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PREFACE

Nature has provided an abundant collection of enzymes* which are characterized by their
comprehensive, functional diversity. In addition to their ‘‘natural’’ roles this multitude of
biocatalysts constitutes an enormous and as yet untapped treasure trove for synthetic organic
chemists. Although enzymes had been technically exploited long before their catalytic and
chemical essence was fully understood, their use as novel catalysts in organic fine syntheses
has been the subject of substantial research only during the last 10 to 15 years. Since there
exists an enzyme-catalyzed equivalent for most organic syntheses,® one can expect that in
the near future a steadily growing number of synthetic applications will emerge from this
challenging area of enzyme technology.

One may ask, why do enzymes enjoy a wide and still growing popularity as catalysts for
organic syntheses? Certainly, enzymes achieve impressive rate enhancements for the chem-
ical processes they promote. However, the most compelling attraction is based on the unique
specificity that they display. From the organic chemist’s point of view, therefore, the most
notable advantage of enzymes is their capacity to combine, in a concerted fashion, different
specificities such as stereo- and regiospecificity thereby opening up new possibilities for
degrees of control presently unattainable in any other way. Consequently, the efficient
production of chiral synthons with the targeted asymmetric centers and functional groups
may be best achieved enzymatically. Another point in favor of enzyme-catalyzed syntheses
is that the chemical transformation so mediated takes place under relatively mild conditions,
i.e., in a largely aqueous environment and in the absence of potentially toxic solvents, at
moderate pH values and temperatures normally ranging from 3 to 10 and 20 to 40°C,
respectively, under standard pressure. In summary, the rate accelerations, the incorporation
of geometric control into normally random chemical processes, and the mild reaction con-
ditions brought about by enzyme-catalysis significantly aid the preparation of products with
a high degree of purity. Simultaneously, the safety factor is increased both for the experi-
menter and for the environment as a whole.

When searching for enzymes with useful catalytic capabilities for peptide synthetic chem-
istry, the ability of enzymes to function in vitro in the same fashion as they do in vivo comes
into question. Unfortunately, the idea of using enzymes which normally mediate in vivo
peptide bond formation in preparative scale peptide synthesis is barely feasible. Apart from
other drawbacks they are not commercially available and they are exceedingly difficult to
prepare. However, an alternative exists in the proteases which for decades were actually
considered to be the true in vivo catalysts of protein biosynthesis.* The proteases largely
fulfill an essential requirement for routine use in peptide synthetic chemistry in that, for the
most part, they can be easily isolated from their natural sources or purchased at reasonable
prices. In vivo, proteases serve a variety of different functions.® Not only are they the
catalysts of generalized protein digestion, they also regulate many biological processes. The
feature underlying these physiological activities is their proteolytic capacity which enables
the proteases either to decompose a given protein altogether or — by selectively cleaving
specific bonds — to stimulate the release of biologically active peptides and proteins from
their inactive precursors. To date it has been principally the ‘‘destructive’’ property of the
proteases which has been exploited in enyzme technology, in the main, for industrial ap-
plicaitons. Thus, proteases were used as early as 1907 — in the leather industry — and
over the years a large number of additional uses have been developed. In the meantime, the
production of proteases has reached some 500 tons/year,® i.e., in terms of quantity, proteases
are ahead of all other biocatalysts used in enzyme technology.

* The terms enzyme from the Greek &v [opm (en zyme) for ‘‘in yeast” and catalyst from the Greek
Kata-Mots (kata-lysis) for decomposition were coined, respectively, by W. Kiihne in 1877 and by J. J.
Berzelius in 1835.' Moreover, Greek and Arabian alchemists had already gone in search for a catalyst-like
substance which they called respectively énplov (xérion, Engl. desiccative powder) and pa~ewSIl (al-iksir,
Engl. miraculous mixture).? This elusive substance — the much-heralded “‘philosopher’’ stone’ — was thought
to mediate the transformation of base metals to precious metals without itself undergoing change.



Given that under physiological conditons, the equilibrium position in a protease-catalyzed
reaction largely favors proteolysis, i.e., the cleavage of peptide bonds, it is not surprising
that the proteosynthetic potential of the proteases has been largely neglected. However,
according to the principle of microscopic reversibility,” the proteases do indeed possess the
ability to catalyze the synthesis as well as the hydrolysis of a peptide bond. Consequently,
it is the equilbrium point of the reaction, not the nature of the enzyme, that decides whether
bonds will be made or broken. Thus, if the equilibrium position of a reaction can be shifted
away from proteolysis, then the synthesis of peptide bonds, which is negligible under
physiological conditions, may proceed to a significant extent. This is by no means a merely
theoretical concept as has been demonstrated by a number of successful protease-mediated
peptide syntheses (for reviews see References 8 to 12). Indeed with their special properties
of stereo- and regiospecificity and the consequent lack of by-products, the use of protease-
controlled reactions may well gain preference over the equivalent chemical syntheses in
future artificial peptide and protein preparations.

REFERENCES

1. Jahn, 1., Lother, R., and Senglaub, K., Die Entwicklung der Biochemie als einer interdiszipliniren
Forschungsrichtung der Physiologie und Organischen Chemie, Geschiechte der Biologie, Part IV, VEB
Gustav Fisher Verlag, Jena, 1982, 498.

2. Cusumano, J. A., Designer catalysts, Science 85, 6(a), 120, 1985.

3. Jonmes, J. B., An illustrative example of a synthetically useful enzyme: horse liver alcohol dehydrogenase,
in Enzymes in Organic Synthesis, Porter, R. and Clark, S., Eds., Ciba Foundation Symp. 111, Pitman,
London, 1985, 3.

4. Edsall, J. T., Some notes and queries on the development of bioenergetics. Notes on some *‘Founding
Fathers’’ of physical chemistry, J. Willard Gibbs, Wilhelm Ostwald, Walther Nerst, and Gilbert Newton
Lewis, Mol. Cell. Biochem., 5, 103, 1974.

5. Neurath, H., Evolution of proteolytic enzymes, Science, 224, 350, 1984.

6. Kula, M.-R., Enzyme in der Technik, Chem. Unserer Zeit, 14, 61, 1980.

7. Tolman, R.C., Principles of Statistical Mechanisms, Oxford University Press, Oxford, 1938, 163.

8. Jakubke, H.-D. and Kuhl, P., Proteasen als Biokatalysatoren fiir die Peptidsynthese, Pharmazie, 89,
1982.

9. Fruton, J. S., Proteinase-catalyzed synthesis of peptide bonds, Adv. Enzymol. Relat. Areas Mol. Biol. 53,
239, 1982.

10. Chaiken, I. M., Komoriya, A., Ohno, M., and Widmer, F., Use of enzymes in peptide synthesis, Appl.
Biochem. Biotechnol., 7, 385, 1982.

11. Jakubke, H.-D., Kuhl, P., and Kénnecke, A., Grundprinzipien der proteasekatalysierten Kniipfung der
Peptidbindung, Angew. Chem., 97, 79, 1985.

12. Kullman, W., Proteases as catalysts in peptide synthetic chemistry. Shifting the extent of peptide bond
synthesis from a ‘‘quantité néglibeable’” to a ‘‘quantité considérable’’, J. Protein Chem., 4, 1, 1985.

ACKNOWLEDGMENT

I wish to express my gratitude to Prof. Dr. Bernd Gutte, Department of Biochemistry,
University of Ziirich, Switzerland, for many stimulating and encouraging discussions. Fur-
thermore, I am indebted to Miss Marion Ddumigen for her valuable technical assistance and
imaginative design of the illustrations and to Dr. Steve Morley, for critical reading of the
manuscript. Finally, I would like to acknowledge the financial support provided by the
Deutsche Forschungsgemeinschaft and by the Stifutung Volkswagenwerk.

Willi Kullmann
Hamburg, March 1986



THE AUTHOR

Willi Kullmann, Ph.D., graduated from the University of Cologne in 1975 with a Diplom
degree and received the degree Dr. rer. nat. in Biology in 1977 from the same institution.
His doctoral thesis dealt with the chemical synthesis of insulin both via classical methods
and the Merrifield solid-phase methods.

In 1978, Dr. Kullmann joined the Max Planck Institute for Biophysical Chemistry in
Gottingen (FRG) where his basic interest concerned enzymatic peptide synthesis. In the
years to follow, he succeeded in preparing a series of neuropeptides by using the enzymatic
approach to peptide synthetic chemistry. Currently, Dr. Kullmann is a Senior Research
Associate at the Institute for Cell Biochemistry and Neurobiological Clinic at the University
of Hamburg (FRG).



TABLE OF CONTENTS

Chapter 1
Introduction ...................... il e 1
2] (=) (5 1o = 4
Chapter 2
Reversible Zymo-Hydrolysis - A Chronology of Enzymatic Peptide Synthesis ....... 5
2] (5 (5 11 7
Chapter 3
Thermodynamic Aspects of Peptide Bond Synthesis................................... 9
2 {5 (= 1V =1 P 12
Chapter 4
Formation of Peptide Bonds - Proteases as Activating Systems...................... 13
References. ..........oooiiiiiiiiiii i e 21
Chapter 5
Proteosynthesis vs. Proteolysis: How to Bias This Antagonism in Favor of
Proteosynthesis. ..... ..ot 23
I. Shift of Ionic Equilibria........... ... 23
A. Cancelling the Zwitterionic Character of the Reactants................... 23
B. Effects of Organic Co-Solvents..................ciiiiiiiiiiiiiii. ... 23
C. Variation of Temperature and pH ............................oo. 24
D. Influence of the Chain Length of the Reactants .......................... 24
II. Shift of Chemical Equilibria .............o.ooiiiiiii i 24
A. Solubility-Controlled Synthesis...............ccoooiiii .. 26
B. Molecular Traps .. ....ocuorueie e 28
C. Effects of Concentration............... ... ..ot 29
D. Temperature-Dependent Equilibrium Shifts............................... 30
III. Nonequilibrium Approaches: Kinetically Controlled Synthesis................... 31
IV.  Some Additional Considerations Due to the Proteases Themselves .............. 32
S (o1 o o T 34
Chapter 6
Advantages of Enzymatic Peptide Synthesis .......................................... 37
L. Specificity ... o e 37
A. Structural Specificity ....... ... 37
B. Regiospecificity ....... .. .o 38
C. Stereospecificity ... ... i 38
II. Other Positive Aspects of Enzymatic Peptide Synthesis.......................... 40
References. ... ...... oo i 40
Chapter 7
Proteases as Biocatalysts for the Synthesis of Model Peptides ....................... 41
I. Introduction. ... i 41
II. a-Chymotrypsin. . ....oo oo 41

ML Trypsin ..o 45



IV, Subtilisin BPN' ... e 47

V. EIaStaSe . . .. ..ottt e e e 48
VIL Thermitase .......o.ooooo o 49
VII.  Carboxypeptidase Y (CPD-Y) .................. e i 49
VIII. Papain ............... ..o i, e 50
EX.  Pepsin. .o 52
X. Thermolysin . ... 53
ReferenCes. .. .o 56
Chapter 8
Enzymatic Synthesis of Biologically Active Peptides.................................. 61
I. Introduction . ... 61
I1. Endogenous Opiate Peptides ... 61
III.  Cholecystokinin and Related Peptides..................ooo ... 69
IV.  Melanotropin- , Eledoisin- , And ‘‘Epidermal Growth Factor’’ Fragments ...... 72
V. Proteases as Biocatalysts for the Synthesis of Biologically Active Peptides—A
Summary to Date...... ... e 80
R ereNCes. . .o 80
Chapter 9
Protease-Catalyzed Oligomerization.............................................. . ... 83
References. ... .. o 85
Chapter 10
Protease-Catalyzed Semisynthesis ................................... ... . ... ... .. 87
I. Introduction.........o 87
1I. Insulin ... 7
HI.  Protease Inhibitors .............oooooii 92
IV NUCIRASES ..o 95
V. Miscellaneous......... ... 99
References. ... 100
Chapter 11
Kinetics of Protease-Controlled Synthesis of Peptide Bonds......................... 105
References. ........ ..o i 116
Chapter 12
Proteases as Catalysts in Protecting Group Chemistry.............................. 119
L Introduction................. 119
II. Ne-Protecting Groups .................................c 119
L. a-Carboxyl Protection .................................................... 120
IV." Enzyme-Sensitive Side-Chain Protection.................................._ 124
References....... ... 125
Chapter 13
Shortcomings and Alternatives ............................ ... . 127

References....... ... 133



Chapter 14

Synopsis and Prognosis ...............ooovviiiiiiiiii 135
RO OIOIICES . - . o vt e e e e e e e e e e e e et e e et e e e et e e 135
ADDT VIR OMS. . . . oo\ o ettt ittt 136



Chapter 1

INTRODUCTION

The beginnings of peptide synthetic chemistry* can be traced to 1901 when E. Fischer
and E. Fourneau reported on the first systematic synthesis of a dipeptide,' and further, back
to 1882 when T. Curtius unintentionally succeeded in the first in vitro formation of a peptide
bond.> However, the recent advances in peptide synthetic methodology, cumulating in the
fully automatic production of polypeptides, commenced only 30 years ago. The starting
point of modern peptide synthetic chemistry was marked in 1953 by the chemical synthesis
of the nonapeptide hormone oxytocin by du Vigneaud and his collaborators.* Subsequently,
further rapid progress has been stimulated principally by the discovery of an ever-increasing
number of biologically active peptides. Whereas a review article published in 1953 and
entitled Naturally Occurring Peptides* presented the confirmed structures of only six pep-
tides, the compilation of all currently known peptide structures would grow into a herculean
task.

The functional versatility of the peptides is astonishing. Their diverse nature encompasses
sweeteners and toxins, antibiotics and ionophores, and chemotactic as well as growth factors.
Peptides can act both as stimulators and inhibitors of hormone release. They are involved
as morphinomimetics in the pain pathways, and in serving as neurotransmitters, they mediate
synaptic communication. They consitute enzyme inhibitors, and conversely, they can func-
tion as hormonal messengers to activate appropriate target systems.

The isolation and characterization of a hitherto unrecognized peptide almost invariably
entails renewed peptide synthetic activities that may aim at a variety of goals. The classical
objective of peptide synthesis is the verification or falsification of primary structures elu-
cidated by sequence analyses of bioactive peptides. Furthermore, synthetic peptides, struc-
turally related to their native counterparts, are effective tools to probe the relationship between
peptide structure and biological activity. From a pharmacological point of view it is of
particular interest that synthetic analogs of peptide hormones may exhibit unique properties
such as superpotency, altered biological specificity, and long-lasting activity. Thus, synthetic
peptides may be required for therapeutic purposes, particularly if their natural pendants are
not easily obtainable in sufficient quantities.

A novel application of peptide synthetic chemistry is in the production of peptides to be
used as immunogens in the generation of antisera specific for proteins of which the peptide
represents only a part. Although still in its infancy, this rapidly developing technique not
only offers exciting possibilities for raising antigenic determinant specific antibodies but it
should also deepen our understanding of the basis of antigenicity. Beyond this lies the
creation of entirely artificial peptides with unprecedented primary structures. These truly ex
arte peptides may be devised either to exhibit putatively nonbiological properties, or to
mimic or even enhance commonly known biological activities of their ex natura counterparts.
Last but not least, peptide synthetic studies may be performed ‘‘simply’’ for the sake of
methodological progress.

At present the most frequently used methods of peptide synthesis are those of a chemical
nature. The chemical formation of a peptide bond can, in principle, be reduced to four steps
(for more detailed descriptions see References 5 to 10; Figure 1).

* The term “‘peptide’’ as coined by E. Fischer generally denotes unbranched chain-like molecules consisting of
up to 100 amino acid residues, whereas molecules possessing more than 100 residues are commonly referred
to as proteins. Peptides may be further classified into oligo- and polypeptides; the former containing between
2 and 10 and the latter 11 to 100 amino acid units.
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3.  The peptide bond is formed by coupling the carboxyl component and the amine
component via an a-amide linkage.

4. The protecting groups must be removed in foto, if the synthesis is completed, or by
selective cleavage of the a-amine or a-carboxyl protection, if the synthesis is to be
continued.

Originally all synthetic peptides were routinely prepared by conventional solution methods,
i.e., the reactants were freely soluble in the reaction media. However, due to B. Merrifield’s
ingenious innovation of covalently binding the growing peptide chain to an insoluble po-
lymeric support'' the solid-phase methodology has become increasingly popular over the
past 20 years. The most attractive improvement brought about by this procedural simplifi-
cation is the time-saving and convenient mode of operation and consequently, the prospect
of fully automated synthesis.

Numerous peptides have been routinely prepared by solution and solid-phase methods as
well as by other techniques such as liquid-phase'? or alternating solid-liquid phase'* pro-
cedures and remarkable advances have been made in the art of chemical peptide synthesis.
Nevertheless, the considerable shortcomings of these methods still impose an *‘undiminished
challenge’’ ' upon peptide synthetic chemistry. These limitations arise mainly from the fact
that the individual steps of the synthetic pathway are relatively unspecific in nature. Con-
sequently the success of many a synthesis is jeopardized by the appearance of undesired by-
products.

To circumvent these problems, an increasing number of organic syntheses is carried out
in the presence of enzymes. Due to their stringent specificity, these biocatalysts do not
normally permit significant levels of side reactions.

Peptidyltransferase, the enzyme which is responsible for peptide bond formation in vivo,
might seem the obvious choice to mediate the enzymatic synthesis of peptides. However,
this enzyme is an integral part of the ribosome'* and its activity is dependent upon the
presence of additional ribosomal proteins.'® Consequently, it is difficult — if not impossible
— to isolate this enzyme in a biologically active form.

In contrast, the proteases, which had previously been considered to be the catalysts of
protein biosynthesis,'” are more easily obtainable from their natural sources. Superficially,
it may appear incongruous to attempt the synthesis of peptides using proteolytic enzymes.
The equilibrium position in a protease-catalyzed reaction is usually far over in the direction
of hydrolysis and as a consequence, the reversal of this reaction, i.e., the formation of
peptide bonds, represents merely a negligible quantity under physiological conditions. How-
ever, the proteases per se cannot be held responsible for this state of affairs. Like other
enzymes, they simply accelerate the attainment of equilibrium in a chemical process, whereas
the equilibrium point itself, and thus the net synthesis or hydrolysis of the peptide bond, is
determined exclusively by thermodynamic factors. Indeed, the proteases do possess the
inherent capacity to catalyze both the synthesis and the hydrolysis of a peptide bond, and
it is therefore the equilibrium position that actually decides upon the making or breaking of
peptide bonds. Consequently, if suitable expedients could be found to shift the equilibrium
point of a protease-controlled reaction in favor of the ‘‘reverse reaction’’, the synthesis of
peptide bonds may likely become a considerable quantity.
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Chapter 2

REVERSIBLE ZYMO-HYDROLYSIS
A CHRONOLOGY OF ENZYMATIC PEPTIDE SYNTHESIS

The concept of peptide synthesis by reversal of mass action in protease-catalyzed reactions
dates back to 1898 when J. H. van’t Hoff suggested that the protease ‘‘trypsin’’* might
posses the inherent capacity to catalyze the synthesis of proteins from degradation products
originally generated by its own proteolytic action.? The rationale behind this idea followed
from the applicability of the law of mass action to enzyme-controlled reactions; their re-
versibility ensuing from the presumed catalytic nature of the process.

The possibility of the participation of hydrolases in not only the degradation but also the
assembly of biological macromolecules was first suggested by the phenomenon of the so-
called *‘reversible zymo-hydrolysis’’, a term introduced in 1898 by A. C. Hill to designate
the maltase-catalyzed synthesis of maltose from glucose.? Indeed, the earliest reports on
glycosidase-, lipase-, and protease-mediated syntheses of glycosides, fats, and peptides were
published as early as 1899 and 1901,%5 respectively, and a further series of studies dealing
with enzymatic syntheses of these biomolecules were performed during the following decades
(for reviews see References 6 and 7). In contrast, as our present picture of nucleic acid
chemistry has evolved only since the early 1950s, it comes as no surprise that the first report
of a nuclease-catalyzed formation of oligonucleotides did not appear until 1955.8

As mentioned by J. T. Edsall® many biochemists, perhaps under the influence of W.
Ostwald’s “‘imperative of energetics’’ (do not waste any energy, but do exploit it),'® believed
that a biochemical process which required free energy to take place could be accomplished
with the greatest efficiency by living organisms. As a consequence it was generally taken
as granted that the anabolic pathways leading to the synthesis of biological macromolecules
were merely reversals of catabolic pathways. This view implicitly suggested that proteins
could be prepared by proteolysis in reverse; that is to say, via protease-catalyzed proteo-
synthesis. The idea of protein biosynthesis by *‘reversible enzymic hydrolysis’’ had for some
time been considered to be confirmed by the phenomenon of the so-called ‘‘plastein-reac-
tion’’. The term ‘‘plastein’’ was coined in 1901 by Savjalov to designate the precipitate
resulting from the addition of rennin to a partial-hydrolysate of fibrin (peptone).® Savjalov,
while reproducing an experiment performed by his teacher Danilewski in 1886, correctly
identified the plastein formation as the outcome of a “‘proteo-synthetic’’ process, namely
the reverse of the already known *‘proteo-lytic’’ action of proteases. Numerous studies on
the subject of plasteins were published in subsequent years, particularly during the first
decades of the present century (for further details consult References 6 and 7).

For example, plastein formation was observed upon addition of pepsin, papain, trypsin,
and chymotrypsin to concentrated solutions of *‘peptic’’ partial-hydrolysates. Although the
indications were that the plastein represented a complex mixture of small peptides, their
chemical nature remained obscure because the complexity of the digestion mixtures prevented
detailed characterization of the plasteins with the methods available at that time. It was not
until the 1960s that the mechanism of plastein formation was elucidated by using unambi-

* The proteases pepsin and trypsin had already been isolated, respectively, by T. Schwann in 1836 and by W.
Kiihne in 1877.' The designations *‘pepsin’> and *‘trypsin’> were derived from the Greek wens (pepsis) for
digestion and from Tpixw (tryché) for to wear out, i.e., to digest. In contrast, the denomination *‘peptide’’
has its roots in the term *‘peptone’’ (a mixture of small peptides generated from proteins via pepsin-catalyzed
digestion) the first four letters of which were combined with the last three letters of “‘polysaccharide”’, a term
derived from the carbohydrate nomenclature.
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gously characterized plastein-forming oligopeptides as protease-specific substrates (vide in-
fra, Chapter 9)."?

In 1938, Bergmann and his collaborators were the first to describe the enzymatic synthesis
of well-defined peptides. Thus Bergmann and Fraenkel-Conrat succeeded in preparing via
papain-catalysis the dipeptide Bz-Leu-Leu-NHPh from benzoylleucine and leucine anilide,
and Bergmann and Fruton synthesized Bz-Tyr-Gly-NHPh from benzoyltyrosine and glycine
anilide in the presence of a-chymotrypsin.'* Obviously these studies were inspired by the
assumption that in living organisms the protein biosyntheses would be governed by proteases's
and previously mentioned plastein reactions having provided a stimulus to hypotheses of
that kind. However, as the chemical nature of the plasteins had not been exactly described
at that time; it was suggested by Bergmann, that the experimental conditions should be
basically simplified in order to accomplish unequivocally definable results. For this reason
the authors employed — as it is common practice in peptide synthetic chemistry — partially
protected starting compounds to enable an exact product analysis. (For these experiments it
did not matter that the derivatized products obtained by the enzymatic approach could not
be transformed to the free dipeptides.)

The following quotations emphasize how much the synthetic work of Bergmann and in
particular of Fruton (for a review see Reference 16), who played a prominent role in these
studies in Bergmann’s laboratory, was influenced by the idea that the proteases were the
protagonists of the in vivo protein synthesis. Bergmann assumed that ‘‘... the proteinases
owe their existence to the preexistence of other proteinases. There is in life, a practically
endless sequence of reactions, in which one proteinase synthesizes the next by a predeter-
mined reaction, and so forth>*'* further to quote Fruton: *“The fact that proteolytic enzymes
exhibit all these properties in vitro makes it more likely that they play a central role in the
course of in vivo synthesis of proteins.’”!’

However, the concept of protein biosynthesis by a simple reversal of enzymatic proteolysis,
generally accepted as valid until the end of the 1930s, was questioned by thermodynamic
data on peptide bond hydrolysis provided by Borsook and Huffman.'® These authors showed
that, under physiological conditions, the synthesis of peptide bonds represents a strongly
endergonic process. In fact the formation of a peptide bond requires an energy input of 2
to 4 kcal/mol, and in 1953 Borsook!® concluded: ““Peptide bonds cannot be synthesized to
any significant extent merely by mass action reversal of hydrolysis.”” Furthermore, when
in 1941 Lipmann® and Kalckar?' pointed to the salient role of phosphorus compounds such
as ATP as energy sources in biochemical processes, it was suggested that the formation of
peptide bonds in vivo might proceed by means of ‘‘activated’’ amino acids. Kalckar for
instance found: ‘‘There is reason to believe that peptide formation in tissues is always coupled
with oxidoreduction just like phosphorylation.’’?!

Of the various hypotheses promoted during this period to explain protein biosynthesis,
the so-called template theory was most popular. According to this view, the activated amino
acids align themselves along specific sites of a polynucleotide template and react together
resulting in the assembly of a protein. However, the concept of protease-controlled protein
biosynthesis was still not dead. As late as 1955, Fruton stated: *“It is possible, that our
speculations about protein formation are too simple, whether we assume a polynucleotide
template or the coupled synthetic action of proteinases.’’?

The demise of the concept of protein biosynthesis via reversible, protease-mediated hy-
drolysis was finally brought about by the recognition of the genetic code and the crucial
roles played by m- and t-RNAs during the process of in vivo protein synthesis (for more
details see, for instance, References 23 and 24). After elucidation of the mechanisms of the
ribosomal protein biosynthesis, interest in enzymatic peptide synthesis largely waned. How-
ever, it spectacularly revived during the second half of the 1970s with the prospect of the
utilization of proteases for preparative scale peptide synthesis (vide infra).
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