this, X-ray analyses were very helpful in the discovery of host/guest in- 
clusion compounds and certainly they are in most cases also instructive for the con- 
ditions in solution. 

3.3 Fluorimetric Investigations 

Fluorescence spectroscopy is one of the most frequently applied methods for the 
detection of the binding of organic guest molecules at proteins 23), cyctodextrins 3¢.24) 
and synthetic hosts 18b,20b) The properties of hydrophobic fluorescence indicators 
like sodium-l,8-anilinonaphthalene sulfonate (1,8-ANS, 5) or sodium-6-p-toluidinyl- 
2-naphthalene sulfonate (TNS, 6) are used thereby, which in hydrophobic organic 
solvents or complexed in unpolar host cavities in water exhibit notable increases in 
fluorescence and blue wavelength shifts. 
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~NH No @ H , 

5 6 

If 1,8-ANS as a substrate is added to a solution of a host compound in water, 
the guests will be enclosed in the cavity of the host and the complex formation is 
recognizvd by an increase of the fluorescence intensity. Open chained reference 
compounds do not show this behaviour. In the following example the fluorescence 
spectra of pure 1,8-ANS in water and of a water solution of  the host compound 34, 
which is described below in more detail, and of the complex of  ANS with this host 
are shown at the excitation wavelength 375 nm 18b). 

400 6oo 
k (nm) 

Fig. 2. Fluorescence spectra of pure 1,8-ANS (5) and host 
compound 34 and the complex of 1,8-ANS and 34 in 
water solution (excitation wavelength 375 nm) 

Measurements of the relative intensities at different host (or also guest) concentra- 
tions allow to determine the complex constant as is explained in the following 3c, e, 
25,26). 

The association of the host H with the guest A (1,8-ANS) to yield the 1 : 1 complex HA: 

H + A~.~-HA (1) 

can be described by a complex constant K A 

[HA] 
KA - [S] [A~ (2) 
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If c n is the total concentration of  host and c A the total concentration of  guest, then 
using 

c n = [H] + [HA] (3) 
and 

c A = [A] + [HAl (4) 

equation (1) is transformed to obtain 

[HA] 
K A = (5) 

(c n - -  [ H A ] )  ( c  A - -  [HAl) 

With the assumption that always c n ~> c A and therefore c n ~> [HA], equation (5) 
simplifies to 

KA = [HAl ( 6 )  

CH(C A - - [ H A ] )  

It follows from Lambert-Behr's relationship that the difference AF in the fluorescence 
intensity at an appropriate complex concentration [HA] to the zero point, which is 
the fluorescence of  the fluorescence indicator in the absence of  host, is proportional 
to the actual complex concentration: 

AF = % " [HA] (7) 

% is the molar extinction coefficient. If  equation (7) is solved with respect to [HA] and 
equation (6) is applied, the Benesi-Hildebrand equation 25) (8) is obtained: 

CA 1 1 1 (8) 

AF Co • K A CH 8o 

If  the host concentration c n is varied at a fixed guest concentration c A and the estimated 
1 

relative fluorescence increase AF is plotted in the form of CA/AF against - - ,  then 
through least square fit the complex constant K A is obtained, cn 

A prerequisite to apply equation (8) besides c n ~> c A (see above) is the formation 
of  1 : 1 complexes. In contrast, 2: 1 and nonstoichiometric and other associates can 
be excluded through a nonlinear arrangement of  the values measured according to 
equation (8). An additional indication for 1 : 1 inclusion stoichiometry is the appear- 
ence of  two isosbestic points in the fluorescence spectra 3d. 27~. 

By an extension of  this method the complex constants K~ of  other non-fluorescing 
guests G can be calculated 3d,e,27). 
I f  we assume that no ternary complexes [HAG] are formed, K c can be determined 
from competitive complex formation: 
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HG + A HA + G 
~ o  K A J  

H + G + A  
÷ 

HGA 

If to the solution of an excess amount of guest G and host H the fluorescence indica- 
tor A is added under consideration of Eq. (9) : 

c C ~> c n >> c A (9) 

A competes with G to be complexed by H. If the relative fluorescence intensity is 
measured as a function of the actual concentration of H by using equation (8) a fictious 
complex constant K n is obtained which corresponds to K A through the following 
relationship: 

K ~  = K A • (ca - -  [ H G ] )  _ [ H A ]  . ( c  H - -  [ H G ] )  (10)  
2 . ( C A  __  [HA]) C H C H 

The complex constant K~ wanted is given by: 

[HG] 
K~ -- [H] [G] (11) 

Furthermore the following relationships are effective: 

c c = [ G ]  + [HG] and c n =  [ H ] +  [ H G ] + [ H A ]  

By use of equation (9) we can set 

(12) 

[G] ~ c C 

and 

[H] m c n - -  [HG] 

Inserting (13) and (14) into equation (11) yields K~ with 

(13) 

(14) 

[HG] 
K~ = (15) 

% "  (c n - -  [HG]) 

If  (6) is solved to yield [HA] and equation (15) to yield [HG] and these introduced 
into equation (10), we obtain: 

K~ = 

K A 
- - -  1 

KA 

CG 
(16) 
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In principle, the complex constant K c of any guest can at least be estimated: First K A 
is determined and then by the same procedure in the presence of a competing guest G 
the complex constant K A is obtained. 

A list of complex constants of hosts which are described below, is given at the end 
of this section (Table 2). 

From 

AG o = - - R T  in K (17) 

the free complex binding enthalpy AG O can be calculated and from the temperature 
dependence of the complex constant the complex binding enthalpy AH °, 

d In K - -AH ° 

d 1/T R 
(18) 

and from 

AG O = AH ° - -  T AS ° (19) 

the entropy. 
Apart from fluorescence spectroscopic methods, UV measurements have been 

applied to investigate the complex formation and to determine the complex con- 
stants 3d,~,zT~. The essential prerequisite for these procedures is a noticeable, prefer- 
ably bathochromic shift and an increase in intensity of the absorption wavelengths 
of  the host or guest in the course of the complexation. 

If at a given wavelength, where in contrast to the complex neither guest nor host 
show appreciable absorptions, in Eq. (8) AF is replaced by the difference of absorption 
AAbs, then the complex constant can be determined as described above. 

It has to be pointed out that the temptation might be high to consider the molecular 
complexes of host and fluorescence (or UV-) probe as an inclusion compound, but 
that this method lastly does not allow a precise differentiation between an additional 
complex at the outer periphery of the host molecule and between an inclusion com- 
plex, whereby the guest is located inside the cavity 10b,28-30). Such a differentiation, 
as is described in the following section, can be achieved by the 1H-NMR method, 
which gives more precise evidence as to the spacial arrangement of host and guest. 

3.4 NMR-Spectroscopic Studies 

Significant shifts of host and guest signals can be observed by IH- and a3C-NMR 
spectroscopic investigations of inclusion compounds 31k On account of the relatively 
simple and rapid procedure the ~H-NMR method has established an important and 
relyable method to gain insight into molecular encapsulation 32-36,40) 

In contrast to the uncomplexed guest, ~ H-NMR signals of the guest inside the cavity 
and then often of the host too, are significantly shifted upfield. This, as a rule, is due 
to the short spacial distances between the two components (host and guest) in the 
molecular complex. The guest is affected by the anisotropy effects of aromatic units 
or by field effects of ionic centers of the host 30,34) As these effects with increasing 
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distance quickly decrease, the protons dependent on their orientation show differing 
chemical shifts. Estimations and comparisons with theoretical calculations 37) for 
different orientations of the guest inside the host cavity often lead to rather precise 
evidence as to the geometry of the complex as). This in addition shows that the guest 
inside the host has a special and not a random arrangement. These observations as 
well as the fact that there are no shifts if cavity containing hosts are replaced by open 
chained reference substances bearing no cavities, can be taken as good arguments to 
exclude aggregations of the guest at the outside periphery of the host as far as possible. 

Diederich has noticed that in some host compounds (e.g. 63, 64) without addition 
of guests through aggregation of the host molecules among each other concentration 
dependent shifts of NMR signals may be observed 38). Only below the critical micelle 
concentration (CMC) when the molecules are separated from each other in solution, 
an investigation of the complexation by fluorescence measurements as well as by 
NMR spectroscopy is justified. 

Apart from only some few cases, in which the exchange of free and complexed 
guests is slow enough on the NMR time scale in order to observe different signals 
in each case, usually coalescence is found. This has been used in temperature dependent 
dynamic NMR sectroscopy, e.g. by Cram, to determine activation entropies a9) 

At the coalescence point the degree of the observed chemical shift of a proton A~ 
is proportional to the percentage of the complexed guest [HG] compared to the total 
concentration c G 31b). The complex constant therefore can be determined quantitativ- 
ely, using the following relationship: 

[HG] 
A ~  = A~rnax " - -  (20) 

C G 

where Arm, x corresponds to the maximum of the shift of the same proton at complete 
complexation. 

If one dissolves equation (20) to yield [HG] and inserts it into equation (6) [here: 
HA ~ HG, c A ~ c j ,  after rearranging, one obtains: 

1 1 1 1 
- -  = " + ( 2 1 )  
Aa K . Aama x crt A6ma x 

If the shift of one and the same proton at several different host concentrations c a is 
1 

measured and plotted as ~ against 1__, from the slope and axial section the complex 
C H 

formation constant searched for is obtained. The advantage of this method compared 
with the fluorescence method lies in the possibility of measuring the constant for 
each guest directly and not using the detour of the competitive inhibition. On the 
other hand, in the case of small amounts and low solubilities the results are not very 
exact. 
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3.5 Further Methods of Investigation of the Complexes 

As fluorimetric, UV and N M R  measurements are the most  often used methods  to 
determine the format ion of  the complexes and to measure the complex constants,  
further methods of  investigation here only briefly shall be discussed: 
Through solid/liquid- 41,42) and liquid/liquid 30) extraction with the solution of  the 
host, complexes with guests which are not soluble in this phase, can be obtained. 
Consider ing the maximal  solubility of the free guest in the medium used, the complex 
constant can be calculated through determinat ion of  the complex concentration,  
e.g. using N M R  or UV measurements  43) 

I f  the host catalyzes reactions involving the guest, kinetic data  can be applied. 
As an example, Murakami  et al. 44t have used the hydrolysis o f  p-ni t rophenol  esters, 
and Tabushi  et al. 45) have used temperature  jump methods for the determinat ion 

of  kinetic and thermodynamic  constants  of  complex formation.  
In the case of  acidic or basic hosts or guests, the p H  t i t rat ion can be used as a very 

simple procedure 46) 
Fur ther  methods like circular dichroism, electron spin resonance, polarography,  

calorimetry,  diffusion across semipermeable membranes  and surface strain measure- 
ments were only used in the case of  the cyclodextrins as yet; they are described in 
more detail  in the monographs  cited above 3b, e) 

Table 2. Complex Constants for the Below Described Host and Guest Compounds 

Host Guest pK of the host/guest Method of determination Ref. 
complex 

2 5 1.8 
2 6 3.2 
8 9 2.4 

I0 5 2.6 
11 5 3.2 
10 13 3.1 
10 14 3. I 
17 oxalate 3.7 -J,-7 
17 tartrate 2.5-2.9 
17 matonate 3.3-3.9 
17 citrate 4.7-7.6 
17 AMP 3.4 
17 ADP 6.5 
17 ATP 8.9 
18 gtutarate 4.4 
19 ATP 11.0 
20 CH3NH ~ 2.9 
20 NH~ _CHz-°CH2--NH ~ 3.2 
2I 22 2.7 
21 23 > 5 
24 5 2.35 
30 5 2.8 
34 5 3.8 
37 5 4.0 
38 5 4.7 

fluorimetric 
fluorimetric 
titrimetric 
fluorimetric 
fluorimetric 
UV-Vis 
UV-Vis 
titrimetnc 
titrimetric 
titrimetnc 
titrimetnc 
tittimetric 
titrimetric 
titrimetnc 
titrimetric 
titrimetric 
unpublished 
unpublished 
NMR 
NMR 
fluorimetric 
fluorimetric 
fluorimetric 
fluorimetric 
fluorimetric 

20b) 

76) 

54) 

55) 

56) 

451 

45) 

59) 

59) 

59) 

59) 

591 

59) 

591 

19 b) 

60) 

611 

6 l l  

361 

36) 

621 

64.) 

34) 

69) 

691 
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Table 2. (continued) 

Host Guest pK of the host/guest Method of determination Ref. 
complex 

40 5 5.7 fluorimetric 69) 
34 6 5.0 fluorimetric 7ol 
38 6 4.5 fluorimetric 70) 
34 36 3.5 fluorimetric 7o) 
38 36 2.4 fluorimetric 7o) 
40 36 3.6 fluorimetric v0) 
47 5 5.2 fluorimetric 30) 
47 49 3.2 NMR ao) 
47 50 3.2 NMR 30) 
47 51 3.0 NMR 30) 
47 52 2.9 NMR 30) 
47 53 3.1 NMR 302 
47 54 1.0 NMR 72) 
47 55 1.4 NMR 74) 
47 56 0.5 NMR 7,*) 
45 5 4.2 fluorimetric 752 
46 5 3.0 fluorimetfic 7s) 
63 6 3.6 fluorimetric 38) 
63 36 3.1 fluorimetric 38) 
64 65 7.2 unpublished 7v) 
64 66 6.1 unpublished 77) 
64 67 6.0 unpublished 77) 
64 51 4.2 unpublished 77) 
64 68 4.3 unpublished 77) 
64 35 3.3 unpublished 77) 
64 5 6.5 fluorimetric 77} 
64 6 6.7 fluorimetric 772 
64 69 2.2 unpublished 77) 

102 67 6.6 difference of solubility 821 
102 51 4.1 difference of solubility 82) 
104 5 4.6 fluorimetric s3) 
105 5 4.0 fiuorimetric 83) 

4 Complexation of Charged Guests 
Crown compounds not only complex metal and ammonium cations inside their 
many-membered ring, they are also able to complex uncharged organic guest com- 
pounds outside their cavity, very often with an arrangement of guests above and below 
the crystalline state. This field has been reviewed recently 4v); we therefore will not 
deal with this type of complexation here. 

There are much less examples of the complexation of charged organic guest ions 
inside the cavity of a host molecule in water solution. This on one hand could be due to 
the fact that the solvatisation of potential guests in water competes with the complexa- 
tion through macrocyclic hosts. As a result, a low tendency of molecular inclusion is 
usually observed. In addition to that, many organic ion "receptors" are sparingly 
water-soluble, which means that many investigations have to be carried out in lipo- 
philic solvents. As an example we note Cram's cavitands 48), the cryptands of Lehn 49) 
and Sutherland 5o) and the calixarenes described by Gutsche sl) 
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4.1 Anionic Guests 

After work done by Simmons dealing with catapinands and of Lehn with the soccer 
ball type cryptand, Schmidtchen described macrotricyclic tetraammonium salts 
7, which allow to complex inorganic anions as well as acetate, and more interestingly, 
biochemical relevant guests like AMP, ATP and NAD 52) 

CH 3 R= {CH2} 6 ; (CH2) 8 

7 

The guests are transferred into the cavity through desolvation and are bound there 
preferably through strong electrostatic interactions. The anionic guests which can be 
regarded as naked inside the cage, lead to a remarkable acceleration O f nucleophilic 
substitutions at activated aromatic substrates with the guest (anion activation). 
In addition to that, a stabilization of the transition state by the host is postulated 53). 

By a combination of the cage structure 7 with an azacrown compound as cation 
receptor, Schmidtchen obtained the ditopic host 8, which complexes c0-amino acids 54) 
The highest complex constant as yet (pK = 2.4) has been obtained for the neuro 
transmitter 4-aminobutyric acid (GABA, 9), a guest molecule, which is just fitting 
in size. 

CH3 9 

8 

Tabushi et al. described the water soluble paracyctophanes 10-.12, but at that time 
a direct proof, e.g. through N M R  highfield shift, of the formation of concrete in- 
clusion complexes has not been achieved 2oh) 
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~N ,OH 

10 11 12 

Nevertheless, using the 1,8-ANS (5) method, with ANS as a guest, fluorescence 
increases with 10 5~) and 11 56) and therefrom complex formation constants have been 
obtained, which are remarkably higher than that of the cyclodextrins and of open 
chained reference host compounds. The complex constants of 10 towards the hydroxy- 
naphthalene carboxylates 13 and 14 as guests have also been determined 45). The 
authors suppose the intermediate formation of inclusion complexes also because 
of the capability of 10 and especially 12 to accelerate the hydrolysis of chloroacetic 
acid phenolates in water solution. The increase of the hydrolysis rate is explained 
by the activation of the complexed esters. 

OH 

OH 
13 14 

The inclusion capacity of this class of compounds has also been proved through 
the existence of stable crystalline complexes of the free amine 15 with dioxane 57) 
and chloroform 58). The stereo formula 16 shows the 1 : 1 inclusion of chloroform 
with 15. 

H\N/--~N/H 

15 
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The 24- to 32-membered azacrown compounds described by Lehn et al. proved 
to be effective host substances for organic guest ions in water solution 59). For example 
the fully protonated macrocycle 17 complexes di- and tricarboxylates like oxalate, 
tartrate, malonate and citrate and also the phosphates AMP, ATP and ADP 591 
utilizing ion pair and hydrogen bridge interactions. The macrocyclic ligand 18 in 
its protonated form shows a remarkable guest selectivity towards open chained di- 
carboxylic acids of different size 19b) The highest complex constant is observed with 
glutarate as a guest. Each carboxylic group of the guest is bound to a tris(ammonium) 
unit of the host whereby the alkyl chains can be oriented parallel and strain-free. 

H H 

H 17 H 18 

H\ ~"..o/'') /H 

H--N @ N--H 

19 

The host 19 is a strong complexing agent for ADP as a guest in water solution 60). 
The 1 : 1 stoichiometry of the host: guest aggregate was proved by 31P_NMR spectros- 
copy (pK = 11.0). The capability of 19 to accelerate the ATP hydrolysis by a factor 
of 103 is explained by an initial host/guest complexation followed by intramolecular 
hydrolysis. 

4.2 Cationic Guests 

By introducing two chiral (R,R)-tartrate units into the well known [18]crown-6 
skeleton, Lehn et al. obtained the achiral host 20, which is able to complex small 
primary ammonium salts like methylammonium and ethylenediammonium through 
hydrogen bridges and electrostatic interactions 61). 

Oo,c.. C°% ..co  
%c o @ 

L...o..) 

20 

e02C,,, 0 

%cJ-o ® 
21 

The water soluble chiral 30-membered macrocycle 21 has been designed making 
use of the lipophilic and stiffening diphenyl-methane spacer unit 36) It is a good host 
for a series of ammonium ions. The formation of molecular inclusion compounds 
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of 21 as well as the 1 : 1 stoichiometry of the complexes were proved through NMR 
highfield shifts of the complexed guests. The strong complexation of acetylcholine (22) 
(pK -- 2.7) and of methylviologen (23) (pK > 5) appears to be of special interest. 
Hydrophobic effects as well as electrostatic interactions should be responsible for 
the stability of these complexes. 

~ H3 0 
II 

CH3--?--CH2~CH2~O--C~CH 3 

CH 3 
22 

CH3--N~N--CH 3 

23 

Recently, V6gtle and Merz have described the first carbocyclic large cavity 24 62) 
The diphenylmethane unit and eight carboxylic acid groups allow the complexation 
of quaternary ammonium salts in the host's cavity as was shown by significant up- 
field shifts of several guest protons. A guest fitting well into the cavity of 24 is 1,4- 
xylylene-bis(trimethylammonium)iodide (25). 

¢ ® 
{~iMe3 ~-~ NMe3 

H02C COzH 
H02C" "1 ('J-6h f" "C02H ~ 26 
HOzC:~ ~ k,,,<CO;~H ® 

V V V 2/_~ ~ N M e  3 ® 
2:7 

In D20/NaOD solution after addition of 24 all guest protons of 25 are upfield 
shifted. In contrast to 25, the guests 26 and 27 seem to fit spacially less well into the 
cavity. Also there seems to be a discrimination between singly and doubly charged 
cations, when 25 and 26 are compared. The good complexation (pK = 2.35) with 
5 as the guest is remarkable, if it is taken into account that different to the crown 
complexes of primary, secondary and tertiary ammonium salts, hydrogen bridges 
here seem not to be responsible for the binding. The main influence here should stem 

28 
28 and 29 
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from electrostatic forces, as the hydrophobic effect alone seems not to be sufficient 
to enclose uncharged hydrocarbons like e.g. naphthalene. 

Whitlock et al. have investigated cyclophanes containing several spacering ace- 
tylenic bridges with regard to their conformative and inclusion behaviour. With the 
cavitand 28 and the guest 29 in the N M R  spectrum highfield shifts are observed, 
but the authors refer this to a classical aggregation and not to an inclusion complex 63). 

In contrast to this, the improved host structure 30 in the complexed state exists 
in the syn-conformation and is able to complex 2,7-naphthalene sulfonic acid. This 
was also shown by NMR studies in D20/DCI. With 1,8-ANS a complex constant 
of  pK = 2.8 was determined 64) 

~ 0  HH 
~ f < . ,  III _~ , . - .~ /NMe 2 

I I I  u - 

~I~o)~-~NMe~ 
~--'III~ H 

[,~ 0 ri ~O~,.____./H Me 2 

30 

5 Complexation of Uncharged Guest Molecules 

The roots of this research area can be foolowed back to investigations of  Stetter and 
Roos',  which were done in the early 50's at Bonn university 65). Their cori'ect experi- 
mental observations only some years ago have underwent a somewhat different and 
more precise interpretation in the light of X-ray analysis, but the consequent develop- 
ment of their type of macrocyclic hosts brought the breakthrough in this field. 

In the framework of studies on macroheterocyclic ring systems of the cyclophane 
type, Stetter and Roos synthesized the macrocyclic tetraamines 32 and 33, which after 
recrystallization from dioxane or benzene retain solvent in stoichiometric amounts in 
the solid state. Particularly, 33 binds dioxane so strongly that even in vacuo during 
30 hours at 150 °C it cannot be removed. 

H - - N ~ ~ - ~ ' f ~  N-H 
I I 

(CH2)n @ (CH2)n 
I t 

H - - N ~ N - - H  

31 : n:2 
32:n=3 
23: n=~, 

From space filling molecular model considerations the authors followed that be- 
cause of the fit of the guest into the host's cavity a new complex type with the guest 
inside the hosts's cavity would be most probable. This seemed plausible at that time, 
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because reference host compounds with shorter alkyl chains like 31 and having smaller 
ring size yielded ho addition compounds in the course of recrystallization 65) 

Only as late as 1982 the true nature of this type of adduct has been precisely cleared 
up. In the course of work dealing with spacered large cavities in our group 66~ we 
resynthesized Stetter's complexes and put forward the question of clarification by 
X-ray analysis if these adducts were clathrates or inclusion complexes. Because of 
difficulties in the X-ray analysis of the benzene adduct it took several years until 
it was found that the benzene ist not located inside a cavity of the host molecule, 
but is situated in crystal lattice cavities in between several host molecules 67) 

In the meantime 34) Koga had taken up Stetter's adduct philosophy also: By re- 
placing the benzidine by diaminodiphenylmethane units he obtained the 30-membered 
macrocyclic tetraamine 34. 

2 ~ 2 

34 

CH3~,~CH3 
CH31 v ~CH 3 

35 

H O ~ O H  

36 

Fig. 3. Inclusion of durene in host 34 (stereo view) 
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This macrocycle, which is soluble in water at a pH lower than 2, with 1,8-ANS (5) 
shows a strong increase of the fluorescence which hints to an inclusion of the guest 
(ANS) in the host cavity. The complex constant determined in this way (pK = 3.8) 
even is remarkably higher than that of 13-cyclodextrin (1.8). The host 3;4 with a row 
of uncharged aromatic hydrocarbons like naphthalene, xylene, durene (35) forms 
stable, crystalline inclusion complexes. The stereo picture shown in Fig. 3 is drawn 
according to the results of an X-ray analysis of the 34 ' 4 H 2 0  • 4 HCI • durene com- 
plex. Obviously, for the first time here the complete encapsulation of an unpolar 
guest in a synthetic host has been proved. The guest completely fills the cavity and 
is situated around its center. 

In the 1H-NMR spectrum another guest, 2,7-naphthalenediol (36), in the presence 
of the host 34 in DzO/DC1 exhibits strong upfield shifts. Anisotropy effects of the 
aromatic rings and electrostatic effects of the ammonium centers are considered to 
be responsible. From the fact that the different protons of 36 are differently shifted 
after the guests enclosure, a prefered orientation of the guest in the host cavity has 
to be concluded and statistical or random geometries can be excluded 35). A com- 
parison of the upfield shifts observed with those calculated for reasonable geometries 
leads to the conclusion that the pseudoaxial orientation of the guest is favoured com- 
pared to the axial or equatorial orientation. 

axial pseudoaxia[ 

Fig. 4. Possible orientations of 2,7-naphthalene diol in host 34 

equaforia[ 

A recent X-ray analysis of the 3 4 . 4  HCl.naphthalene complex impressively 
proves the preference of this supposed orientation. In contrast to this result, the same 
guest, if complexed by the host 37, two ring members larger in size, is enclosed in 

I~R 1 --1 

2 ~ H2 

R1 R 2 
' 37  (c"2) s (CH2) s 
3 8  ,, ccH2~s 
3 9  (c.2) 6 ,, 

40 CH2"~"CH 2 

41 E H ~ C H  2 
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an equatorial orientation [68]. From the fact that these complexes have been obtained 
in water solution, it follows that hydrophobic interactions are strongly contributing 
to this type of complexation, whereas polar forces seem not to play a dominant role 
here. 

The cavity size of this type of hosts was modified by Koga et al. by changing the 
bridge lengths as well as the hydrophobic character of the bridges (37, 38, 40, 41). 
The complex formation ability was studied by use of 1,8-ANS as a probe 69) The 
complex stability increased in the row 34 < 37 < 38 ~ 40, whereas with the host 41 
or through replacement of the diphenylmethane unit by a dicyclohexylmethane unit 
only low complex stabilities were obtained. The enlargement of the hydrophobic 
cavity using cyclShexane units is responsible for the fact that 40 exhibits by far the 
highest complex constant values, a 80fold increase compared with 34. A decrease 
of the hydrophobic character of the host as exhibited by 41 gives rise to a low inclusion 
capability. The diphenylmethane units seem to be rather essential as they serve as 
spacers for the cavity and also favour the "face orientation" with the benzene rings 
turned perpendicular to the macrocyclic ring, which leads to a deeper cavity. The 
quantitative results show that by variation of the cavity the ~lost can be tailor-shaped 
for specific guests like e.g. 5. 

In reverse, the hosts exhibit selectivities towards different guests. The compounds 
34, 38 and 40 were studied with regard to their complexing capability towards naph- 
thalendi- and monosulfonic acids and 36 by qualitative 1H-NMR- and quantitative 
fluorescence measurements 7o). As a result, 34 shows selectivity towards [3-substituted 
and 38 and 40 towards m-substituted naphthalenes. This can be reduced to the pseudo- 
axial orientation of the guests in the smaller cavity of 34 and to the equatorial orienta- 
tion in larger cavity of 38 and 40. In addition to that, 40 forms the most stable com- 
plexes with all guests studied. It is remarkable that the hosts investigated do complex 
monosulfonic acids or benzene derivatives weaker and aliphatic guests not at all. 
These observations can be interpreted in terms of the precisely fitting diameters of 
the cavity as well as the electrostatic interaction to be necessary prerequisites for a strong 
binding between host and guest. It fulfills the biochemical principle of multiple recogni- 

H H3co H. H 

\N--CH2- ~ CH2--N / 

@--?--OOOH 
OH 

H2C , ~ CH z 43 

I. 

H H OCH 3 H 44 

42 
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tion in enzyme/substrate complexes that one single of these factors alone is not suf- 
ficient but both have to be present simultaneously. 

In modifying the successful "mother host" 34, Koga et al. have synthesized the 
first synthetic water soluble host 42 with a chiral cavity by using L-tartaric acid 
units ~ .  The complexation of chiral aromatic carboxylic acids like 43 and 44 by the 
enantiomeric pure host has been proved by IH-NMR spectroscopy in acidic water 
solution yielding strong upfield shifts of guest protons. 

The different shifts observed for the (R)- and (S)-guests are especially remarkable. 
They can be interpreted to be due to diastereomeric host/guest complexes with different 
stabilities and inclusion geometries. 

The success that has been achieved with hosts of the type 34 seems to have inspired 
other investigators to synthesize similar structured hosts. The octamethyl derivative 
of 39 (45), however, has the advantage that it can be dissolved in neutral water solu- 
tion ?z~ 

H 3C ~.~N/C13[ CH3/~) 
CH2 ] n "'~ N""'C H 3 

H2C @ CH2 

H3C ~"/-'--- (CH2) n 
CH 3 CH 3 

45 

45 

47 

48 

R N 

CH 3 4 

CH3 5 

CH 3 6 

C H 2 - ~ - - I  6 

x 

45-48 ~ x  

X 

49 ~fi 
50 ca3 
51 H 

52 OH 
53 ca3 

Proof for the inclusion capacity of the host 45 is obtained by upfield shifted pro- 
tons of the naphthalene guest 51. These are explained in terms of the influence of the 
anisotropy effects of the aromatic rings of the host 47. Fluorescence spectroscopy 
and NM R signal shift titrations of the guests 5 and 49-53 give proof of the inclusion 
capacity of the host 45. A strong decrease of the complexation energy with increasing 
amounts of organic solvent (alcohols) in water is observed. The mechanism of the 
binding of hydrophobic substrates in lipophilic cavities seems to be similar to the 
mechanism of the dissolution of hydrocarbons in water. 

Immobilization of the azacyclophane 47 by absorption on silica gel allows chro- 
matographic applications ?3). Substrates like naphthalene sulfonic acids which are 
complexed particularly well by 47, are retained stronger compared to unprepared 
silicagel (methanol as eluent). This corresponds to a decrease of the RF value. A smaller 
decrease is shown by carboxylic acids. Aliphatic acids and phenols did not show 
strong influences, but variations of the eluent (methanol/water or methanol/ammonia 
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instead of pure methanol) leads to a stronger binding of these guest compounds, too. 
These findings may open new possibilities of separation of natural products or syn- 
thetic substrates. 

Attempts to catalyze the chlorination of hydrocarbons by fixing of a halogen trans- 
ferring iodophenyl group to the azacyclophane host ring, e.g. 48, were unsuccessful 
due to the instability and low solubility of the host 72) On the other hand, 47 is capable 
to complex tetralene (54) in water solution with the low complex constant of pK = 1 
and to affect with chlorotetralines a passive protection against hydrolysis. 

54 55 56 57 

An acceleration by a factor of 20 compared with the uncatalyzed reaction was 
observed in the reaction of 2-bromomethylnaphthalene (55) with sodium nitrite in 
the presence of the host 47 74~. Also the product ratio [RONO]/[RNO2] changing 
from 0.5:1 to 0.16:1 alters with the ambident nucleophile. The phase transfer cata- 
lyst 57 affects an opposite steering of the product formation and no increase of the 
reaction speed. These facts suggest a complexation step which is preceeding the main 
reaction. The product steering can consequently be explained by a crowding of 
nitrite ions at the positively charged centers of 47, which increase the number of SN2 
attacks and in such a way leads to an attack at nitrogen instead of oxygen. Substrates 
like 5 which are bound stronger to 47 inhibit the catalysis and such guests that are 
not complexed well like 56 are either not accelerated or substituted with another 
product distribution. 

Complex formation towards 1,8-ANS and 2,7-naphthalene diol (36) has been studied 
also for the macrocycles 45 and 46, which are homologous to 47 75~. By affixing a 
pyridoxamine side chain to 46, the host 58 was obtained. The catalytic activity in the 
transamination of phenylpyruvate (59) to phenylalanine (60) and of ~-ketovalerianic 
acid (61) to norvaline (62) was studied using this host. 

A 31-fold acceleration of the reaction 59 ~ 60 compared with simple pyridoxamines 
and a twofold acceleration compared with the cyclodextrin analogous compound 
was stated. In the transamination of 61 and 62 a sixfold (threefold resp.) acceleration 
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of the reaction was observed. The chirality of the products as induced by cyclodextrins 
could not yet be observed in the case of the racemic host 58. 

Diederich has modified Koga's concept in that he located the positive ammonium 
centers as a part of the many-membered ring to the periphery of the macrocycle, 
but retaining the diphenylmethane spacer units. The hydrophobic cavity now inside 
is no longer disturbed by positive charges and as a consequence so to say enlarged. 
On the other hand, increased micelle formation and aggregation of the host mole- 
cules was observed by shifts of the host protons, without guest being present, in the 
1H-NMR spectrum depending on the concentration of the host. 

Only at concentrations below the critical micelle concentration (CMC) a molecu- 
larly dispersed solution can be taken for granted, and only then complexation studies 
should be carried out. 

In this way using the host compound 63 below the CMC value = 2.5 x 10 -4 the 
complexation of TNS (6) was determined by fluorescence spectroscopy ss). The com- 
plex constant is of the same order of magnitude as the one of [3-cyclodextrin v6). With 
2,7-naphthalene diol (36) as the guest no significant ~H-NMR highfield shifts could 
be obtained. The complex constant of 36 nevertheless was determined using the com- 
petitive inhibition of TNS. 

_ 0 ~ 0 . .  _ 

~ 0 ~ 0 ~  

63 

These results led to an improved host structure 64, the application of which because 
of the higher CMC value of 7.9 × 10 -3 was remarkably enlarged. Through solid/ 
liquid- and liquid/liquid extraction 1 : 1 complexes of 64 even with such arenes could 
be obtained, which are extremely low soluble in water like perylene (65), fluoroanthrene 
(66), pyrene (67), naphthalene (51), but also azulene (68), and durene (35). 

The highest binding constant with pK = 7.2 was found for the complex with 
perylene, whereas the stability towards smaller arenes decreased as expected ~7) 
The much weaker complexation of 69 by the host 64 in methanol and the missing of 
inclusion in DMSO most probably mean that hydrophobic interactions are decisive 
here for the host/guest binding. In addition to that, 64 also bind polar substituted 
aromatic guest compounds like 1,8-ANS (5) strongly and aliphatic compounds like 
1-adamantanol (69) much weaker. 

1H-NMR investigations of the complexes in water solution have shown that all 
aromatic guest molecules are located in a specific plane of the cavity which links the 
spiro carbon atoms of the diphenylmethane units and is perpendicular to the medium 
molecular plane of 64 78). In the case of polar guests besides the hydrophobic inter- 
actions ion pair bonds with the piperidinium rings in the aliphatic bridges are effective 
in addition. 
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For the first time, with the synthetic host 64 the transport of arenes in a U-shaped 
tube from a lipophilic phase across a water phase in a second lipophilic phase in the 
direction of the gradient of the concentration was observed. It was shown by compete- 
tive inhibition of the host that the host/guest complexation in the water phase is 
responsible for the transport observed. A'high transport selectivity was also stated, 
which is in accord with the complex constants determined. 

Recently, a series of new host structures has been evaluated, especially of those 
types, which do not contain diphenylmethane as the spacer unit. Many of them are 
suitable hosts in water solution. 

Murakami et al. have synthesized numerous substituted [20]- and [10.10]paracyclo- 
phanes like 70 4~d). Because of low solubility and a high tendency of aggregation, 
a complexation with clear stoichiometry and geometry has not been achieved. Never- 
theless, a remarkable acceleration of the hydrolysis of p-nitrophenol esters has been 
observed, which is explained in terms of the formation of inclusion complexes between 
host and substrate. 

f " (CH 2110 

CH2-N-C  - -CH2 

(C H 2)5--.]]--(C H 2)5 ~" 
0 

70 

Busch et aL 32) on their search for a cytochrome P450 model useful for the selective 
oxidation of alkanes investigated the macrobicyclic nickel(II) complex 71 with respect 
to its inclusion capacity for aliphatic alcohols and phenols. A shift of the host protons 
in the course of the guest addition (e.g. 1-butanol, phenol) in D20 the formation of in- 
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clusion complexes has been stated by 13C-NMR spectroscopy. Semiquantitative 
determinations of the formation constant by NMR shifts during titration yielded 
values around pK = 1 for several alcohols. 

For the corresponding iron(II)- and cobalt(II) complexes the reversible binding 
of oxygen has been detected. The aim of these investigations is to develop novel cata- 
lysts for oxidations in the course of which in a first reaction step oxygen is coordinated 
by the metal ion and the substrate is enclosed by the hydrophobic cavity. 

/---x 
Nx__/N 

II 
II II 

C II U 
II 

x__/ 

:2 

71 

The calixarenes 5~) have a flexible or rigid cavity, resp., which can be shaped to 
some extent. Some inclusion compounds in the solid state have been described, but 
the low solubility in water did not allow applications in respect to an enzyme mimick 
as yet. Host/guest interactions in solution according to studies of Gutsche et al. 
seem to occur in some cases, but are weak. Shinkai and coworkers 79) seem recently 
to have overcome parts of these problems by incorporation of sulfonic acid groups 
in this skeleton (72 and 73). 
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73 n-CBH13 

From fluorescence and absorption spectroscopic studies the authors conclude 
that 72 and 73 are able to uptake naphthalene but not pyrene in their cavity. 

Recently, V6gtle et al. have developed a large family of new hosts 74~0 and 87-101, 
which are based mainly on an oligolactam skeleton. This facilitates water solubility 
and lends some peptide analogy to these hosts. The inclusion properties for phenols 
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like resorcinol (81), 2,6- and 2,7-naphthalene diol (82, 36) have been investigated 
using the 1H-NMR upfield shifts of guest and host protons 80.81). 

In the series of the hexalactam macrocycles 74-78 particularly those hosts with 
~-, [3- and y-pyridylmethylene side arms (74-76) and especially 75 even more pronounc- 
ed upfield shifts in acidic water solution are observed than with the hosts 77 and 78. 
This can be refered to the different spatial distances of the six pyridine nitrogen atoms 
from the formal identical cavities of 74-77. Hydrogen bridges between the OH groups 
of the naphthalene diols and the nitrogen atoms of the pyridine rings can also be made 
responsible for it. A further quality of the hosts 74-76 is their capability not only to 
complex aromatic, but also aliphatic guests like cyclohexane and adanaantane deri- 
vatives in acidic water solution, as has been proved by 1H-NMR upfield shifts. 

The host macrocycles 79 and 80 contain 27 and 36 ring members resp., compared 
to the 30-membered macrocyclic hosts 74-78. Having a somewhat smaller and larger 
cavity resp., they did not exhibit strong host properties, which stresses the need of 
a distinct cavity size for a given guest. 
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For the first time, in the presence of the synthetic hosts 74-76, a rapid H/D exchange 
of the 1,5- (1,8-) protons of 2,6- (2,7-) naphthalene diol as well as the two protons 
of resorcinol has been observed. This catalysis is refered to the combination of the 
fitting cavity size and the attacked pyridine rings. In accord with this interpretation, 
open chained reference substances containing either several amide bonds or pyridino 
side chains or both together, do not comparably accelerate the deuterium exchange 
of the same guests su. 

Hosts with varying lactam and amine structures (87-101) with ring member num- 
bers of 30-48 have been synthesized and tested with respect to their host properties 81). 

In Table 3 some examples are given illustrating the upfield shifts of the" aromatic 
guest protons in the tH-NMR spectra, the guest being 2,7-naphthalene diol (36). 

With the 30- and 32-membered hosts 89 and 9t and the guest 36 strong intermole- 
cular isotropy effects are observed, whereas the o-terphenyt macrocycle 96 seems to 
be too si~all for the guest 36 but seems to be exactly fitting for the smaller resorcino181. 
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Table 3. Upfield shifts of the proton signals of the guest 2,7-naphthalene (36) in the presence of diverse 
guests 
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If as in the hosts 92, 94 and 97 the amine nitrogens are placed in the benzylic position 
in contrast to their aryl position in Koga's  hosts, e.g. 34, then the complexation be- 
haviour is no longer disturbed. 

The many-membered acetylenic macrocycles 99-101 do not show upfield shifts 
under similar conditions. 

Besides several phenols aliphatic alcohols and thiols like 83 and 85 are complexed 
particularly by the o-terphenyl hosts 95-97. As in the case of  the macrocycles 74-76 
the pyridyl substituted hosts 89, 91 and 96 accelerate the H/D exchange of the 2,7- 
naphthalene diol guest 36. It is interesting in this connection that with the 35-membered 
~-cyclodextrin host and 36 as a guest no upfield shifts are obtained, which is in strik- 
ing contrast to the 40-membered T-cyclodextrin and the same guest 81) 

Recently, novel host structures have been designed, which strongly differ from the 
hitherto known macromonocycles. Diederich and Dick synthesized the macrobicyclic 
hosts 102 and 103 and studied their capability to complex neutral arenes like pyrene 
(67) and naphthalene (51) in water solution 82) 

In weak acidic solution 102 contains an extended unpolar cavity because the ammo- 
nium centers which increase the solubility are located as an appendage outside the 
periphery of the host skeleton. The guests 67 as well as 51 and 98 by solid/liquid 
extraction can be dissolved in water. The complex constants (pK = 6.6 for 107/67; 
4.1 foi; 107/51) can be evaluated using the concentration of the guests in this solution 
and by taking into account the maximal solubility of the guest in host-free water. 
In the 1H-NMR spectra the signals of the complexed arene guest are strongly upfield 
shifted. 

163 



Joachim Franke and Fritz V6gtle 

H5C2~N'~ / 0 

~ ~x ~--C2H5 
102: x=o 

103: x H 2 

An orientation of the guests in the plane of 102, which connects the three spiro 
carbons is proposed. The exchange between host and guest is slow on the NMR time 
scale ; the signals of the free and complexed pyrene guest appear separately. 

Switching from host 102 to 103, in weak acidic solution the nitrogen atoms are pro- 
tonated also inside the cavity, which lowers the hydrophobic character of the host and 
leads to a remarkable weaker complexation of arene guests. The interpretation that 
this weaker complexation is due to the two protonated cavity nitrogen atoms and not 
due to geometric factors, is supported by the observation that the complexation be- 
tween 67 and the protonated host 103, which is not soluble in methanol, is surprisingly 
strong. 

V6gtle and Franke have described two in/out isomeric macrobicyclic cavities 104 
and 105, which have one and the same chemical constitution and therefore have very 
similar chemical properties, however, differ significantly in their effective cavity 
size and shape 83): 

Both hosts 104 and 105 in acidic water solution are able to complex polar aromatic 
guest compounds like 2,7- and 2,6-naphthalene diol (36, 82) as is shown by tH-NMR 
upfield shifts. In striking contrast to 34 and 105 the out/out isomeric host 104 cata- 
lyses the H/D exchange of the 1 H protons of the guests 36 and 82. This can be reduced 
to a more favourable encapsulation of the guests in the host 104 compared with 34 
and 105, which could lead to an activation of the 1-position. 

Unsubstituted aromatic hydrocarbons like naphthalene (51) even are complexed 
by both isomeric hosts, whereas the larger durene (35) neither by the host 104 nor by 
its isomer 105 is enclosed. 

In addition to this, the host 104, but not its isomer 105, were shown to be able to 
encapsulate adamantane as a guest. This apparently is the first example of the mole- 
cular encapsulation of a non-functionalized aliphatic hydrocarbon in water solution 
by solid/liquid extraction using a synthetic host. As a consequence, aliphatic hydro- 
carbons will be amenable to be dissolved and complexed in water. This capacity has 
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been observed only with the cyclodextrins as yet. The advantages of the new synthetic 
hosts are obvious in that 104 and 105 are the first examples of two isomers with similar 
but  modified cavity size and shape, whereas in cyclodextrin chemistry only the ~-, 
13- and y-cyclodextrins up to now are the only representatives. The capacity of the 
synthetic hosts 104 and 105 to even complex aliphatic hydrocarbons like adamantane, 
and the significant differences in selectivity are explained in terms of the somewhat 

H 3 C - - @ C - - C H 3  

104, adamantane as guest (schematic drawing) 
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smaller and "symmetry-disturbed" cavity of the out/in isomer 105, compared to the 
better fitting size and shape of the more symmetric out/out cavity 104, which leads 
to an optimum fit in the course of enclosure of the ballshaped adamantane. In good 
accord with this observation and explanation, adamantane thiol (85) also only is 
complexed by 104, but not by 105. 

A further verification for the different complex forming abilities of the isomeric 
hosts 104 and 105 is given by the higher complex constant of 104 towards 1,8-ANS (5) 
(pK = 4.6) compared with pK = 4.0 of the 105/5 complex. 

V6gtle and Wambach recently for the first time described basket-shaped host 
molecules of the types 106a, b and 107 which apart from a 30-membered ring as the 
wall contain a "floor-plate", which cannot "dive" through the 30-membered basket- 
rim 84) 
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1H-NMR studies of the lactam t06a in deuterated acetic acid with several phenols 
and diphenols as potential guests did not reveal significant upfield shifts. However, 
with 1,3-naphthalene diol (108), and, in particular, with resorcinol (81), in only few 
minutes a rapid H/D exchange of the guest protons in the 1-position is observed. 
With a large number of other phenols and naphthalene diols this H/D exchange is 
not observed under analogous conditions. It seems to be specific for 1,3-diols as with 
reference guest substances, which do not have this specific configuration of the OH 
groups, even after one day under analogous conditions there is no significant deutera- 
tion at all. 

6 Conclusions and Outlook 

As this progress report points out, a remarkable broad spectrum of synthetic hosts 
containing large cavities has become known up to now recently, since the break- 
through in this field around t980. 

Synthetic organic chemistry therewith has clearly demonstrated that it is capable 
of designing and constructing water-soluble macrocyclic and macropolycyclic host 
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molecules which even now can partly compete with biological receptors and enzymes 
with regard to some of their properties, e.g. substrate selectivity and strength of com- 
plexation. Some of the synthetic hosts already now have overcome the cyclodextrins 
to some extent. 

Nevertheless, it can be seen from the structure of the synthetic hosts described 
as yet that they all contain similar structural building blocks like the diphenylmethane 
unit and aliphatic (CH2) n bridges. But in principle, there is no restriction regarding 
these building blocks as long as they are spacer units preforming a cavity and units 
that allow water solubility, e.g. positive or negative charges or crown or polyethylene 
glycol units etc. All in all, the most simple features to end up with a synthetic receptor 
model for organic guest molecules in water solution include a macrocyclic ring con- 
taining 30-40 ring members and at least four positive or negative charges that allow 
or increase water solubility. 

The future of research in this field will show that there is a lot of modification of 
structural building blocks with the aim of designing new host structures with varying 
selectivities towards specific guests and certainly the complex constants towards 
more interesting biological guest molecules will be increasing. 

Using enantiomeric pure chiral hosts, the separation of racemic substrates hope- 
fully will be possible soon. It seems of great advantage in this context that the guests 
must not necessarily bear functions, but can be hydrocarbons, heterocycles, and so 
on. This will also include immobilized hosts bound to resins. Then not only enantiomer 
separations will be possible, but affinity-type chromatography will allow more specific 
separations of guests which can be separated of a mixture of similar substrate mole- 
cules. 

As has been shown in the cyclodextrin field, a stabilization of enclosed guest mole- 
cules (e.g. steroids, enamines, amino acids, sugars, prostaglandins, penicillins, anti- 
biotics) against decomposition, air oxidation and moisture will be possible. Odourants 
and sex attractants and repellants can be more or less fixed depending on the complex 
constant chosen to manipulate their volatility similar to the applications of cyclo- 
dextrins. Even for cigarette filters selective adsorbents should be of value as e.g. benz- 
pyren, nicotine, and other specific guest molecules could be filtered out with polymer 
bound tailor-shaped hosts. This also holds for carcinogenic and toxic substances 
like DDT, dioxine and other polyhalo aromatics and atiphatics which are of interest 
in environment, analytics and protection. 

Of special interest, though somewhat farer in future, cartouches filled with polymer 
bound selective hosts could be used to filter out metabolites of drugs, which are re- 
sponsive for side effects, from blood and serum. In such a way, a higher doping of the 
corresponding drugs appears possible. As a result the positive effects could be en- 
hanced and the negative side effects depressed. 

Functionalized hosts should accelerate selectivity of reactions at complexed guest 
molecules in analogy to the function of enzymes. One can imagine that for many 
synthetic problems the best suited macrocyclic hosts can be tailor-shaped to yield 
an optimum catalyst. 

With catalytical amounts of chiral hosts hopefully enantio- and diastereoselective 
syntheses can be carried out. Regioselective reactions using cavity-enclosed guests 
have been already achieved using the cyclodextrins. This can most certainly be mi- 
micked by synthetic hosts which are tailor-shaped to meet the specific problem. 
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The  progress  in this field as repor ted  above  a l ready today  shows tha t  research on  

" r e c e p t o r  and  enzyme mimick  chemis t ry"  in water  solut ion has  jus t  started.  I t  will 

be mos t  interest ing which o f  the perspect ives  m e n t i o n e d  before  will be reached and  
which nove l  goals  will be a t t ract ive in future.  
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