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Molecular recognition and the development of self-replicating systems 
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Abstract. Weak intermolecular forces lie at the heart of biochemical recognition phenomenon and the last decade has 
seen much activity in the evaluation of these forces. A number of model systems have been developed including 
macrocyclic structures and molecular clefts. With these structures it has been possible to measure forces at the 
sub-kilocalorie level involving hydrogen bonding, aromatic stacking and van der Waals interactions. This manuscript 
deals with molecular clefts as synthetic receptors for nucleic acid components and their ultimate use in developing 
chemical reactions between components within a complex. This has led to an entirely synthetic, self-replicating system 
that shows the features of self-complementarity and autocatalysis. A general discussion of self-replicating systems and 
their implications for prebiotic chemistry is developed. 
Key words. Adenine; aryl stacking; autocatalysis; base-pairing; catalysis; hydrogen bonding; intermolecular forces; 
nucleic acids; recognition; replication; self-complementarity. 

The last decade saw a sharp increase in activity in molec- 
ular recognition; weak intermolecular forces became one 
of the paradigms of bioorganic chemistry. During this 
time advances in enzymology permitted measurement of 
the contributions of hydrogen bonding and hydrophobic 
effects in enzyme substrate interactions 11 The use of 
model systems for these purposes has led to methods that 
provide a dissection of intermolecular forces at the sub- 
kilocalorie level. In this review, we discuss the applica- 
tion of these systems to problems involved with self-repli- 
cation. 
A classic form of molecular recognition is the base pair- 
ing that occurs in double-stranded nucleic acids. Genetic 
information is transmitted in the horizontal direction 
(fig. 1) through hydrogen bonds, whereas additional sta- 
bility in the form of aromatic stacking interactions is 
conferred in a vertical direction to the double-stranded 
forms of nucleic acids is. Early model studies showed 

considerable stacking type aggregations occur in water 4, 
since hydrogen bonding between single base pairs cannot 
be detected in this medium. Accordingly, initial studies 
were performed in CHCI 3 by Rich 14, using IR tech- 
niques; more recently, NMR has been used for this pur- 

23 pose 
It is now possible to construct molecules in which simul- 
taneous stacking and base pairing can be observed. In 
such models these forces converge from perpendicular 
directions and imitate the geometries of the naturally 
occurring systems. Molecular shape becomes the factor, 
and we were fortunate in having access to molecules with 
which advantageous shapes could be sculpted in rapid 
and modular fashion. 
Specifically, the Kemp 12 triacid features a U-shaped re- 
lationship between any two carboxyl groups (fig. 1). As 
a result, molecules in which it is used as a module 'fold 
back' upon themselves. Condensation of this material 
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with urea gives an imide that provides a hydrogen bond- 
ing edge similar to that of thymine. Virtually any aromat- 
ic surface can be appended to the third carboxyl group by 
means of an ester or amide linkage 17. It is therefore 
possible to make molecules that show high affinity for 
adenine derivatives through simultaneous hydrogen 
bonding and stacking interactions. For example, the se- 
ries featuring methyl, phenyl, naphthyl and anthracyl 
surfaces were prepared, and association constants (K,) 
with soluble adenine derivatives were measured 22 in the 
relatively non-competing solvent, CDC13 . Within this se- 
ries, the hydrogen bonding contribution remains con- 
stant, and extraction of the effects of aromatic stacking 
is possible. About one kilocalorie in binding energy can 
be obtained from the dipole-induced dipole interactions 
that result when an adenine is brought near an anthracyl 
surface. These forces are quite distinct from the classical 
or nonclassical 6 hydrophobic effects in which solvent 
liberation plays a large role. 
Such model structures are also useful in exploring the 
details of the base-pairing or hydrogen-bonding events. 
Using Nuclear Overhauser Effect (NOE) techniques, it is 
possible to show that typical A-T base pairing in this 
solvent occurs with roughly equal amounts of Watson- 
Crick and Hoogsteen configurations 2. In the aromatic 
derivatives, however, it is possible to control the relative 
contributions of both modes. For example, with the 
longer, extended anthracyl surface (e.g., fig. 2), Watson- 
Crick base pairing is favored, since more efficient overlap 
of the aromatic n systems occurs. Alternatively, by intro- 
ducing remote steric effects on the periphery of the struc- 
tures such as shown for the t-butyl naphthyl derivative 
(fig. 3), it is possible to force the base pairing to be pre- 
dominantly Hoogsteen. Only in this manner is it possible 
to bring the two aromatic surfaces into contact without 
causing unpleasant interactions among the side chains. 
Heteronuclear NOE techniques could also be applied to 

this system, and these revealed that bifurcated hydrogen 
bonds exist which confer additional stability to the com- 
plexes. For example, the amide (fig. 4) shows contact of 
the NH of adenine with all carbonyls in the system 16, 
whereas the corresponding ester shows only hydrogen 
bonding at the imide function. The enhancement due to 
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the bifurcation appears to be a factor of about 0.4 kcal/ 
mole. 
It is possible to construct molecules in which both Wat- 
son-Crick and Hoogsteen hydrogen bonding can be ex- 
pressed simultaneously with aromatic stacking interac- 
tions. Specifically, the naphthalene spacer (fig. 5) 
provides a system that can chelate adenine derivatives. 
These show such extraordinary affinity for adenine that 
they extract adenine and even adenosine from aqueous 
solutions into chloroform 3. To date, our most efficient 
binding of adenine occurs with a carbazole derivative; 
this spacer appears to match the shape of adenine with its 
complementary surfaces 5 
The natural use of hydrogen bonding and other such 
weak forces arises from their action over very short dis- 
tances. High selectivity can be achieved at such levels of 
molecular intimacy, and changes in the acid-base charac- 
teristics of the hydrogen bonding patterns alters the se- 
lectivity in a profound way. For example, reduction of 
the imides leads to hydroxy lactams (fig. 6) which now 
show recognition of cytosine derivatives, and the selectiv- 
ity over adenine has been reversed 9. More recently, acy- 
lated amidines have also been prepared in this series; 
these exhibit high affinity for guanosine derivatives 
(fig. 6) and association constants are in the 103-104 
range 19. Parallel developments using macrocyclic 

molecules 7 have also led to selective binding of nucleic 
acid components. 
Hydrogen-bonding patterns feature intrinsic energetics, 
and a recent perspicacious analysis by Jorgensen lo has 
revealed subtle, secondary interactions that contribute to 
the stability of base pairs. For example, hydrogen-hydro- 
gen repulsions and heavy atom-heavy atom repulsions 
destabilize base pairings such as shown in A (fig. 7), 
whereas in a seemingly similar pattern B, additional sta- 
bilization occurs. Using a series ofimides and lactams, it 
has been possible to measure some of these effects in 
solution. For example, in the series shown (fig. 7) it is 
possible to expose the destabilizing effect of the spectator 
or nonparticipating oxygen on the base pairing event. 
Each such interaction destabilizes the nearby hydrogen 
bond by ,-, 0.4 kcal; as a consequence, lactams self-asso- 
ciate more than imides do 8. 
In addition to the secondary effects, acid-base chemistry 
also contributes to the relative strengths of base pairing. 
For example, direct comparison of the imide and lactam 
(fig. 8) reveals the enhanced acidity of the imide can over- 
come the destabilizing influence of  the remote carbonyl. 
Alternatively, the participation of this carbonyl in an 
unconventional hydrogen bond to H 2 or H s of the 
adenine nucleus may be responsible s. 

Self-replicating systems 

Self-complementarity appears to be a fundamental re- 
quirement for a replicating system. This notion can be 
simply demonstrated through the coupe du roi 1. A solid 
object such as the cube is cut into two (chiral) pieces. 
They are identical and self-complementary (fig. 9). The 
possibility that arises is that one of the pieces can act as 
a template for the construction of the other from its 
smaller sub-units. 
At the molecular level, the quintessential structure is the 
double-stranded nucleic acid. A short, palindromic se- 
quence (fig. 10) can be separated, and one single strand 
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can act as a template for the assembly of the other. It is 
not surprising that this has been accomplished in phos- 
phate chemistry, both enzymatically and nonenzymati- 
cally21, 24. Indeed, it would be surprising if it couldn't, 
since this is the fundamental event of reproduction. 
With the award of the 1989 Nobel Prizes for the discov- 
ery of ribozymes, more attention has been turned to the 
evolution of a protein world from an RNA world. In 
making the transition from nucleic acids to proteins, an 
enormous gap exists. Indeed, two molecules that are less 
similar would be hard to imagine. The RNA itself is a 
bizarre juxtaposition of domains. The bases ultimately 

originate from the gas phase condensation of simple 
molecules 13, while the phosphate arises from dissolving 
rocks. The carbohydrate emerges eventually from the 
third phase, an aqueous solution (fig. 11). 
That nucleic acids taught proteins how to reproduce has 
posed one of the great questions since base pairing was 
discovered: what is the relationship between codon and 
the structure of the amino acid? What were the adaptor 
molecules that bridged the two worlds? Sober accounts 
are available 15, but this area has been so rife with specu- 
lation that it has acquired a rather unsavory reputation. 
A few key experiments are interpreted, in monographs 
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(often written at the authors' expense) to explain the 
mysteries. 
We have devised a model system in which the informa- 
tion of the nucleic acid world is used to drive acyl trans- 
fer reactions to construct the amides of the protein world. 
By attaching an adenine covalently to a receptor for 
adenine, a compound is made that is, by definition, self- 
complementary. The point of departure is the actual link- 
age by which the two components are connected. Such 
structures can dimerize or oligomerize or, provided that 
the linkage is of suitable length and flexibility, it can fold 
shut in a self-satisfying sense (fig. 12). 
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Our first coupe du roi structure was made quite inadver- 
tently by attaching a quinoline derivative to the imides z. 
Such structures dimerized through complementary hy- 
drogen-bonding and aryl-stacking interactions. The mul- 
tipoint contacts of base pairing, however, provide greater 
structural advantages, and the control of Watson-Crick 
vs Hoogsteen bifurcated hydrogen bonds permitted the 
synthesis of a self-complementary system to take place in 
an orderly fashion. Specifically, the coupling of the 
phenyl derivative (fig. 13) with the adenosine derivative 
shown led to a structure with the minimal structural 
requirements of self-complementarity, and the first pecu- 
liarity was observed during the actual coupling reaction. 
In comparing the coupling rates of the NH vs the N- 
methyl compound, we found that the latter coupled some 
five or six times more slowly. This can hardly be attribut- 
ed to a steric effect at a site so remote from the acyl 
transfer center. Rather, it is likely that the acyl transfer 
step itself proceeds by way of a base-paired intermediate. 
This was demonstrated to be the case by the use of com- 
petitive inhibitors. For example, 9-ethyl adenine slowed 
the coupling of the two components by tying up the 
electrophile in a nonproductive complex (molecular 
modeling indicated that the most likely way for the reac- 
tion to proceed was by way of Hoogsteen base-paired 
complex). 
The final product of this reaction proved to be a great 
disappointment. It remained folded shut, that is, the 
short phenyl spacer and a trans-amide bond provide a 
length appropriate for intramolecular base pairing. NOE 
experiments indeed showed that this was the case, that no 
amount of dilution would pry two systems apart; the 
hydrogen-bonding edges and aryl-stacking surfaces were 
unavailable to act as templates for replication. 
A longer spacer was clearly required. This was found in 
the 2,7-disubstituted naphthalene (fig. 14). This system 
showed the same peculiarities in the coupling reaction as 
its phenyl counterpart. Base pairing again precedes acyl 
transfer, most likely in the Watson-Crick mode. Here, 
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however, modeling suggests that the acyl transfer leads 
initially to a cis-amide bond. The feature provides a ten- 
sion, or spring-loaded structure which jackknifes open to 
the more stable trans-amide form. The latter exposes the 
self-complementary sites, and indeed dimerization in the 
coupe du roi sense occurs. Fortunately this dimerization 
can be controlled; the bulges in the center of the molecule 
apparently destabilize the system somewhat and it can be 
pried apart by dilution. 

The result is remarkable. The system does act as a tem- 
plate for its own construction, that is, it shows autocatal- 
ysis 2~ Addition of the product to coupling mixtures 
enhances the initial rates of formation. Apparently, a 
third form of coupling takes place, proceeding by way of 
a termolecular complex in which base pairing and aro- 
matic stacking forces help position the electrophile and 
nucleophile for rapid coupling (fig. 15). From the associ- 
ation constants of the various equilibria, it is possible to 
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Figure 16 
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calculate that only about 2 % of the mixture exists as the 
termolecular complex, yet the coupling rate increases by 
> 30%. Thus the termolecular reaction must be very 
efficient, indeed. 
The above has demonstrated that it is possible to use base- 
pairing events to drive and catalyze acyt transfer reac- 
tions, and we are working on more recognizable adaptor 
molecules to explore this phenomenon. For example, our 
current attention is focused on the use of hybrid struc- 
tures, amino acids with purine and pyrimidine side chains 
(fig. 16). Subsequent hydrolysis of some of the condensa- 
tion products would lead to recognizable amino acid side 
chains. These systems would provide a more direct link 
to how nucleic acids can be involved in the formation of 
longer chain peptides. 
Why such an event was encouraged is a good question as 
well. The condensation that led to RNA's  in the prebiotic 
world eventually gave some structures that showed cata- 
lytic activity of the nuclease sort. Such molecules would 
act as predators on other RNA's  (or themselves, for that 
matter), and since they provided a self-replication capa- 
bility, eventually all of the RNA's  would be selected as 
predatory sequences. There is no evidence yet that such 
molecules show any protease activity, but at the same 
time or subsequently, the prebiotic condensations led to 
small peptides. Given the richness of functionality avail- 
able in the side chains of these structures, some would 
show nuclease activity and some would show protease 
activity. Those featuring the latter would act as predators 
to digest exposed peptides. 
We speculate that protection was the original motivating 
factor that drove the nucleotides and peptides together. 
That is, peptide nucleic acid complexes which protected 
both components from their respective predators would 
be advantageous for both, and would provide the moti- 
vation at least for nucleic acids to ' teach' selected pep- 
tides to reproduce. One form in which an advantageous 
contact may have taken place is shown in figure 17. 
Hydrogen bonding of the NH of a peptide of the T-OH 

Figure 17 
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of a ribose could prevent the cyclization leading to in- 
tramolecular phosphate cleavage that is the inherent 
weakness of RNA. At the same time, such a contact 
could stabilize the peptide bond toward the approach of 
external nucleophiles. We are currently exploring this 
notion. 
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A comparison of pyridoxal 5'-phosphate dependent decarboxylase and transaminase enzymes 
at a molecular level 
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Abstract. Pyr idoxa l  5 ' -phospha te  is a coenzyme  for  a n u m b e r  o f  enzymes  which  catalyse  react ions  at  C" o f  a m i n o  acid 
substrates  inc luding  t ransaminases ,  decarboxylases  and  serine hydroxymethy l t rans fe rase .  Us ing  the  X-ray  coord i -  

nates  for  a t ransaminase ,  aspar ta te  aminot ransferase ,  and  the results o f  s te reochemical  and  mechanis t ic  studies for 

decarboxylases  and  serine hydroxymethy l t rans fe rase ,  an  act ive-si te  s t ruc ture  for  the decarboxylase  g roup  is con-  

structed.  The  s t ructure  o f  the active-si te is fur ther  ref ined t h r o u g h  act ive-si te  pyr idoxyl lys ine  pept ide  sequence 

c o m p a r i s o n  and  a 3-D cata lyt ic  m e c h a n i s m  for  the L - a - a m i n o  acid  decarboxylases  is p roposed .  The  chemis t ry  o f  

serine hydroxymethy l t r ans fe rase  is r e -examined  in the  l ight o f  the  p r o p o s e d  decarboxylase  mechan i sm.  
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Introduction 

Pyr idoxa l  5 ' -phospha te  (PLP) dependen t  enzymes  cata-  

lyse a myr i ad  o f  different  types o f  chemica l  reac t ion  in 

a m i n o  acid metabo l i sm.  Examples  include a - amino  acid- 

ke to  acid and  co-amine-aldehyde t r an samina t i on ;  a-, and  

t - a m i n o  acid  deca rboxy la t ion ;  a -amino  acid racemisa-  

t ion ;  f l -hydroxy a m i n o  acid re t ro -a ldo l  c leavage;  a- 
a m i n o  acid d e a m i n a t i o n ;  and  e l imina t ion  and  replace-  

men t  react ions  at C a and  CL Some  examples  are  shown 

in scheme 1. 

O f  the P L P - e n z y m e  ca ta lyzed  react ions ,  the  a - amino  acid 
t ransaminase  and  a -amino  acid decarboxylase  g roups  are 

the largest.  In  each  g roup  there are dozens  o f  different  

enzymes  which  catalyse the convers ion  o f  specific sub- 

strates to specific products .  These  have  different  names  
and  E n z y m e  C a t a l o g u e  24 (EC) numbers ,  for  example,  

g lu t ama te  and  his t idine decarboxylase .  There  are  also 

several  qui te  dis t inct  character ised  enzymes,  f r o m  differ- 

ent  species, which  catalyse the same specific react ion.  


