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  The novel and fashionable term  synthetic biology  ( SB ) is now used 
mostly to indicate a field aimed at synthesizing biological structures or 
life forms in the laboratory which do not exist in nature. Generally, 
existing microbial life forms are modified and the genomic content 
redirected towards novel modified organisms; for example, bacterial life 
that does not exist on Earth. First, important examples of these tech-
niques can be found in recent issues in  Nature   [1]  and  Science   [2] . This 
approach is the one which appears to have the greatest potentialities to 
do something socially useful; for example, novel bacteria for the produc-
tion of hydrogen or methane to help our energy needs, or novel bacteria 
for the production of drugs and/or enzymes which are otherwise difficult 
to reach. All this is based on the hard hand of the bioengineering 
approach that thrives from classic DNA molecular biology. This is the 
major, most popular form of SB. 

 This book has a different slant, in the sense that it concerns work on 
SB which is not based on genetic manipulation, emphasizing instead a 
chemical approach, one which aims at the synthesis of molecular struc-
tures and/or multi - molecular organized biological systems that do not 
exist in nature. These man - made biological molecular or supramolecular 
structures that do not exist in nature can be obtained either by chemical 
or biochemical syntheses. For this, the term  “ chemical synthetic biology ”  

 Introduction  
  Pier Luigi     Luisi  
  University of Roma 3, Biology Department, Viale G. Marconi 446, 00146 
Roma, Italy       
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2 INTRODUCTION

has been coined  [3] . This book deals with this aspect of SB and is based 
on original contributions, as well as on a couple of papers taken from 
the literature with suggestions and permissions from the authors. 

 One of the most beautiful examples of chemical SB, is the work by 
Albert Eschenmoser and coworkers at the ETH Z ü rich  –  presented in 
our book  –  on DNA having pyranose instead of ribose in the main chain. 
The basic question underlying this kind of work is: why this and not 
that? Why did nature choose that particular sugar and not another one? 
And this question impinges on a greater philosophical problem, that of 
the relation between determinism and contingency: is the way of nature 
the only possible one, as a kind of obligatory pathway? Or is it instead 
so that the choice of nature has been based on  “ chance ”   –  and we have 
ribose instead of pyranose simply due to the vagaries of contingency? 
Or, looking at the work by Yanagawa in this book, why 20 amino acids 
to build proteins instead of, say, nine? 

 And the same question can be drawn for the work of Benner (why 
not different chemical modifications of nucleic acid?). Concerning 
nucleic acid, there is the approach by Henderwijn and Marliere, who 
argue that nucleic proliferation could be extended so as to enable the 
propagation  in vivo  of additional types of nucleic acid whose polymeri-
zation would not interfere with DNA and RNA biosynthesis. 

 In fact, chemical SB permits one to tackle the question  “ why this and 
not that? ”  by synthesizing in the laboratory the alternative forms  –  
forms that do not exist in nature. And then by comparison with the 
natural forms, we can learn a lot on why nature had to proceed in one 
way instead of another one. 

 The question  “ why this and not that? ”  is particularly apparent in the 
project  never - born protein s ( NBP s), aimed at preparing families of 
totally random proteins which do not exist in nature and have never 
been subjected to evolution  –  with the important question: how and 
why have the  “ few ”  proteins which constitute our life been selected out? 
Such a project has been initiated at the Federal Institute of Technology 
in Zurich, Switzerland, to be pursued by my group transferred to the 
University of  “ Roma Tre ” , Italy, in particular, by Cristiano Chiarabelli 
and Davide de Lucrezia. 

 In this sense, it is clear that chemical SB is more naturally inclined 
towards basic science more than towards the engineering approach, 
which is rather devoted to making things to achieve a predetermined 
scope. Of course, the difference between the two approaches is often 
not so in a black - and - white form. One can also add that the bio - ethical 
problems, often connected to the genetic manipulation approach, are 
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generally not so relevant in the chemical SB approach. These two impor-
tant aspects of the field, namely the philosophical implications of SB 
and the bio - ethical aspects, are duly represented in this book (the last 
two chapters). 

 Also, the approach pioneered by Craig Venter and coworkers, aimed 
at synthesizing an entire genome by chemical methods  [4] , can be con-
sidered as one of the clearest examples of chemical SB. This contribution 
is missing in this book, not out of negligence of the editors, but because 
we were unable to get a contribution from this group. The very last, 
recent contribution of Venter  [5]  has caused much press clamor. It is, 
indeed, a Cyclopic work from the experimental point of view. From the 
conceptual point of view, it is no surprise of course that a synthetic 
DNA can replace the natural one. The clamor, I believe, is mostly due 
to the misconception, still so present in the simplistic press, that life is 
DNA. This equation, equating life and DNA, has been instrumental in 
a lot of misconception about the big question:  “ what is life? ”  Life is 
much more than DNA, as it is due to the dynamic interaction of thou-
sands of molecular components  –  even in the bacterium of Venter  –  of 
which DNA is only one. 

 We also could not receive a contribution on another subject we really 
wanted, the chemical synthesis of a virus  [6] . 

 We were lucky enough to obtain a contribution by ProfessorNielsen 
on his famous PNA chemistry  –  another example of chemical structures 
not existing in nature, and one may wonder why. 

 Thus, there is a part of this book on proteic structures and one on 
nucleic acids. 

 After that, it is the time to address the interaction between the two 
classes of biopolymers. There is first of all the question of the genetic 
code, and Wong ’ s school tackles the subject, whereas Nierhaus is asking 
whether ribosomes should really be so complex as they are in order to 
function, or whether one can construct some form of simpler ribosome; 
for example, one with a lower number of structural proteins. 

 The next part of this book is devoted to even more complex systems. 
And here the notion of a minimal cell is central. The procedure is based 
on the preparation and physico - chemical characterization of vesicles of 
given dimensions, and the entrapment of enzymes and DNA of known 
composition and concentration in their water pool, thus constituting a 
model for a biochemical cell. The main question here is what is the 
minimal and sufficient number of macromolecules which can endow the 
vesicle with cell - like functions? In particular, at which degree of com-
plexity can cellular life arise? This kind of research is also important to 
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show that life is an emergent property, which can arise  “ simply ”  from 
the interaction of nonliving chemical compounds. This project started 
in my laboratory in Zurich in the mid 1980s  –  the term  “ minimal cell ”  
applied to liposomes appeared in a 1985 paper with Thomas Oberholzer 
and today around 10 groups around the world deal with this subject. 
Two chapters, those by Stano  et al . and by Yomo and coworkers, are 
devoted to this subject. 

 The last part of the book is devoted to more general subjects. Thus, 
Schmidt and collaborators raise social questions in connection with SB 
in general, and in particular dwelling on bio - safety and bio - ethical 
issues. My own contribution is on epistemic aspects of SB, and tries to 
clarify the conceptual basis of the various approaches of SB, and also 
the difference between SB and other related fields, like artificial intelli-
gence. Finally, the contribution of von Kiedrowski is an attempt to form 
a merger between chemical SB and system chemistry. The replicators as 
chemical systems which emulate the behavior of self - replication of 
nucleic acids offer a beautiful example of this endeavor. This merging 
is necessary and even inevitable when chemistry is moving topwards 
biology and where biology has to use the tools of chemistry to advance. 

 More generally, we believe that this book on chemical SB offers a 
space at the interface between chemistry, biology, and philosophy which 
is timely and useful. 
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  1 
Searching for Nucleic 
Acid Alternatives    
  Albert     Eschenmoser  
  Laboratory of Organic Chemistry ETH, H ö nggerberg, HCI - H309, CH - 8093 
Z ü rich, Switzerland  
  The Scripps Research Institute (TSRI), 10550 North Torrey Pines Road, 
La Jolla, CA 92037, USA   
 

  “ Back of the envelope ”  methods have their place in experimental chemical 
research; they are effective mediators in the generation of research ideas; for 
instance, for the design of molecular structures. Their qualitative character is 
part of their strength, rather than a drawback for the role they have to play. 
Qualitative conformational analysis of oligonucleotide and other oligomer 
systems on the level of idealized conformations is one such method; it has 
played a helpful role in our work on the chemical etiology of nucleic acid 
structure. This article, while giving a short overview of that work, shows how.    

        Chemists understand by  comparing , not  ab initio . To perceive and to 
create opportunities for drawing conclusions on the basis of compari-
sons is the organic chemist ’ s way of interpreting and exploring the world 
at the molecular level. Comparing the properties of molecules of 
unknown constitution with those of already known constitution was 
the basic strategy in classical chemistry of structure determination by 
chemical methods, and the same still largely holds for more recent 

        References 39    
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8 NUCLEIC ACIDS

structure determinations in chemical laboratories by physical methods; 
it is only with regard to X - ray structure analysis that the statement 
ceases to hold in so far as chemistry is concerned. Model studies, an 
approach characteristically chosen by chemists when confronted with 
structural or transformational complexity, serve the purpose of creating 
opportunities to  compare  the behaviors of complex systems with those 
of simpler ones. Enzymic reactions and enzyme models are examples. 

 To reach an understanding of structures and structural transforma-
tions through  comparing  is not what chemists alone are aiming at; it is 
also true for biologists, dealing both with their own spatial and temporal 
resolution and with the conceptual resolution of their objects. Yet, 
biology is also a historic science: ever since the time of Charles Darwin, 
biologists  –  besides and beyond studying structure and function  –  have 
pondered the origin of their objects. Chemists do not have to; pursuing 
the question of origin with regard to the constituents of the periodic 
table is the job of cosmologists. However, with the progressive break-
down of borders between biology and (a very large part of) contempo-
rary chemistry, the search for origins is bound to leap over from biology 
to chemistry; the quest for comprehending the evolution of living organ-
isms will have its extension in the quest for an understanding of the 
origin of biomolecular structures. I do not mean the understanding of 
the origin of biomolecules in terms of their biosynthesis, but rather the 
origin of these biosyntheses themselves and, in the long term, of bio-
genesis, at the molecular level. 

 To systematically  compare  selected chemical properties of structural 
nucleic acid analogs with corresponding properties of the natural system 
is part of a project pursued in my research group(s) since 1986; the aim 
is to explore the potential of organic chemistry to arrive at an under-
standing of how and why Nature came to choose the specific structure 
type of the nucleic acids we know today as the molecular basis of genetic 
function. The specific property to be compared in this work is a given 
nucleic acid alternative ’ s capacity for informational Watson – Crick 
nucleobase - pairing, the overall criterion for the selection for study of a 
given system being a structure ’ s potential for constitutional self - assembly 
compared with that envisaged for the structure of the natural system 
itself  [1] . 

 There is another motive for pursuing in organic and medicinal chem-
istry laboratories the search for nucleic acid analogs: the worldwide 
hunt (also since the late 1980s) for nucleic acid substitutes that might 
be useful in medicinal antisense technology  [2] . This kind of search is 
not subjected to the above - mentioned selection criterion that rather 



SEARCHING FOR NUCLEIC ACID ALTERNATIVES  9

strictly narrows the choice of oligomer systems for study by demanding 
them to be potentially natural systems. Nevertheless, the antisense -
 technology - driven search for nucleic acid substitutes is not just very 
successful (chemically) in pursuing its own goals, some of its results 
importantly also complement etiology - oriented research on nucleic acid 
alternatives by corroborating and extending one of the major conclu-
sions to be drawn from the latter, namely that, in contrast to what was 
believed before, the capability of informational Watson – Crick base -
 pairing is by no means limited to the structure type of the Watson – Crick 
double helix. Quite the contrary, it is widespread among oligomers 
containing backbones that may be quite different from one of the 
natural nucleic acids. Nielsen ’ s  peptide nucleic acid  ( PNA ) exemplifies 
perhaps most instructively the degree of structural backbone variation 
Watson – Crick base - pairing is found to be compatible with. This wide 
spread of biology ’ s genetic type of recognition process notwithstanding, 
an oligomer system ’ s capability to show informational base - pairing 
demands rather stringent prerequisites to be fulfilled regarding the back-
bone structure and the three - dimensional relationship between back-
bone units and recognition elements (nucleobases). There is not just the 
question  “ base - pairing, yes or no? ” ; informational oligomer systems 
may  “ speak different base - pairing languages, ”  in the sense that they can 
be capable of undergoing  intra system base - pairing with themselves, 
while being unable to communicate with each other by  inter system 
cross - pairing. To deduce from empirical and theoretical sources the 
structural constraints that control an oligomer system ’ s capability of 
base - pairing in a given language would be important for eventually 
being able, on a qualitative level, to estimate in advance, if not to 
predict, whether or not a given type of oligomer structure could act as 
an informational oligomer. This challenge is clearly addressed to 
researchers in both the etiology - oriented and antisense - technology -
 driven branches of nucleic acid chemistry mentioned above. 

 From its very beginning, our own work was assisted by a set of such 
empirical qualitative criteria, a set that evolved with time and experi-
ence. In retrospect, it seems quite instructive to look at the balance 
between success and failure experienced so far in applying these criteria 
for  “ predicting ”  the base - pairing capability for new oligomer systems. 
I review them in this article by pointing to their origin, summarizing 
their essentials, commenting on their strengths and weaknesses as well 
as on their potential to be extended and applied for oligomer systems 
structurally different from those for which these rules were deduced and 
developed. I am, of course, not unaware of the fact that in contemporary 
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chemistry the task of predicting for practical purposes the structure (and 
sometimes implicitly the properties) of molecules is to be pursued by 
theory - based and computer - assisted tools; yet this does not mean that 
efforts to reach such estimates by empirical arguments on a qualitative 
level have become obsolete. After all, the experimental chemist ’ s prag-
matic reasoning in terms of his classical formulae language coexists 
quite successfully with the kind of reasoning feasible on the level of 
quantum chemistry. 

 Our entry into the research field of nucleic acid chemistry was moti-
vated by our interest in the broader context of an organic chemistry of 
biogenesis  [3] , and consisted in an experimental study on the formation 
and properties of oligo - dipeptamidinium salts (1982 – 1986, with Heinz 
Moser and Arthur Steiger  [4] ). At the outset of this project stood the 
recognition of the fact that the constitutional periodicity of a negatively 
charged oligonucleotide chain happens to be identical (six covalent 
bonds) with that of the chain of a positively charged oligo - dipeptamidinium 
salt; that is, of a polypeptide chain in which each  second  backbone 
amide group is replaced by a cationic amidinium group (Figure  1.1 ). 
The driving force behind the project was the question as to whether 
such an (etiologically not necessarily accidental) identity of constitu-
tional periodicity in the two major types of biopolymer could give rise 
to a mutual catalysis in the formation of oligonucleotide and oligo -
 dipeptamidinium strands by oligomerization of their respective mono-

     Figure 1.1     Six - bond periodicity in oligonucleotides and oligo - dipeptamidinium 
salts ( facsimile from Ref.  [4]  )  
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mers, given that oligo - dipeptamidinium salts can be considered to be 
oligomerization products of (the ammonium form of) dipeptide  nitriles  
and could transform to corresponding oligopeptides under mild hydro-
lytic conditions. Experiments turned out to negate neither the feasibility 
of the oligomerization step (preferably catalyzed by thiols such as 
cysteine  [5] ), nor the hydrolytic conversion to oligopeptides, yet uncov-
ered strand fission to be a competing process in that hydrolysis and, 
moreover, the overall stability of oligo - dipeptamidium salts toward such 
cleavage near neutral pH to be quite low  [6] .   

 One special aspect of that early project, namely the remarkable con-
stitutional relationship between an oligo -  nucleotide  and an oligo -
  dipeptide  chain, was to induce our next move. Only little was needed 
to realize that the complementarity of charges may be extended to the 
complementarity of other recognition elements; most appealingly, of 
course, nucleobases. Such a step called for nucleic acid alternatives 
composed of homochiral oligo - dipeptamidinium and also oligo - dipeptide 
chains in which  each second   α  - amino acid would be tagged by a nucleo-
base (Figure  1.2 a and  b ). We studied (with Peter Lohse  [6] ) the forma-
tion and the properties of such nucleobase - tagged oligo - dipeptamidinium 
salts with partial success, yet eventually succumbed to their relative 
instability. The literature existing at the time (1986) already contained 
reports on pioneering experimental efforts to prepare oligopeptides 
composed of nucleo - base - tagged  α  - amino acids; however, these reports 
were devoid of considerations according to which tagged oligomer units 
should be a  dipeptide  unit  [7] . Encouraged by an ETH - built (only 
slightly  “ suffering ” ) mechanical model of a double - helical hybrid duplex 
between an oligonucleotide chain and a nucleobase - tagged oligo -
 dipeptide chain, Gerhard Baschang of (former) CIBA - Geigy ’ s newly 
formed  “ antisense group ”  synthesized in 1986 an octamer of an  l  -
 alanyl - glycyl - type oligomer in which each  l  - alanine was replaced by an 
 l  - serine - derived  l  - (1 - thyminyl) - alanine (Figure  1.2 b). Disappointingly, 
no base - pairing with poly - d - adenosine was observed of that (presuma-
bly earliest) sample of a constitutionally and stereochemically defined 
nucleobase - tagged oligo - dipeptide. 1  In the light of this experience, 
Peter Nielsen ’ s pragmatically and ingeniously designed and, in turn, 
dramatically successful  “ PNA ”  a few years later amounted to an 

  1      Unpublished; however, see Ref.  [6] . In retrospect, we realize that the sequence length of an 
8 - mer (with thymin as nucleobase) is far too short to draw conclusions about an oligomer 
system ’ s capability of base - pairing. Had we in the TNA series (see later) investigated the 8 - mer 
only, we would have failed to observe the system ’ s pairing capacity. 
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overwhelming discovery  [8] . Reassuringly, the periodicity of the 
nucleobase - tagging of PNA ’ s backbone nicely corresponded to that of 
an oligo -  dipeptide -  type of oligomer structure (Figure  1.2 c).   

 Gradually overlapping with our early steps toward oligo - dipeptide -
 based informational systems in the 1980s was our search for nucleic 
acid alternatives that contain phosphodiester backbones derived from 
hexopyranoses in place of ribofuranose units ( “ Why pentose and not 

     Figure 1.2     Six - bond periodicity in (a) oligo - nucleodipeptamidinium salts, 
(b) oligo - nucleodipeptides, and (c) Nielsen ’ s PNA  
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hexose nucleic acids? ”   [9] ; Figure  1.3 ). While our results of an extensive 
study of the (diastereoselective) aldolization of glycolaldehyde phos-
phate  [10]  had initiated these studies, it was mainly the following aspect 
that eventually led us to rigorously concentrate on this project: an 
assignment of etiological relevance to a given nucleic acid alternative 
will be more reliable the closer the structural and generational relation-
ships between the alternative and the natural system are. The structure 
of an alternative should be derivable from an alternative aldose by the 
same type of chemistry that allows us to derive the structure of RNA 
from ribose. What, in addition, made such a study appealing from a 
purely chemical point of view was the following: oligonucleotide strands 
composed of hexopyranose sugar units would be amenable to qualita-
tive conformational rationalization, in sharp contrast to the conforma-
tionally far more complex pentofuranose - based natural systems, the 
base - pairing capability of which had, at the time, never been rational-
ized at the level of the organic chemist ’ s qualitative way of conforma-
tional reasoning.   

 Figure  1.4  reproduces the results of the kind of conformational analy-
sis that allowed us to  “ predict ”  that pyranose analogs of DNA ( “ homo -
 DNA ” ) might have the capability of informational base - pairing. The 
analysis was based on the following framework of assumptions and 
stipulations  [9, 11] : 

  1.     search for the ensemble of (formally)  least strained  conformers of 
an oligomer chain ’ s constitutionally repeating monomer unit by 
restricting the rotational continuum around each covalent bond 
of the backbone to three ideally staggered (i.e.  “ idealized ” ) con-
formations (bidentate oxygen centers containing two electron 
lone - pairs taken as tetrahedral centers);    

  2.      least strained  conformers of a monomer unit are those that have 
either no or the smallest possible number of,  “ 1,5 - repulsions ”  (i.e. 
repulsions resulting whenever in a five - center - chain  a – b – c – d – e  the 
two bonds  a – b  and  d – e  are positioned parallel to each other and, 
at the same time, neither  a  nor  e  is a hydrogen atom);  

  3.     phosphodiester group conformations are allowed to be  gauche –
 gauche  or  gauche  –  trans , but not  trans  –  trans ; 2   

  2      For a discussion of X - ray structures of phosphodiester groups, see Figure 9 in Ref.  [10] . 
Whereas the  gauche  –  gauche  conformation appears intrinsically favored, the  trans  –  trans  con-
formation apparently has not been not observed. Stereoelectronic reasoning (generalized 
anomeric effect) led us originally to believe that the  gauche  –  trans  conformation should be 
disallowed; however, the structure of pyranosyl - RNA,for example, taught us to think differ-
ently (see below). 
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  3      A whole series of attempts in various laboratories to translate the X - ray refraction data of the 
beautifully crystalline and high - melting homo - DNA duplex of the self - complementary octamer 
sequence dd(CGAATTCG) into a consistent X - ray structure turned out to be unexpectedly 
difficult. According to a personal communication of Martin Egli (Vanderbilt University), it is 
only recently that the structure could be solved by making use of the new methodology of Se -
 labeling of oligonucleotide strands (unpublished; for the method, see Ref.  [14] ). 

  4.     an oligomer system can be expected to be a base - pairing system 
if the ensemble of (formally)  least strained  monomer - unit con-
formers contains at least one conformer that is in a  “ pairing 
conformation ” ;  

  5.     a  “ pairing conformation ”  of a monomer unit conformer is a con-
formation that repeats itself in both neighboring monomer units.    

 It is to be noted that, in such an analysis, based on idealized conforma-
tions, the criteria  “ conformational repetitivity of a monomer unit ”  and 
 “ pairing conformation ”  are assessable in such a straightforward way 
only if the constitutional periodicity of the oligomer backbone corre-
sponds to an even number of bonds, as is the case, for example, in 
homo - DNA. 

 The analysis of the homo - DNA system (Figure  1.4 ) reveals an ensem-
ble of  four  least - strained conformers,  one  of them conformationally 
repetitive, with the  gauche  –  gauche  ( -  g / -  g ) conformation of the phos-
phodiester group  [12] . When the latter is allowed to assume the  trans  –
  gauche  conformation, there are six additional least - strained conformers; 
again, with one of them ( t / -  g ) conformationally repetitive. Therefore, a 
homo - DNA strand in a homo - DNA duplex can assume two types of 
conformation: the  gauche  –  gauche  phosphodiester type with (idealized) 
torsion angles   α      =     − 60    ° ,   β      =    180    ° ,   γ      =     + 60    ° ,   δ      =     + 60    ° ,   ε      =    180    °  and 
  ζ      =     − 60    ° ; or the  trans  –  gauche  type with   α      =    180    ° ,   β      =    180    ° ,   γ      =    180    ° , 
  δ      =     + 60    ° ,   ε      =    180    °  and   ζ      =     − 60    °  (Figure  1.4 ). These are exactly the two 
structure types that an NMR - structure analysis of the homo - d(A5T5) 2  
duplex shows to coexist in aqueous solution  [13] . Duplex models, con-
structed out of homo - DNA monomer units in either the  -  g / -  g  or the  t / -  g  
type of pairing conformation with all torsion angles taken to be ideal-
ized and (for the sake of argument) with all bond lengths identical, 
would have a linear shape. In reality, the intrinsic nonideality of all 
structural parameters, assisted by the necessity of a duplex to reach 
optimal nucleobase stacking distances by either helicalization or by 
adapting axes inclination, is bound to result in a helical twist of the 
duplex structure, the degree and sense of which, however, the NMR -
 structure analysis was unable to determine. 3  
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 Perhaps the most interesting aspect of the outcome of this kind of 
qualitative conformational analysis of the homo - DNA structure is the 
following: out of the two possible (idealized) structures of a homo - DNA 
duplex, the ( -  g / -  g ) - structure, the one in which the (formal) nucleobase 
stacking distance is nearer to the optimal value, turns out to be identical 
in type with the structure observed by X - ray analyses as the A - type 
structure of DNA - duplexes  [9, 13]  and the structure of duplex RNA 
(Figure  1.5 ). This indicates that  content and outcome of the conforma-
tional analysis of the homo - DNA structure implies a rationalization of 

     Figure 1.5     Pictorial comparison of idealized ( -  g / -  g ) - pairing conformations of 
homo - DNA with experimental data of A -  and B - type DNA duplexes  [1]   
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the A - type structure of DNA and ,  at the same time ,  of RNA ,  at the level 
of qualitative organic stereochemistry  (Figure  1.6 ). Furthermore, the 
finding that the A - type structure type of duplex DNA corresponds to a 
homo - DNA structure that is deduced by conformational analysis of a 
single strand must mean (assuming the latter finding would still hold 
for a conformational analysis of a DNA single strand) that DNA (and 
RNA) single strands are  preorganized  toward duplexation. Finally, the 
reasoning about homo - DNA and DNA in terms of idealized conforma-
tions provides a transparent rationalization of a well - known and bio-
logically important fact, namely that duplex DNA has the option of 
assuming either the A - type or its characteristic B - type structure, whereas 
the A - type structure is mandatory for duplex RNA (1,5 - repulsion 
between 2 ′  - hydroxyl and one of the phosphodiester oxygen centers in 
B - type RNA; see Figure  1.7 ) and, therefore, that DNA is forced to 
structurally adapt to RNA (not vice versa) when the two are cross -
 pairing with each other. Analyzing and depicting the natural nucleic 

     Figure 1.6     On the level of idealized conformations, the sugar conformations of 
A -  and B - type DNA duplexes are related to each other by half - chair inversions of 
the furanose rings  
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acids ’  duplex structures in terms of idealized conformations within the 
framework of rules listed above allows the organic chemist to rationalize 
and appreciate these remarkable facts at a level of stereochemical rea-
soning that biologists tend to achieve (Figure  1.7 ).   

 The synthesis and first steps in our rather comprehensive exploration 
of the homo - DNA system (pioneered by Christian Leumann, Hans - J ö rg 
Roth, J ü rg Hunziker and Markus Boehringer  [11, 15, 16] ) had in our 
laboratory the status of a model study that served the purpose of devel-
oping experimental methodologies besides determining the influence of 

     Figure 1.7     When RNA cross - pairs with DNA, the latter has to adapt structurally 
to the former, not vice versa. The steric hindrance in the (conformationally idealized) 
forbidden B - type RNA would consist in a repulsion between the 2 ′  - hydoxyl and an 
oxygen atom of the phosphodiester group  
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a simple insertion of a methylene group into DNA ’ s furanose ring might 
have on the system ’ s pairing capability. Homo - DNA was not considered 
to be a potentially natural nucleic acid alternative because the dideoxy -
 hexose sugar building block is a generationally much more complex 
sugar in comparison with a nonreduced hexose; it is in this sense that 
the homo - DNA project represented only a model study. 

 The base - pairing properties of synthetic homo - DNA strands turned 
out to be remarkable, to say the least. Strands with complementary 
nucleobase sequences showed regular Watson – Crick pairing much 
stronger than in DNA, but did not display any cross - pairing with 
complementary DNA (or RNA) strands. In homo - DNA, there is 
strong purine – purine pairing of guanine with isoguanine and of 2,6 - 
diaminopurine and xanthine in the Watson – Crick mode, as well as 
homo - purine – purine self - pairing of adenine and of guanine in the 
reverse - Hoogsteen mode. Comparison of thermodynamic parameters of 
homo - DNA and DNA duplexations clearly revealed homo - DNA ’ s 
stronger Watson – Crick pairing to be of entropic rather than enthalpic 
origin and, therefore, presumably to reflect a higher degree of confor-
mational strand preorganization toward duplex formation in homo -
 DNA than in DNA; and very plausibly so, considering the difference in 
flexibility between a pyranose chair and a furanose ring (Figure  1.8 ).   

 It was Christian Leumann who first drew the consequences of these 
observations by initiating and pioneering with his  “ bicyclo - DNA ”  
project  [17]  an important strategy in antisense0oriented nucleic acid 
research (design of oligomer backbones that are conformationally pre-
organized toward duplexation with DNA and RNA), a strategy that 
turned out to be highly successful in his and a number of other labora-
tories (Figure  1.9 )  [2d, 18] .   

 Figure  1.10  gives  –  in terms of the formulae of monomer units 
depicted in their (potential) pairing conformation  –  an overview of all 
the families of nucleic acid alternatives we investigated at ETH and 
TSRI. All (except homo - DNA) are taken from the close structural neigh-
borhood of RNA and deemed to be potentially natural nucleic acid 
alternatives, since they relate generationally to their respective building 
blocks in the same way as RNA does to ribose, purines, pyrimidines, 
and phosphate. Grey scale formulae denote oligomer systems found 
experimentally to be Watson – Crick base - pairing systems, identical color 
indicates systems that are capable of communicating with each other 
through informational intersystem cross - pairing, and nongrey members 
denote oligomer systems that are devoid of any significant base - pairing 
capability in the Watson – Crick mode.   
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     Figure 1.8     Comparison of thermodynamic data of duplexations in the homo - DNA 
versus the DNA series  [11] . The larger negative  Δ  G  values of the homo - DNA dupl-
exations are entropic in origin. Homo - DNA single strands are more strongly pre-
organized toward duplexation than RNA single strands, and the latter (see Figure 
 1.7 ) more strongly than DNA single strands  
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     Figure 1.9     Pictorial juxtaposition (in the form of idealized conformations) of 
homo - DNA with the natural systems and important analogs of the latter ( for these 
analogs, see Ref.  [18]  )  
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 A remarkable and etiologically significant finding is the discrepancy 
between the base - pairing potential of the model system homo - DNA and 
the three members of the family of homo - DNA ’ s  “ natural ”  analogs 
studied, namely the fully hydroxylated oligonucleotide systems derived 
from allose, altrose, and glucose  [19 – 21] . The latter show neither effi-
cient, nor consistent Watson – Crick base - pairing. Exploratory base -
 pairing tests with mono - hydroxylated models of the allose -  and 
altrose - derived oligomers supported the hypothesis that the source of 
this crucial difference in pairing capability is steric hindrance involving 
the two additional hydroxyl groups of the fully hydroxylated hex-
opyranose unit, as well as neighboring nucleobases, precluding the 
population of the unit ’ s pairing conformation in oligomers  [22] . Clearly, 
RNA  - alternatives derived from hexopyranoses in place of ribofuranose 
could not have acted as functional competitors of RNA in Nature ’ s 
evolution of a genetic system  [23] . 

 Apart from homo - DNA, by far the most extensive of our experimen-
tal efforts invested in the nucleic acid etiology project were directed to 
the synthesis (pioneered by Stephan Pitsch and Sebastian Wendeborn 
 [24] ) and investigation of the structure and properties of the pyranosyl 

     Figure 1.10     Overview of the families of nucleic acid alternatives investigated at 
ETH and TSRI (same shade denotes Watson – Crick base - pairing in the same base -
 pairing language; absence of color indicates lack of or only weak Watson – Crick 
base - pairing capability)  
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isomer of RNA ( “ p - RNA ” ), the nucleic acid alternative that is com-
posed of the very same building blocks as natural RNA itself. In contrast 
to the backbone design for RNA alternatives in the hexopyranosyl 
series, where the phosphodiester group can link the sugar units in a way 
completely analogous to that in RNA (4 ′  – 6 ′  - link in hexopyranose and 
3 ′  – 5 ′  - link in ribofuranose), the design of the backbone of a pyranosyl -
 RNA demanded a distinct deviation from that constitutional pattern in 
as far as a six - bond periodicity of the pento - pyranose backbone would 
only be compatible with a (2 ′  – 4 ′ ) - phosphodiester junction. Applying 
this criterion and defining the nucleoside to have the  β  - configuration (in 
order to have the nucleobase at the ribopyranose chair in an equatorial 
position) resulted in the p - RNA backbone depicted in Figure  1.11 . 
p - RNA ’ s pairing conformation, equally depicted in Figure  1.11 , emerged 
in a remarkably unambiguous way from a conformational analysis 
carried out with the very same criteria used already for homo - DNA: the 
ensemble of nine  least - strained  monomer - unit conformers contains only 
a single member displaying a repetitive conformation and, therefore, 
embodying the pairing conformation of an p - RNA duplex (Figure  1.12 ). 
It was not only this singularity that allowed us to predict with high 
confidence that p - RNA will turn out to be a base - pairing system, it was 
above all our experience that the pairing model for homo - DNA, built 

     Figure 1.11     Constitution and pairing conformation of pyranosyl - RNA  
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with the same criteria as that of p - RNA had, in fact, found its counter-
part in reality and, therefore, there was reasoned hope that the p - RNA 
model would do so, too. In fact, the agreement between the predicted 
model and the model that emerged from Bernhard Jaun ’ s X - ray analysis 
and Romain Wolf ’ s molecular mechanics - based modeling of the p - RNA –
 octamer duplex pr(CGAATTCG) 2  was exquisite  [25] .   

 While such unambiguous agreement between  “ theory ”  and experi-
ment is of course welcomed, it is the encountering of clear - cut disagree-
ment with specific details of a  “ theory ’ s ”  predictions that reveals to us 
the limits of that  “ theory ”  and, therefore, should to be welcomed, too. 
We encountered such disagreement when we studied the entire family 
of the four possible diastereomeric pentopyranosyl - oligonucleotide 
systems (containing equatorial nucleobases)  [26] , namely (besides the 
beta -  d  - ribo - system) the  β  -  d  - xylo -   [27] , the  α  -  l  - lyxo -   [28] , and the  α  -  l  -
 arabino -   [29]  member (Figure  1.13 ). It was the arabinopyranosyl 
member that turned out to be the strongest base - pairing system by far 
of the entire family (Figure  1.14 ), while we had expected it to be a 
member that would definitely pair less strongly than p - RNA  [24a] .   

 The  α  -  l  - arabino - pyranosyl system is, in fact, one of the strongest 
oligonucleotide - type Watson – Crick pairing systems known today. The 
lesson which this discrepancy between expectation and fact taught us 
was (at least) twofold. First, in cases where the conformational analysis 
in terms of idealized conformations leads to an ensemble of monomer -
 unit conformers in which  –  according to the standard criteria  –  all 
members (the conformationally repetitive one(s) inclusive) are heavily 
strained, the task of judging on the level of idealized conformations as 

     Figure 1.13     The four diastereomeric pentopyranosyl - RNA variants (with equato-
rial nucleobases) studied at ETH and TSRI. Arrows point to severe steric hindrance 
in (idealized) pairing conformation  
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to whether a conformationally repetitive conformer is among the  least 
unstable  conformers is no longer straightforward; neither is, therefore, 
any prediction with regard to such a system ’ s base - pairing capability. 
Second, the relative base - pairing strength of a system is intrinsically co -
 determined by  inter  - monomer - unit repulsions that are not taken into 
account by the routine analysis of the monomer unit conformations. 
However, perhaps the major lesson that our study of the pentopyranosyl -
 oligonucleotide family as a whole taught us was the one given by the 
 α  -  l  -  lyxo pyranosyl system  [26, 28] ; it was the lesson that determined the 
next project in our work and came about as follows. 

 One of the most remarkable properties observed for pyranosyl - RNA 
was its capacity for template - controlled ligations, especially the capabil-
ity of hemi - self - complementary p - RNA - tetramer - 2 ′ ,3 ′  - cyclo - phosphates 
to regio -  and chiro - selectively self - template their gradual growth into 
duplexes of long complementary p - RNA sequences (pioneered by 
Stephan Pitsch and Martin Bolli  [30, 31] ). The study of this type of 
ligation chemistry demanded a careful proof of its regioselectivity, in 
connection of which iso - p - RNA - oligomers with (3 ′  – 4 ′ ) -  instead of 
(2 ′  – 4 ′ ) - phosphodiester bridges were synthesized for comparison pur-
poses (Figure  1.15 ). Not unexpectedly, such isomeric p - RNA strands 

     Figure 1.14     Comparison of base - pairing strength of pentopyranosyl - oligonucleotides 
and RNA ( A8/T8 - duplexes; in 0.15    m  NaCl, 10    μ  m  NaH 2 PO 4 , pH 7; see 
Refs  [24, 26 – 29]  )  
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     Figure 1.15     (4 ′  – 2 ′ ) -  versus (4 ′  – 3 ′ ) - phosphodiester bridges in the pentopyranosyl 
RNA series  
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lacked the capability of either intrasystem or intersystem (with DNA) 
base - pairing (five - bond periodicity). However, the analogous modifica-
tion in the  α  -  l  - lyxopyranosyl series, in which a (3 ′  – 4 ′ ) - phosphodiester 
bridge is  diaxially  attached to the pentopyranosyl chairs, produced 
oligomer strands that, though not completely unexpectedly, revealed 
themselves as being capable of intrasystem base - pairing and, surpris-
ingly, of intersystem cross - pairing with DNA. It seemed clear that the 
reason for such a drastic six - bond - rule disdaining behavior must be 
lying in the unique  trans  - diaxial arrangement of the phosphodiester 
bridge  [32] .   

 Sugar units consisting of tetroses (which can form only furanoses) 
had originally been explicitly neglected as building blocks of nucleic acid 
alternatives because it is not possible to derive from them tetrofuranosyl -
 oligonucleotides with a backbone periodicity of six bonds. Our observa-
tions with the lyxopyranosyl system, however, made us rethink the 
matter and etiology - driven reasoning quickly associated the structure of 
an  α  -  l  -  threofuranosyl  - oligonucleotide strand in which the  trans  -
 phosphodiester bridge might be held in quasi - diaxial conformation by 
electrostatic reasons and, therefore, give rise to a behavior similar to 
that of an  α  -  l  - lyxopyranosyl oligonucleotide strand (Figure  1.16 ). Why 
should such a system be of etiological interest? It would be very much 
so, because the four - carbon sugar  threose  is a generationally simpler 
sugar than  ribose .   

  α  -  l  - Threofuranosyl - oligonucleotides ( “ TNA ” , Figure  1.17 ; pioneered 
by Uwe Sch ö nig and Peter Scholz  [33] ) turned out to be a marvelous 
Watson – Crick base - pairing system of a pairing strength comparable to 
that of RNA and the capability to cross - pair with equal efficiency with 
the natural system (Figure  1.18 ). Bernhard Jaun ’ s NMR - structure analy-
sis of the duplex t(CGAATTCG) 2  showed an RNA - like right - handed 
helix  [34] [and Jaun and Ebert (unpublished results)] , and Martin Egli ’ s 
two X - ray structure analyses of both an A -  and B - type DNA duplex of 
a self - complementary dodecamer sequence containing a single TNA unit 
demonstrated how the quasi - diaxial phosphodiester bridge adjusts to 
the DNA double helix, revealing at the same time TNA ’ s distinct prefer-
ence for the A - type structure paralleling the observation that TNA 
cross - pairs more strongly with RNA than with DNA  [35] .   

 Among molecular biologists, TNA has become more popular than, 
for example, the pyranosyl isomer of RNA. This is as a simple conse-
quence of the fact that TNA does not speak a  “ foreign ”  language as 
p - RNA does. In Jack Szostak ’ s laboratory it was shown that TNA 
strands in the presence of a  “ tolerant ”  DNA - polymerase can template 
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     Figure 1.16     The conceptual leap from observing the properties of the (4 ′  – 3 ′ ) - lyxo-
pyranosyl system to studying the (3 ′  – 2 ′ ) - threofuranosyl system  
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     Figure 1.17     Juxtaposition of the (idealized) pairing conformations of RNA and 
TNA  

O

O

O

O

O

O

O
O

O

O

P
O O

O

O

O
P

O O

OO

P

P
H

H

H

BASE BASE

RNA TNA



30 NUCLEIC ACIDS

DNA - synthesis and, most remarkably, DNA strands can serve as 
template for the faithful synthesis of complementary TNA strands (so 
far up to 50 - mer) from  α  -  l  - threofuranosyl - nucleotide - 2 ′  - triphosphates 
 [36] . The authors of these findings consider such experiments as 
first steps in a project that aims at an  in vitro  evolution of TNA (with 
the help of contemporary enzymes) to the functional level of an artificial 
genotype possessing phenotypic properties. The model vision behind 
this work is the role assigned to RNA in a hypothetical world 
(the  “ RNA - world ” ), considered to have preceded our own, in which 
RNA is thought to have fulfilled both genotypic and phenotypic 
functions  [37] . 

     Figure 1.18      T  m  - values and thermodynamic data of self -  and cross - pairing in duplex 
formation within and in between the TNA - , RNA - , and DNA - series  [33]   

42
56
53
31

76
58
50
41

68
41
36
26

47
43
41
35

55
48
43
36

62
59
57
52

59
44
40
36

28
57
57
39

32
47
43
25

A
B
C
D

A
B
C
D

A
B
C
D

TNA

TNA

RNA

RNA

DNA TNA RNA DNA

DNA

TNA

RNA

DNA

–14.5
–73.7
–59.2

–15.8
–95.2
–79.4

–11.0
–57.0
–46.0

–13.7
–98.0
–84.3

–16.8
–129.2
–112.4

–12.3
–73.9
–61.6

–20.0
–131.9
–111.9

–17.3
–93.9
–76.6

–13.3
–77.3
–64.0

DUPLEX

A

B

C

D

3′ - A16 - 2′
2' - T16 - 3'

3′ - A4T3ATAT2AT2A - 2′
2′ - T4A3TATA2TA2T - 3′

3′- AT2AT2ATAT3A4 - 2′
2′ - TA2TA2TATA3T4 - 3′

3′ - ATTCAGCG - 2′
2′ - TAAGTCGC - 3′

DUPLEX

B
3′ - A4T3ATAT2AT2A - 2′
2′ - T4A3TATA2TA2T - 3′

Tm (10 µM)
1.0M NaCI, pH 7.0

∆G25°C

∆H
T∆S



SEARCHING FOR NUCLEIC ACID ALTERNATIVES  31

 Can the structural and generational simplicity of an informational 
oligomer system such as TNA be pushed even further? In one of our 
papers  [32] , we had commented on such an extrapolation of the TNA 
structure to an even simpler system by hypothesizing that  acyclic  
phosphodiester - based oligomers of the type depicted in Figure  1.19  
might prove to behave like TNA, since the  trans  - antiperiplanar arrange-
ment of the negatively charged phosphodiester groups  –  a violation of 
the  gauche  effect notwithstanding  –  might be favored by electrostatic 
repulsion. We refrained from testing the hypothesis experimentally 
because we supposed the simplicity of oligomers, such as the one derived 
from the C3 - backbone ( n     =    1), is deemed to be structural, not genera-
tional (its backbone unit corresponds to a  reduced  sugar), and, there-
fore, to be a system that lacks the attribute of being potentially natural. 
Fortunately for nucleic acid chemistry, such a constraint is not what 
everybody adheres to, and so we know today, thanks to recent work by 
Eric Meggers  [38] , that the ( n     =    1) - oligomer of Figure  1.19  is an impres-
sively efficient base - pairing system, able to cross - pair with the natural 
nucleic acids.   

 The available NMR - structure analyses for duplexes of the homo -
 DNA -   [13] , pyranosyl - RNA -   [25] , arabinopyranosyl - RNA -   [39] , and 
TNA -   [34]  [and Jaun and Ebert (unpublished results)] series revealed 
structural models that fall into three different groups where the degree 

     Figure 1.19     A hypothetical aliphatic oligonucleotide backbone system in which 
the vicinal phosphodiester groups might (as a result of a tendency to minimize 
electrostatic repulsion) assume an antiperiplanar conformation ( excerpt from 
Ref.  [32]  )  
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     Figure 1.20     The three groups of base - pairing systems which exhibit strong intra-
system base - pairing but do not cross - communicate with each other; they represent 
orthogonal base - pairing systems. This orthogonality is proposed to be related to 
the different backbone – base - pair axes ’  inclinations of these systems ( excerpt from 
Ref.  [32]  )  
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and orientation of the inclination between the (averaged) backbone axis 
and the (averaged) base - pair axis  [40]  is concerned. The ladder - like, 
feebly helical models of homo - DNA and the two pentopyranosyl - nucleic 
acids show a strong inclination of these axes, yet (significantly) in oppo-
site orientation  [40] , whereas the compactly helical model of TNA 
resembles the right - handed helices of the natural nucleic acids of which, 
characteristically, the B - type helix of DNA has essentially no inclination. 
This difference in degree and orientation of backbone inclination is 
related to the base - pairing orthogonality of the three groups of nucleic 
acids (Figure  1.20 ), giving rise to barriers to conformational adjustments 
necessary for base - pairing, even though the inclination is (formally) 
efficiently adjustable through rotation around nucleosidic bonds (Figure 
 1.21 )  [32] . The degree of inclination of these axes (in any orientation) 
correlates with two further structural properties of informational oli-
gomers: one is a system ’ s propensity to pair in parallel, versus antiparal-
lel, strand orientation  [11] ; the other is the nature of the base - stacking 
in duplexes, namely  intra  -  versus  inter  - strand  [25, 39, 40] . The more 
strongly inclined a system ’ s backbone is, the more strongly forbidden is 
base - pairing in parallel strand orientation, and the more pronounced 
 inter strand is the base - stacking.   

 Have we reached the boundaries of the structural landscape of the 
carbohydrate - derived phosphodiester - type base - pairing systems by what 
we know today? The answer is a clear  no  from a purely chemical point 
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     Figure 1.21     Rotation around the nucleosidic bonds in oligonucleotides changes 
the inclination between the (averaged) backbone – base - pair axes (rotation in the 
sense indicated by the picture on the top induces an inclination shift towards 
the right)  
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of view, and a cautious  very probably not  when referring to systems 
that fall into the category of potentially natural nucleic acid alternatives. 
What at this stage, however, seems more urgent than to go on and close 
this remaining gap of knowledge may be to abandon the selection cri-
terion that determined the course of our work so far, namely that the 
structure of a nucleic acid alternative has to be taken from RNA ’ s struc-
tural neighborhood in the sense that it must be derivable from a (CH 2 )  n   
aldose sugar by the same type of generational chemistry that allows the 
structure of RNA to be derived from ribose. There is that other class of 
fundamental biomolecules, the polypeptides and proteins, whose back-
bone can also serve as the skeleton of informational oligomers  –  as 
recent work on nucleobase - tagged peptide - like oligoamide backbones 



34 NUCLEIC ACIDS

has amply shown  [6, 41 – 47, 49] . 4  The polypeptide instead of oligonu-
cleotide type of structure could serve as reference in a search for 
nucleobase - tagged oligomers, whose repeating units would have to be 
tagged dipeptide units, as recognized at the very beginning of our work 
 [41] . We would again demand candidate structures to be potentially 
natural, in the sense that they have to be derivable from their building 
blocks by the same type of basic chemistry that connects polypeptides 
with the proteinogenic  α  - amino acids and, moreover, that these 
nucleobase - tagged building blocks should be derivable from natural 
 α  - aminoacids by potentially primordial reactions. 

 The last part of this article deals with the question as to what extent 
the kind of conformational reasoning used in the search for oligonucle-
otide type nucleic acid alternatives could assist such a search in the field 
of nucleobase - tagged oligo - dipeptides and related systems and, moreo-
ver, could provide a qualitative rationalization of the facts already 
known in this field. 

 Figure  1.22  recapitulates the two types of (idealized) pairing confor-
mations of the repeating monomer unit of homo - DNA, transcribed into 
the corresponding formulae of DNA (and RNA) backbones (see also 
Figure  1.6 ), the ( -  g / -  g ) - variant of the two representing the type of con-
formation characteristically observed for A - type duplexes of DNA and 
RNA. Important characteristics of this backbone conformation are the 
two 180    °  torsion angles   β   and   ε   (bonds in bold). In a further tran-
scription of the conformation into a backbone variant that lacks the 
cyclic part of the natural systems, the bold bonds of the backbone 
formula define the positions at which double bonds could be accom-
modated without changing in any major way the overall shape of the 
backbone thread (Figure  1.23 , formula a). 5  Interestingly, the  relative 
positions of these double bonds correspond to the relative positions of 
the (planar) amide bonds in oligopeptides . This means that this specific 
(idealized) type of polypeptide backbone conformation corresponds to 
the  -  g / -  g  pairing conformation of the backbone in A - DNA (and RNA), 

  4      For studies on  δ  - peptide analogs of pyranosyl - RNA with Gerhard Quinkert at the University 
of Frankfurt, see Ref.  [49] . 
  5      A formal transformation of the idealized conformation of a saturated four - center chain con-
taining two vicinal substituents in antiplanar arrangement into the idealized conformation of 
a 2,3 - unsaturated chain with the two substitutents in  trans  arrangement would in fact require 
two 60    °  rotations around the resulting sp 3 /sp 2  bonds in order to reach the (idealized) most 
stable conformations at the allylic positions (allylic hydrogen atoms synplanar with the double -
 bond axis). Allowing for this implicit conformational change would have to be part of a more 
detailed analysis of such an adaptation of the pairing conformation of an oligonucleotide to 
that of an oligopeptide. However, for the sake of pictorial simplicity and clarity, this aspect is 
not taken into account by Figures  1.22 – 1.24 . 
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     Figure 1.22     The two  “ allowed ”  pairing conformations of homo - DNA transcribed 
into the formula of A - type DNA (or RNA). Bond symbols in bold denote backbone 
torsion angles of 180    ° . The thread in the middle of the figure depicts the backbone -
 core of the ( -  g / -  g ) - conformer of A - type DNA. The thread conformation that cor-
responds to the  t / -  g  conformation (lower right) happens to be identical to the 
conformation of the thread that would correspond to the (idealized) B - DNA con-
formation depicted in Figure  1.6   
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and that nucleobase - tagged oligo - dipeptides, depending on the struc-
tural details of the nucleobase - bearing chains alternatingly attached at 
tetrahedral positions of the backbone (see below), may represent systems 
that harbor the capacity of base - pairing with themselves and of cross -
 pairing with DNA and RNA.   

 As Figure  1.23  (formula b) indicates, there is another way of main-
taining the conformational character of the A - DNA - type backbone 
within an aliphatic backbone thread, namely by putting electronegative 
atoms at the positions labeled in the figure as black spots. If such a 
backbone were to follow the organic chemist ’ s  “  gauche  - effect ”  in 
choosing its preferred conformations, the specific positioning of the 
electronegative centers would support the maintenance of the thread ’ s 
specific folding and have an effect on the backbone ’ s conformational 
preferences similar to that of the aforementioned double bonds. Taking 
the NH - group as the electronegative center, the oligomer backbone 
becomes that of an oligo - ethylenimine, pointing to the possibility that, 
again depending on the structural details of the attachment of the 
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nucleobase, such a type of structure might serve as the backbone of 
oligomer systems that cross - pair with DNA and RNA. A similar predic-
tion could be made for a correspondingly nucleobase - tagged oligo -
 ethylenoxide backbone. 

 Finally, there is a third way of maintaining the special conformational 
relationship of an aliphatic backbone with the ( -  g / -  g ) conformation of 
A - type DNA, namely by any mixed positioning of double bonds (or 
amide bonds) and electronegative centers along the backbone thread 
as long the positional requirements stated above remain fulfilled. 
Figure  1.23  depicts with formula c a variant that shows regular alterna-
tion between an amide group and an imino group; this variant, interest-
ingly enough, corresponds constitutionally to the (nontagged) backbone 
of Nielsen ’ s PNA. 

 Figure  1.24  gives the generalized formula of nucleobase - tagged oligo -
 dipeptide oligomers drawn in the two conformations that correspond 

     Figure 1.23     The idealized conformation of the backbone - core of A - DNA ’ s ( -  g / -  g ) -
 conformer equated to the conformation of the backbones of aliphatic oligomer 
systems containing double bonds (or equivalents thereof) or electronegative centers 
(black dots)  
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  7      Most, if not all, of these variants do not belong to the landscape of potentially primordial 
oligomer systems. However, Nielsen ’ s PNA itself has been considered in this context  [46, 48] . 

  6      Important informational chemistry involving conventional nucleobases and peptidic back-
bones not based on the oligo - dipeptide (six - bond periodicity) concept exists: see the work of 
Ulf Diederichsen on nucleobase - tagged alanyl -  and homoalanyl - PNAs  [44]  and that of Philip 
Garner on  α  - helical peptide nucleic acids ( α  - PNAs)  [45] . 

to the pairing conformations ( -  g / -  g  and  t / -  g ) of homo - DNA and, conse-
quently, A - type DNA and RNA (formulae a and b). A wide - ranging 
program of experimental screening of the base - pairing properties of 
such systems as a function of the structure of the nucleobase - bearing 
side - chain and, importantly, of the structure type of the nucleobases, is 
called for.   

 The residues labeled as R can be the residue of any  α  - amino acid, 
preferable one that facilitates water solubility. Only a few representa-
tives of the potentially large diversity of such oligo - dipeptide systems 
are described in the literature  [42] ; however, data about the self - pairing 
capabilities of such systems (for example, of oligomers of type b in 
Figure  1.24 ) are absent and the reports about their capability to cross -
 pair with the natural systems are conflicting. DNA -  and RNA -  cross -
 pairing capabilities of such systems seem, indeed, to depend on the 
nature of the nucleobase - bearing side - chain, as Masayuki Fujii ’ s well -
 studied and successful oligo - dipeptide system (Figure  1.24 d) demon-
strates  [41] . Of special interest in this context is the oligomer of Figure 
 1.24 e, which corresponds to the type of system pointed to in Figure 
 1.23 c and which shows efficient cross - pairing with DNA and RNA  [43] , 
in remarkable contrast to the oligomer of Figure  1.24 c, which is reported 
 [43a]  not to do so. 

 In a search for potentially primordial genetic systems within the land-
scape of nucleobase - tagged oligodipeptides, the main selection criterion 
for choosing the structure of systems to be studied will have to be a 
given oligomer system ’ s generational simplicity relative to that of normal 
natural  α  - oligopeptides and their building blocks, the  α  - amino acids. 
Thereby, the exploration of the structural diversity of generationally 
simple heterocycles that could serve as alternative nucleobases and 
especially of the kind of  “ nucleosidation step ”  they would allow for will 
be challenges to be met. 6  

 In recent years, a huge amount of empirical information about the 
structure and base - pairing properties of a large variety of structurally 
modified analogs of Nielsen ’ s PNA has become available  [46, 47] . 7  To 
what extent these data fit into the kind of formal stereochemical exercise 
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discussed here, of connecting (idealized) pairing conformations of 
peptide - type oligomer systems with the  “ allowed ”  (idealized) pairing 
conformations of homo - DNA, is a question that might deserve a sepa-
rate analysis.              
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  Synthetic biology aims to design and construct new biological parts, devices, 
and systems to be implemented in non - natural settings. Synthetic biology will 
fill the gap between description and understanding of biological systems, clarify-
ing the fundamental principles of biological organization. To date, research in 
the field of synthetic biology has mainly focused on engineering extant life forms 
in order to introduce novel, desirable tracts. To unlock the full potential of 
system biology, parts (devices and systems) must be designed according to novel 
principles, such as modularity, insulation (orthogonality), standardization, and 
scalability. Within this framework, a new branch of synthetic biology termed 
 “ chemical synthetic biology ”  has emerged which aims at designing completely 
 de novo  parts (i.e. RNA, proteins, regulatory networks) to be exploited as novel 
functional scaffolds for synthetic biology by exploring the sequence space for 
novel biological entities (NBEs) that do not exist in nature. The rationality 
behind this approach relies on the observation that functional macromolecules 
selected from random libraries devoid of any evolutionary constraint can be 
considered as completely orthogonal (insulated) to extant organisms and, there-
fore, may be implemented into synthetic biology chassis, possibly reducing 
cross - talk and parasitic effects. NBEs (unlike redesigned natural macromole-
cules) can therefore be regarded as  “ virgin ”  whose functionality can be engi-
neered without constrictions to meet the user ’ s requirements. We will review 
the major features of never - born RNAs relevant for chemical synthetic biology 
such as structural diversity, evolvability, and modularity.            

   2.1    INTRODUCTION 

 Synthetic biology has emerged as a new discipline at the interface 
between biology and engineering. It aims to  “ (i) design and construct 
new biological parts, devices, and systems and (ii) re - design exist-
ing, natural biological systems for useful purposes ”  ( http://www.
syntheticbiology.org ). Synthetic biology will certainly have an impact 
on basic knowledge, in that the implementation of existing genes, pro-
teins, and metabolic pathways in non - native settings will help to shed 
light on their function and dynamic behavior. As stated by Richard 
Feymann,  “ what I cannot create, I do not understand ”   [1] . Within this 
framework synthetic biology will fill the gap between description and 
understanding of biological systems, clarifying fundamental principles 
of biological organization. On the other hand, synthetic biology will 
revolutionize technology and production paradigms in the twenty - first 
century and foster the development of new technological tools to 
produce innovative medicines (red biotechnology), generate new sources 
of energy and chemical processes (white biotechnology) and in pre-
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vention, and open new gateways in environmental risk research (green 
biotechnology). 

 To date, research in the field of synthetic biology has mainly focused 
on engineering extant life forms in order to introduce novel, desirable 
tracts. However, over the past few years, synthetic biologists have gener-
ated remarkable systems, including: an expanded genetic code in 
 Escherichia coli   [2] ; various logic gates  [3, 4] ; rewired yeast mating and 
osmolarity response circuitry  [5] ; generating bistable switches in bacte-
ria  [6] , yeast  [7] , and mammalian cells  [8] ; spatiotemporal control of 
cell signaling using light - switchable proteins  [9] ; genetic and metabolic 
oscillators  [10 – 12] ; producing artificial communication in bacteria  [13]  
and yeast  [14] . 

 These remarkable achievements have largely been  one - offs , since each 
one is a special case, and though they must be regarded as milestones 
in the respective field, they do not provide a comprehensive and coherent 
engineering roadmap for the next step  [15] . 

 Indeed, the rationality behind this approach neglects the inner com-
plexity of biological systems and assumes that biological parts can be 
 cut and pasted  among different organisms, meanwhile retaining their 
functionality. To unlock the full potential of system biology, parts 
(devices and systems) must be designed according to novel principles 
such as modularity, insulation (orthogonality), standardization, and 
scalability  [16, 17] . Within this framework, a new branch of synthetic 
biology termed  “ chemical synthetic biology ”   [18, 19]  has emerged 
which aims at designing completely  de novo  parts (i.e. RNA, proteins, 
regulatory networks) to be exploited as novel functional scaffolds for 
synthetic biology by exploring the sequence space for novel biological 
entities   ( NBE s) that do not exist in nature. In this regard,  “ chemical 
synthetic biology ”  is concerned with the synthesis of chemical structures 
such as proteins, nucleic acids, vesicular forms, and others which do not 
exist in nature. The rationality behind this approach relies on the obser-
vation that functional macromolecules selected from random libraries 
devoid of any evolutionary constraint can be considered as completely 
orthogonal (insulated) to extant organisms and, therefore, may be 
implemented into synthetic biology chassis possibly reducing cross - talk 
and parasitic effects. NBEs (unlike redesigned natural macromolecules) 
can therefore be regarded as  “ virgin ”  whose functionality can be engi-
neered without constrictions to meet the user ’ s requirements. The pos-
sibility to freely customize parts ’  functionality (i.e. RNA) will deeply 
impact the design and implementation of devices and systems into 
standard chassis. In this regard, NBEs may pave the way for novel 
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design paradigms in synthetic biology. In the following sections, we will 
review the major features of never - born RNAs relevant for chemical 
synthetic biology, such as structural diversity, evolvability, and 
modularity.  

   2.2    RANDOM  RNA  S  READILY ADOPT A 
COMPACT AND THERMOSTABLE 
SECONDARY STRUCTURE 

 A stable and well - defined fold is a fundamental prerequisite for the 
biological activity of extant biopolymers, and this applies to RNAs as 
well. Accordingly, in order to exploit the potential of random RNA 
sequences  –  never - born RNAs  –  as a scaffold for chemical synthetic 
biology one must determine whether and to what extend random RNAs 
adopt a stable and well - defined fold. In addition, the question of whether 
a stable folding is a common feature of randomly synthesized biopoly-
mers or the rare property of a few molecules is of great significance to 
the study of the origin of life, as well as to the contingency – determinism 
debate due to the potential role of RNA as ancestral molecule during 
evolution  [20, 21] . It is worth noting that the notion of fold cannot be 
univocally defined, since RNA molecules longer than 30 nucleotides will 
always fold into some sort of secondary structure. Thus, fold becomes 
a matter of degree and can only be defined operationally; namely, 
it depends on the experimental criterion used. In our previous studies 
 [22, 23]  we used the RNA Foster (RNA FOlding Stability TEst) assay 
which relies on the specificity of the single - stranded nuclease S1. Basically, 
the RNA Foster assay allows one to determine the presence and thermal 
stability of secondary domains in RNA molecules by coupling enzymatic 
digestion with temperature denaturation (Figure  2.1 ). The assay is 
capable of quantitatively determining the fraction of folded RNAs  f  fold  
as a function of the temperature. In previous studies we used the RNA 
Foster to test individually random RNAs 178 nucleotides long, 141 of 
which were completely random (randomized region equal to 79% of 
the sequence), in a range of temperature between 37 and 60    ° C.   

 We selected a number of RNAs in a completely random fashion  –  that 
is, without any kind of selection bias  –  out of a library of 2.25    ×    10 8  
independent sequences in order to investigate their structural properties 
by means of the RNA Foster assay. In this regard, these RNAs are sta-
tistically significant, in the sense that their structural properties reason-
ably reflect the average structural features of random RNA molecules. 
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The results obtained were used to determine the folding properties of 
RNA samples and to assess the  melting temperature  ( Tm ) for each RNA. 
Figure  2.2  plots the correlation between the fraction of S1 - resistant 
RNAs and the temperature. All RNAs are insensitive to S1 digestion at 
37    ° C, suggesting that all RNA molecules possess a stable secondary 
structure at this temperature under the conditions observed during the 
assay. As the temperature increases, the number of RNA molecules 
sensitive to S1 increases as well. Half of the screened RNAs retain a 
stable secondary structure up to 50    ° C, whereas above this temperature 
most of the RNAs lose their secondary structures and are readily 
degraded by S1. These results can be explained by assuming that most 
nucleotides of the RNA molecules are engaged in some kind of second-
ary structure at low temperature, so that a compact fold prevents RNAs 
from being cleaved by S1 nuclease. These secondary domains become 

     Figure 2.1     Schematic representation of the RNA Foster assay. RNA Foster assay 
employs S1 nuclease, a single - strand - specific nuclease, to cleave single - stranded 
regions, thus monitoring the presence of double - stranded domains and indirectly 
any possible tertiary structure. Folded RNAs are more resistant to S1 nuclease than 
unfolded ones, as the latter are degraded faster than the former. The capability of 
nuclease S1 to work over a broad range of temperatures can be used to probe RNA 
secondary domain stability at different temperatures. An increase in temperature 
destabilizes the RNA fold, inducing either global or local unfolding. The fraction 
of folded RNA  f  fold  at each experimental temperature is determined by measuring 
the amount of RNA remaining after S1 digestion, using electrophoresis and a suit-
able staining method. The  f  fold  at different temperatures is used to assess the Tm of 
the RNA molecule  

S1

Temperature

S1
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looser as the temperature increases and, consequently, unstructured 
single - stranded regions become accessible to the nuclease S1 and are 
readily digested by it. It is remarkable that a  “ thermophilic ”  RNA could 
be found which retains its secondary structure up to 60    ° C. It is note-
worthy that only a limited number of RNAs have been screened and 
that the RNAs tested were randomly chosen without any selection bias; 
thus, the finding of an RNA which was stable up to 60    ° C came unex-
pectedly. Subsequently, we investigated the correlation between thermal 
stability and GC content, since higher thermal stability is often associ-
ated with higher GC content. This study revealed no significant correla-
tion, so that a well - defined and thermal stable fold is not univocally 
determined by sequence composition. These results show that the for-
mation of secondary domains in random RNA molecules is a common 
and widely spread property, almost an intrinsic feature of random RNA 
molecules at 37    ° C. Furthermore, half of the sampled RNAs maintain 
their folding up to 50    ° C, suggesting that RNAs are prone to fold into 
compact secondary structures with a surprising thermal stability. In 
particular, a thermostable RNA has been found whose fold was stable 
up to 60    ° C. Tested RNAs were randomly chosen and no kind of selec-
tion had been exerted on them prior to the analysis, so that this finding 
comes unexpectedly and suggests that thermostable RNAs might not be 
so rare in the RNA sequence space  [24, 25] . In addition, no significant 
correlation has been found between the GC content and the thermal 
stability of RNAs. Although counterintuitive, these results suggest that 

     Figure 2.2     Fraction of folded RNA plotted against temperature. The plot shows 
the number of S1 - resistant folded RNAs (blue series) out of 12 screened RNAs for 
five different temperatures. According to the experimental criterion, S1 - resistant 
RNAs are considered folded ( Adapted with permission from  [23] . Copyright 2006 
Wiley VCH Verlag GmbH  &  Co. KGaA )  
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the sequence composition does not directly determine the thermal stabil-
ity of RNA folding.   

 Altogether, these results suggest that RNA molecules have an intrinsic 
tendency to fold into secondary structures with a surprising thermal 
stability even in the absence of any selective pressure (that is, when 
randomly synthesized) and regardless of their GC content. Accordingly, 
RNA sequence space can be regarded as a rich source of stable macro-
molecules that can be effectively exploited for synthetic biology.  

   2.3    RANDOM  RNA  S  CAN BE EASILY DESIGNED AND 
ENGINEERED TO ACQUIRE NOVEL FUNCTIONS 

 Synthetic biology relies on the possibility to exquisitely design and engi-
neer novel parts or devices to meet user - specific requirements. Molecular 
design, such as protein engineering, mainly relies upon three alternative 
strategies (Figure  2.3 ):   high - throughput screening   ( HTS ),   rational design   
( RD ), and   directed evolution   ( DE ) (also known as irrational design or 
applied molecular evolution).   

 The HTS approach  [26, 27]  relies on the generation of a vast library 
of candidate mutants that are individually tested for the desired func-
tion. HTS procedures can explore only an infinitesimal number of 
mutants with respect to all the theoretical ones. Indeed, the number of 
theoretically possible mutants is

   M a
L

L H H
H

H=
−( )







!
! !

 

where  M H   is the theoretical number of mutants for a given biopolymer 
of length  L  assuming  H  mutations and  a  possible monomers (four 
for nucleic acids)  [28] . It is easy to calculate that for a ribozyme of 
only 200 nucleotides assuming three mutations per mutant there are 
more than   MH = − ≈ ×4 200 200 3 3 84 103 6{ !/[( )! !]}  theoretically possible 
mutants. The screening of such an astronomic number is far beyond 
technical reach, so that current screening procedures often fail to iden-
tify the best mutant (e.g. global optima) and are usually stacked to a 
limited region of the sequence space (e.g. local optima). 

 RD  [29]  relies on a detailed knowledge of the relationship between 
structure and function so that tailored, site - specific mutations can be 
performed to rationally alter the function of the target molecule 
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(e.g. enzymes or ribozymes). A comprehensive description of the 
structure – function relationship is rarely available, and this severely 
limits the deployment of rational design strategies. 

 Conversely, DE  [30, 31]  mimics natural evolution by means of itera-
tive cycles of mutation – selection – amplification, which allows the simul-
taneous testing of a vast library of candidate mutants for an a priori 
defined function without a priori knowledge. The great advantage of 
DE techniques is that no prior structural knowledge of the target mol-
ecule is required, nor is it necessary to be able to predict what effect a 
given mutation will have on the target molecule ’ s function. 

 Within this framework, DE represents by far the method of choice to 
employ to design and engineer synthetic biology parts at will. In order 
to effectively deploy DE there are two fundamental requirements. The 

     Figure 2.3     Schematic representation of the main approach to molecular design and 
engineering. (a) The HTS approach relies on the generation of a vast library of candi-
date mutants that are individually tested for the desired function. (b) RD relies on a 
detailed knowledge of the relationship between structure and function so that tai-
lored, site - specific mutations can be performed to rationally alter the function of the 
target molecule. (c) DE mimics natural evolution by means of iterative cycles of 
mutation – selection – amplification which allows the simultaneous testing of a vast 
library of candidate mutants for a priori defined function without a priori knowledge  
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first is the availability of a physical link between the genotype and the 
phenotype. The second relies on the availability of a suitable screening 
procedure to enrich the initial peptide population of those sequences 
satisfying the selection criteria. 

 Since the discovery in 1982 of the first ribozyme molecule  [32, 33] , 
RNA molecules have been extensively engineered owing to the fact that 
RNA is able both to store the genetic information and perform catalysis, 
fulfilling the fundamental criteria to deploy DE. 

 In particular,  SELEX  ( Systematic Evolution of Ligands by EXponential 
enrichment )  [34]  has been used to engineer RNA molecules with various 
functions, such as binding and catalysis. The SELEX methodology fore-
sees three major steps: 

  1.     Generation of molecular diversity     by introduction of genetic 
variations at DNA level through a variety of mutational 
techniques.  

  2.     Selection of best mutant molecules     capable of performing a spe-
cific function such as binding to a molecular target or catalyzing 
a specific reaction.  

  3.     Amplification of the selected molecules     by selectively recovering 
the best mutant by retro - transcription and subsequent amplifica-
tion by  polymerase chain reaction  ( PCR ).    

 This three - step procedure is iteratively repeated to enrich the initial 
population of those mutants satisfying the selection criteria. 

 DE has been effectively employed to design novel ribozymes from 
random sequences. In their seminal work, Ellington and Szostak  [35]  
reported the isolation of functional aptamer (i.e. RNA molecules that 
bind specific ligands  –  from the Latin word  aptus , to fit) capable of 
tightly binding a small organic molecule. The starting pool consisted of 
10 13  DNA molecules of 155 base pairs comprising 100 random nucle-
otides flanked by constant regions. The corresponding RNAs were iso-
lated for binding to a variety of dyes (baits) by means of affinity 
chromatography, where the stationary phase consisted of agarose beads 
covalently conjugated to the bait. RNAs that did not bind the bait were 
washed out from the columns, whereas binding RNAs were selectively 
eluted. The eluted RNAs were amplified and used for the next cycle of 
selection and eventually mutated by error - prone PCR to explore a larger 
region of the sequence space. Following the fourth cycle, selected RNAs 
were isolated and sequenced showing no significant homology to extant 
sequences. In addition, selected RNAs belong to distinct families with 
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minimal sequence similarity with each other, proving that there are 
many independent sequence solutions to the binding problems. In 
another seminal study, Bartel and Szostak  [36]  successfully isolated new 
ribozymes from a pool of 10 15  different molecules of 294 nucleotides 
comprising a long random stretch of 220 nucleotides structured in three 
random segments divided by only 6   bp nonrandom sequences (i.e. 
restriction sites). The selected strategy aimed at isolating novel RNA 
molecules capable of catalyzing the ligation of substrate oligoribonucle-
otides to the random 5 ′  - end. The reaction sought was similar to the 
chain elongation during RNA polymerization in which the 3 ′  - OH of an 
elongating strand condensates with the  α  - phosphate of an adjacent 5 ′  - 
triphosphate, displacing a  pyrophosphate  ( PPi ), and yielding a 3 ′ ,5 ′  - 
phosphodiester bond. The initial RNA pool was bound to an agarose 
matrix and allowed to anneal to the substrate oligoribonucleotides. 
RNAs capable of intramolecular ligation were then eluted and selec-
tively recovered by oligonucleotide affinity chromatography. Eluted 
RNAs were amplified and used for the next round of selection and 
eventually submitted to error - prone PCR to introduce mutations in the 
central core of random sequences. The selected ribozymes exhibited a 
reaction rate that is 7 million times faster than the uncatalyzed reaction 
after only four rounds of DE. These two pioneering studies prove the 
possibility of isolating functional RNAs from random libraries for both 
binding and catalysis. Since then a number of papers have reported the 
isolation and design of novel RNAs from random libraries, with a par-
ticular emphasis on target validation  [37, 38] , binding and inhibition of 
a wide variety of proteins, including growth factors  [39] , enzymes  [40] , 
receptors  [41] , and viral proteins  [42] . Aptamers have also been isolated 
against a multitude of other targets, such as small organic molecules  [43] , 
peptides  [44] , and even complex multimeric structures  [45] . In addition, 
ribozymes have been successfully used to perform metabolic engineer-
ing  [46] , gene therapy  [47] , antiviral therapy  [48] , and to catalyze a 
number of chemical reactions  [49] . 

 Noteworthy is that the fraction of novel functional RNAs isolated 
from a random library of sequences was estimated to be 1    ×    10  − 10 . This 
figure is substantially higher than that estimated for functional proteins 
form random libraries (1    ×    10  − 12 )  [50] . The above examples witness the 
huge versatility potential and the ease with which they can be engineered 
to perform specific tasks that go beyond the natural and physiological 
role of extant RNA molecules. These features make random RNAs 
particularly suited as self - contained functional modules for synthetic 
biology.  
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   2.4    RANDOM  RNA  S  AS A MODULAR SCAFFOLD 
FOR SYNTHETIC BIOLOGY 

 One of the fundamental principles of synthetic biology is the concept of 
modularity, namely the design of self - contained parts, devices, and 
systems that can be connected and combined in any combination to 
achieve a specific function in a forward engineering fashion  [17] . This 
implies that each part (or device or system) has a highly standardized 
function that can be cut and pasted to work in different contests without 
a significant alteration of the overall functionality. In order to guarantee 
 “ plug - and - play ”  compatibility of different components, the connections 
between the different parts need to be standardized  [16]  and the output 
of the interaction among different components needs to be predictable. 
Within this framework, RNA seems perfectly fitted to develop self -
 contained modules that can be assembled to yield more complex com-
ponents with predictable features. One of the first researchers to exploit 
the inherent modularity of RNA structure was Jaeger, who coined the 
term RNA tectonics  [51] :  “ a new LEGO game for supra - molecular 
chemists and biochemists [ … ] which refers to the construction of artifi-
cial RNA architectures with novel properties and takes advantage of the 
knowledge of folding and assembly rules governing the three - dimensional 
shape of complex natural RNA molecules. ”  Jaeger and co - workers 
emphasize the modular structure of RNA that can be exploited to con-
struct combinatorial libraries, using RNA modular units for creating 
molecules with dedicated shapes and properties. This approach moves 
from the observation that functional RNA molecules can be dissected 
into self - contained structured domains that self - assemble through non -
 covalent bounds to reconstitute a fully functional oligomer. This is the 
case of  Tetrahymena  ribozyme (Figure  2.4 ) belonging to the group I 
introns that catalyze their own excision from mRNA, tRNA, and rRNA 
precursors in a wide range of organisms. The core secondary structure 
consists of nine paired regions (P1 – P9) that fold into two independent 
domains: P4 – P6 (formed from the stacking of P4, P5, and P6 helices) 
and P3 – P9 (formed from the P3, P7, P8, and P9 helices). Owing to the 
inherent modularity of the  Tetrahymena  fold, inactive mutant ribozymes 
lacking helices P5a, P5b, and P5c can be rescued by the addition in trans 
of these helices restoring the original function  [52, 53]  by means of oli-
gomer formation mediated only by non - covalent interaction among terti-
ary structures. This study prompted the idea that independent folded 
RNA domains can be assembled in combinatorial fashion to achieve 
higher order structure with a priori defined functions and shapes.   
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 Within this framework, Jaeger and co - workers exploited self - contained 
RNA modules (named  “ TectoRNA ” ) to form self - assembly nanoscale 
structures through tertiary interaction  [54] . Researcher designed basic 
modular units that comprise a four - way junction with an interacting 
module on each helical arm that spontaneously assembles in one -
 dimensional arrays (Figure 3 in Ref.  [55] ). Modular assembly was 
obtained by either a GAAA loop or a specific GAAA loop receptor so 

     Figure 2.4      Tetrahymena  ribozyme fold.  Tetrahymena  ribozyme fold with the self -
 contained independent P4 – P6 (formed from the stacking of P4, P5, and P6 helices) 
and P3 – P9 (formed from the P3, P7, P8, and P9 helices). Ribozymes lacking helices 
P5a, P5b, and P5c can be rescued by the addition in  trans  of these helices, restoring 
the original function by means of oligomer formation mediated only by non -
 covalent interaction among tertiary structures  (adapted from  http://cechlab.
colorado.edu/  with author permission. Copyright (1998) American Association for 
the Advancement of Science, U.S.A.)   
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that each tectoRNA was capable of interacting with two other tectoR-
NAs via the formation of four - loop interaction. Using this approach, 
researchers demonstrated the possibility of assembling nano - objects 
containing more than 16 units. Researchers further expanded the rep-
ertoire of RNA modules by varying the length, helical twist, and flexibil-
ity of the linker region that separates the interacting motifs in each 
module, demonstrating that several tectoRNAs can associate at sub -
 micromolar concentrations  [55, 56] . 

 Modular design of novel ribozymes using physically separated RNA 
modules was also employed by Inoue and co - workers to develop an 
artificial RNA ligase by fusing RNA – RNA recognition motifs. The 
resulting ligase produces a 3 ′  – 5 ′  linkage in a template - directed manner 
for any combinations of two nucleotides at the reaction site  [57] . 
Researchers used RNA modules with well - characterized  three -
 dimensional  ( 3D ) structures to design self - folding RNA consisting of 
standard double - stranded helices connected by either a tetraloop –
 receptor interaction or consecutive base - triples  [58] . Next they inserted 
a 30 nucleotide random region into the scaffold and performed DE to 
isolate novel ribozymes with ligase activity. Finally, researchers con-
verted this  cis  - acting ribozyme to a  trans  - acting ligase by dissecting the 
3D structure into two independent modules: the catalytic module and 
the substrate module (Figure  2.5 ). The substrate module could be further 

     Figure 2.5     Design of novel ligase using physically independent RNA module. 
Scheme and structures of  de novo  ligase using self - folded RNA modules (a), com-
bined in a higher order structure (b), further engineered to display ligase activity (c) 
and dissected into independent domains to allow substrate specificity redesign by 
module shuffling (d) ( Adapted from  [57] . Copyright 2004 National Academy of 
Sciences, U.S.A. )  
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engineered to alter specificity, proving the feasibility to construct versa-
tile ribozymes exploiting combinatorial assembly of self - contained RNA 
modules. These examples demonstrate the possibility of combining 
different RNA parts to design higher order structures with specific 
functions empowering the central concept of synthetic biology: 
modularity.   

 Modularity is an intrinsic property of RNA molecules and it is inti-
mately related to the folding process. Single - strand RNAs are flexible 
polymers with a virtual infinite number of spatial conformations. The 
folding process is mainly the result of base - pairing interactions occur-
ring between far - off residues. 1  As a consequence, distant regions of 
the polymer are brought close with a net decrease of conformational 
freedom. Therefore, the entropy difference between the final state 
and the initial state is negative and can be quantitatively expressed 
as  [59] 

    ∆ Ω ΩS Rclosure t= ′ <ln( / ) 0     (2.1)  

where  Ω  ′  is the number of possible conformations of the folded state 
and  Ω  t  is the total number of possible conformations of the random coil 
polynucleotide. Consequently, the entropic contribution  −  T  Δ  S  is a posi-
tive term in the free energy equation ruling the folding process  [59] :

    ∆ ∆ ∆G H T Sfolding = − ≤ 0     (2.2)   

 Therefore, for a spontaneous folding, the entropy cost must be balanced 
and possibly overcome by the enthalpy change  Δ  H , which accounts 
for the heat released upon  base - pairing  ( BP ) and  base - stacking  ( BS ) 
interactions. 

  1      RNA folding is mainly driven by interactions between nucleotides along the same chain. The 
four different kinds of bases interact with each other through hydrogen bonding allowed only 
between nucleotides with complementary hydrogen bonding profiles, which lead to extremely 
selective interactions according to Watson - Crick rules. This significantly reduces the number 
of theoretically possible interaction to two: AT and GC. As a consequence of the matching, 
all polar groups are tied up in interaction, with the result that the interaction surface becomes 
hydrophobic. When the matching involves several adjacent nucleotides the hydrophobic 
regions interact with each other, further stabilizing the structure (base stacking). In addition, 
phosphate groups will invariably point towards the polar solvent, i.e. water, reducing drasti-
cally the number of total possible conformation, namely  Ω  t  (see Equation  (2.1) ). The result is 
a reduction of the entropy cost of folding  [59] . 
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 The free energy contributions of BP and BS range from  − 0.9 to 
 − 3.4   kcal   mol  − 1   [59] ;; this value is even less than the free energy cost of 
four nucleotides loop closure ( Δ  G  °  37    ° C     =     + 4.5   kcal   mol  − 1 )  [59] . This 
implies that consecutive base pairs must form in order to stabilize even 
simple folds. The rate of consecutive base - pairs formation depends on 
the frequency of random collisions between complementary bases, 
which is a function of the number of nucleotides separating the two 
molecular partners  [59] . From a kinetic standpoint the interaction of 
not too far - off residues is faster than and favored over the interaction 
of far - distant nucleotides. Besides, the entropy cost of bringing far - off 
regions close is certainly larger than the entropy cost to perform the 
same task for close regions  [60] . The main conclusion is that kinetics 
goes along with thermodynamics during RNA folding. The consequence 
is that RNA folding is sequential as well as hierarchical, in the sense 
that the folding process moves from a fast 2  and stable structure to 
energy - demanding structures  [60, 62] . Hence, the RNA 3D architecture 
results from the interaction of independent, separate, preformed, and 
stable domains. These exquisite features of the RNA folding process 
make RNA molecules extremely suited to implement a modular approach 
to the construction of a higher order structure starting from self -
 contained parts and devices.  

   2.5    CONCLUSIONS 

 In this chapter we reviewed the main features of never - born RNA (i.e. 
random sequences with no significant homology with extant sequences) 
that make this molecule particularly suited to customization and engi-
neering, satisfying the basic principles of synthetic biology. 

 The first feature that makes never - born RNA an attractive option for 
chemical synthetic biology is that the sequence space related to random 
RNAs represents a huge resource of untapped diversity; indeed, if one 
considers an RNA of only 100 nucleotide length there are 4 100     ≈    1.6    ×    10 60  

  2      The kinetics of RNA folding is limited by the rate of intramolecular stem formation, which 
is the slowest event. The unimolecular rate constant of an intramolecular stem has been deter-
mined as  k    =    f   n  exp( −  B / RT ), where  f     ≈    10 5    s  − 1  is the rate constant for base-pair formation of 
head - on residues,  n  is the number of base pairs in the helical stem,  T  is the absolute tempera-
ture, and  B  is the activation energy barrier for the loop closure  [61] ). For a hairpin with 5 – 12 
nucleotides in the stem helix the formation time has been estimated in the millisecond region 
at 37    ° C  [59] . 
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theoretically different RNA sequences, which may be searched to isolate 
novel structures and functions. However, the actual diversity exploitable 
to isolate novel structures directly relates to the fraction of random RNA 
sequences that fold into a compact and stable structure, since a well -
 defined fold is a fundamental prerequisite for any biological activity. 
Accordingly, in order to exploit the potential of random RNA sequences 
as scaffold for chemical synthetic biology, one shall determine whether 
and to what extent random RNAs adopt a stable and well - defined fold. 
In our previous studies we demonstrate that RNA molecules have an 
intrinsic tendency to fold into secondary structure even in absence of 
any evolutive pressure; that is, when randomly synthesized. In addition, 
secondary domains are surprisingly stable, and thermostable RNA could 
be found even screening a small number of RNA molecules. This finding 
suggests that RNA sequence space is a rich source of molecules that 
readily adopt a stable and well - defined 3D structure that can be exploited 
effectively for synthetic biology. Another feature of RNAs is that they 
can be easily engineered to display a specific function. The most notable 
feature is that RNA molecules embody both the genotype and the phe-
notype, which allow the seamless exploitation of directed evolution. The 
possibility of accessing huge diverse libraries of random RNAs coupled 
with the power of selecting even rare sequences with the function of 
interest makes RNA the perfect substrate to develop custom synthetic 
parts for tailored applications. The examples reviewed in Section  2.3  
showed that both binding and catalysis can be easily obtained by select-
ing novel functional RNAs from a large library of random sequences 
(up to 10 15 ); those functions can be further combined to control and 
program cellular function in natural systems  [63] . Toward this direction, 
Collins and co - workers  [64]  designed ligand - responsive ribozymes that 
cleave specific mRNA in response to changing concentration of certain 
intracellular metabolites to fine - tune gene expression in biological 
systems. Although in this work researchers employed natural ribozymes, 
we anticipate that  de novo  design of ligand - responsive ribozymes may 
reduce part - chassis cross - talking and interference, leading to more 
robust synthetic control circuits. 

 The third characteristic that makes RNA an attractive scaffold for 
chemical synthetic biology relies on the inherent modularity of RNA 
fold that allows the combinatorial combination of a self - contained 
module to achieve higher order structure using a forward - engineering 
approach. 

 These features make never - born RNAs a rich source of molecular 
diversity and a malleable scaffold for chemical synthetic biology.  
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 Chemical theory cannot yet support an engineering vision that allows DNA 
sequences, proteins and other biomolecules to be used as interchangeable parts 
in artificial constructs without  “ tinkering ” , a process that alters the structure 
of molecules without much predictability. Indeed, attempting to do biomolecu-
lar design as a part of a program in synthetic biology pursues challenges at 
the limits of existing theory. These force scientists across uncharted terrain 
where they must address unscripted problems. In areas where chemical theory 
is inadequate, the attempt fails, and fails in a way that cannot be ignored. Thus, 
synthesis drives discovery and paradigm change in ways that analysis cannot. 
Further, if the failures in a synthetic biological exercised are analyzed, new 
theories can emerge. Here, we illustrate this by synthesizing artificial genetic 
systems capable of Darwinian evolution, an ability theorized to be universal 
to life.            

   3.1    INTRODUCTION 

   3.1.1    Multiple Meanings for  “ Synthetic Biology ”  

 Many languages have  “ contranyms, ”  words and phrases that have two 
nearly opposite meanings. If you run  “ fast, ”  you are moving at great 
speed; if you hold  “ fast, ”  you are not moving at all. A  “ citation ”  from 
Harvard  University  is good, but a  “ citation ”  from the Harvard University 
 police  is bad. 

  “ Synthetic biology ”  is a contranym. In one version popular today in 
many engineering communities, synthetic biology seeks to use  natural  
parts of biological systems (such as DNA fragments and protein  “ bio-
bricks ” ) to create assemblies that do things that are  not  done by natural 
biology (such as the manufacture of a specialty chemical or digital com-
putation). Here, engineers hope that the performance of molecular parts 
drawn from living systems can be standardized,  “ specs ”  can be written, 
and parts can then be reassembled in architectures with predictable 
outcomes, just as engineers can mix and match standardized transistors 
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to give integrated circuits with predictable performance. For this, the 
whole must be the sum of its parts. 

 Among chemists,  “ synthetic biology ”  means the opposite. The  “ syn-
thetic biology ”  of chemists seeks to use  unnatural  molecular parts to do 
things that  are  done by natural biology. Chemists hold that if they can 
reproduce biological behavior  without  making an exact molecular 
replica of a natural living system, then they have demonstrated their 
understanding of the intimate connection between molecular structure 
and biological behavior. If taken to its limit, this synthesis would provide 
a chemical understanding of life. Although central to chemistry, this 
research paradigm was perhaps best expressed by a physicist, Richard 
Feynman, in the phrase:  “ What I cannot create, I do not understand. ”  
(quoted in Hawking  [1] ). 

 Waclaw Szybalski was thinking of a still different meaning when he 
coined the term  “ synthetic biology ”  in 1974  [2] . Szybalski noted that 
recombinant DNA technology would soon allow the construction of 
new cells with rearranged genetic material. He realized that this deliber-
ate synthesis of new forms of life provided a way to test hypotheses 
about how the rearranged material contributed to the function of natural 
cells. 

 Szybalski also undoubtedly had the experience of chemistry in mind. 
In 1974, structure theory in chemistry was the most powerful theory in 
science. It became so largely because chemistry possessed technology 
that allowed chemists to synthesize new chemical matter to study. This 
supports powerful processes for testing hypotheses and models, power 
that Szybalski saw that biotechnology was offering to biology. Such a 
power was (and remains) unavailable to (for example) astronomy, plan-
etary science, and social science. 

 In 1974,  “ synthetic organic chemistry ”  had already become a tool to 
explore biology. For example, in the previous decade,  “ biomimetic 
chemists ”  had created small designed molecules that reproduced the 
elementary behaviors of biomolecules, such as their ability to bind to 
ligands or to catalyze reactions. Jean - Marie Lehn in Strasbourg shared 
a Nobel Prize for his work developing molecules able to do exactly this. 
One of his signature structures from the 1960s is shown in Figure  3.1 .    

   3.1.2    Challenges in Contemporary Synthetic Biology 

 Today, the chemist ’ s vision for synthetic biology goes far beyond Lehn ’ s 
vision. Chemists hope that molecular design supported by structure 
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theory will yield unnatural molecular species able to mimic not just 
binding and catalysis of specific biomolecules, but also the highest forms 
of biological behavior, including macroscopic self - assembly, replication, 
adaptation, and evolution. Any theory that enables such design will have 
demonstrated an ability to account for these features of  “ life, ”  especially 
if chemists can make a totally synthetic version of life without exactly 
reproducing the chemistry of a natural terran organism. 

 With the term  “ synthetic biology ”  now in jeopardy by  “ trademark 
creep, ”  it might be appropriate to coin a new term to describe this 
process.  “ Artificial biology ”  has been proposed, but computer engineers 
have already used this term to mean something different. 

 Given these nearly opposite uses of the same term, spectators are 
naturally puzzled.  “ What ’ s the fuss? ”  some have asked.  “ Isn ’ t synthetic 
biology just more  ‘ Flavr Savr ’   ®   tomatoes? ”  

 The question is raised in analogous form by molecular biologists who 
see in synthetic biology  “ contests, ”  which attract student participation 
worldwide, nothing more (and nothing less) than the very same cloning 
that has been done since the 1970s. 

 Nor do molecular biologists attempting to understand life entirely 
understand the hullabaloo over the (difficult to repeat) use of DNA 
hybridization and ligation to compute a solution to the  “ traveling sales-
man problem ”   [3] . There is no obvious reason to do digital computation 
with DNA. After all, the rate at which DNA molecules hybridize in 

     Figure 3.1     Synthesis in biology was first used to help understand the connection 
between biomolecular structure and behavior by making unnatural molecules that 
bind to small molecules. This synthetic receptor was created by Jean - Marie Lehn 
and his colleagues to mimic the ability of natural receptors to bind to small cationic 
ligands, and was cited in his Nobel Prize lecture  
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solution is limited by the bimolecular rate constant for molecular diffu-
sion, about 10 8     m   − 1    s  − 1 . In layman ’ s language, this means that the half - life 
with which a DNA molecule finds its complement cannot be faster than 
 ∼ 0.01   s when the complement has micromolar concentration. In prac-
tice, the rate is much slower. Compare this with the limit on the rate at 
which semiconductors compute: the speed of light in the conducting 
material. At 3    ×    10 10    cm   s  − 1 , communication across a meter of space is 
 ∼ 0.000   000   003   s. Even with the possibility of improved parallelism with 
DNA computation, there is no contest. 

 Francis Collins, the director of the National Institutes of Health in 
the USA, captured a similar sentiment. Collins is reported to have mused 
about the  “ new ”  field of synthetic biology as applied to virus synthesis: 
 “ This was completely a no - brainer. I think a lot of people thought,  ‘ Well, 
what ’ s the big deal? Why is that so exciting? ’  ”  (quoted in Regis  [4] ).  

   3.1.3    This Is Not the First Time That Biology Has Been 
Declared to Be Engineerable 

 Salesmanship accompanying some discussions today of  “ synthetic 
biology ”  has also engendered a certain level of cynicism  [5] . Those 
whose professional lives started before the age of the internet remember 
more than one time where biology, it was claimed, had at last entered 
the realm of engineering. It was not so then and, in the broadest vision 
put forward by the engineering community, it is not so now. 

 For example, a quarter century ago,  Science  published an article enti-
tled  “ Protein engineering ”  by Kevin Ulmer, Director of Exploratory 
Research at GeneX, a biotechnology company  [6] . The 1983 paper is 
both in substance and form like the breathless reporting in today ’ s 
popular science magazines covering efforts to make and use biobricks. 

 In 1983, Ulmer said that the goal of this new engineering biology was 
to  “ control in a predictable fashion ”  the properties of proteins to be 
building blocks in industrial processes. This new era of engineering 
would set aside  “ random mutagenesis techniques ”  in favor of a  “ direct 
approach to protein modification. ”  Ulmer referred to protein domains 
encoded by exons and the use of repressors with altered enzymes to 
assemble new regulatory pathways. 

 Ulmer ’ s 1983 vision failed. GeneX is no longer in business. Twenty -
 five years later, we are still struggling to engineer the behavior of indi-
vidual proteins. Chemical theory has improved, but not enough to make 
proteins engineerable. 
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 The 1980s ’  engineering vision failed for reasons discussed in a 1987 
review by Jeremy Knowles, then the Dean of Harvard College. Knowles 
published another paper in  Science , this one entitled  “ Tinkering with 
enzymes ”   [7] . Knowles was a chemist and, therefore, understood that 
 “ scale ”  matters. Molecules, 1 to 0.1   nm in size, behave differently from 
transistors, even small transistors having sizes between 1 and 0.1    μ m. 
This creates difficulties in transferring microengineering concepts to 
molecular (nano) engineering. The same is true in the next jump down-
wards in scale; molecules at 1 to 0.1   nm scale behave differently from 
quantum species operating on the pico -  or femto - meter distance scales. 

 Knowles ’   “ Tinkering ”  comments are apt even today. Referencing 
Ulmer ’ s paper, Knowles dryly wondered whether the engineering vision 
was not, perhaps, a bit  “ starry - eyed. ”  He acknowledged that  “ gee -
 whiz ”  experiments that put things together to  “ see - what - happens ”  
could aid in understanding. 

 But Knowles made the point that is still true:  Nothing of value comes 
unless the tinkering is followed by studies of what happened . Especially 
if the synthetic effort fails. Absent that, modern synthetic biology, at the 
molecular, DNA, protein, or cell level, will be  “ tinkering ”  without value 
of any consequence. 

 Analysis of failure is generally less enthusing (and more laborious) 
than the initial design, as any observer of current synthetic biology 
 “ contests ”  can see. The analysis of failure requires discipline, a disci-
pline that is difficult to teach. Thus, it helps to remember the dictum: 
 It is just as hard to solve an unimportant problem as an important one . 
One is more likely to analyze a failure to the depth needed to learn from 
that failure if the goal is felt to be very important. 

 We understand much more now about the behavior of molecules, 
biological and otherwise, than we understood a quarter century ago 
 because  gene and protein tinkers studied their failures. Accordingly, the 
ball has been moved, from Lehn - like small molecules to proteins to 
synthetic genes, protein assemblies, cells, and assemblies of cells. We are 
still doing what might be called  “ tinkering biology, ”  but we are doing 
it farther down the field.  

   3.1.4    What Do Opposite Meanings of  “ Synthetic Biology ”  
Have in Common? 

 One lesson in particular might be learned from these  “ pre - internet ”  
failures in synthetic biology.  Synthesis is a research strategy, not a 
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field   [8, 9] . Synthesis sets forth a grand challenge:  Create an artificial 
chemical system capable of Darwinian evolution . Or:  Create a set of 
DNA bricks that can be assembled to form an adding machine . Or: 
 Rearrange a set of regulatory elements to make a cell that detects nerve 
gas . Or:  Assemble enzyme catalysts extracted from a different organisms 
to assemble a pathway that makes an unnatural chemical that is part 
of an anti - malarial drug . Attempting to meet these challenges, scientists 
and engineers must cross uncharted territory where they must encounter 
and solve unscripted problems guided by theory. If their guiding theory 
is adequate, the synthesis works. If it is not, the synthesis fails. 

 This exercise is different from observation, analysis, and probing, 
which are other strategies used in science. Here, as often as not, obser-
vations are often either discarded or rationalized away when they con-
tradict a (treasured) theory. We see this also in computational modeling 
using numerical simulations.  “ Modeling, ”  it is said  “ is doomed to 
succeed. ”  If a model does not give a desired answer, it is tweaked until 
it does. 

 Selection of data to get the  “ right ”  answer has a long tradition in 
biology. A well - known example is Gregor Mendel, who evidently 
stopped counting round and wrinkled peas when the  “ correct ”  ratio 
(which is 3:1) was reached. Objective observations have an uncanny 
ability to confirm a desired theory, even if the theory is wrong. 

 Self - deception is far more difficult when doing synthesis. If, as hap-
pened with the Mars Climate Orbiter, the guidance software is metric 
and the guidance hardware is Imperial, one can ignore the incongruent 
observations arising from a false theory (as was done) as the craft was 
in transit to Mars. But when the spacecraft gets to Mars, if the theory 
is wrong, then the spacecraft crashes (and it did). 

 For this reason, synthesis as a research strategy can drive discovery 
and paradigm shift in ways that observation and analysis cannot. Indeed, 
this is one way to distinguish science from nonscience: Science is a 
human intellectual activity that incorporates a mechanism to avoid self -
 deception  [9] . Synthesis provides such a mechanism.  

   3.1.5    The Value of Failure, and the Analysis of Failure 

 The failures encountered as modern synthetic biologists attempt to 
rearrange atoms to create artificial genetic species  [10] , regulatory ele-
ments to give synthetic circuits  [11] , or enzymes to give synthetic path-
ways  [12]  carry a clear message: we need to learn more about the 
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behavior of physical matter on the  “ one to one - tenth ”  nanometer scale. 
This is not a declaration of defeat. Rather, it is a challenge, one that 
begins by recognizing that our guiding theory is still inadequate to hand 
biology over to engineers. 

 Nowhere is the value of failure set within a synthetic challenge more 
evident than within recent efforts of Craig Venter, Hamilton Smith, and 
others to construct a cell where  all  of its constituent genes come from 
elsewhere  [13, 14] . In a real sense, this grand challenge is the apotheosis 
of the 1970s ’  version of bioengineering. More Flavr Savr  ®   tomatoes, but 
now thousands of times repeated. 

 At first, the challenge appeared to be simple enough. Since the time 
of Szybalski, scientists had been able to move a single natural gene from 
one organism to another. Scientists had long been able to move two 
natural genes from two other organisms into a different organism. By 
a kind of argument that corrupts the idea behind mathematical induc-
tion (if one can do  n  genes, and if one can do  n   +  1 genes, one should 
be able to do any number of genes), it seemed that simple iteration 
would allow scientists to get  all  genes in an organism from somewhere 
else. 

 When these scientists set out to do this, they had high hopes. I had 
dinner with Hamilton Smith, in October 2006. They were just  “ 6 
months away ”  from getting a synthetic cell constructed in this way. We 
met again 18 months later at Janelia Farms; they were still 6 months 
away. Three years later, the final announcement of success  [14]  was 
made just as this article was going to press. The estimated price tag of 
$40 million (US) shows just how great this challenge was. 

 The difficulties arose because the operating theory used to guide this 
synthesis was missing something. In the case of the synthetic cell, Venter 
noted that a single nucleotide missing in a critical gene prevented success 
for many months. Again, this is not a reason for despair. The  purpose  
of synthesis is to bring those missing  “ somethings ”  to light. As they 
pursued their grand challenge, Smith, Venter, and their colleagues had 
to solve unscripted problems, driving knowledge in ways impossible 
through analysis and observation alone. 

 Here, as always, problem selection is important. Selecting problems 
at the limits of what is possible is a poorly understood art. Further, those 
selections change over time. For example, in the 1960s it was sufficient 
as a challenge to try to develop organic molecules that would bind to 
small molecules, such as the synthetic receptors that earned Jean - Marie 
Lehn his Nobel Prize (Figure  3.1 ). 
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 The most useful challenges in synthetic biology are those that are most 
likely to generate the most consequential pursuits. These challenges are 
just at the limits of the do - able, and perhaps just a bit farther. As 
Medewar said, science is the  “ art of the soluble ”   [15] . However, the 
selection of a synthetic challenge also reflects choices personal to scien-
tists in a laboratory. This review describes choices made in my labora-
tory by my coworkers and me in a type of synthetic biology that was 
chemical in its viewpoint.   

   3.2    ATTEMPTING TO SYNTHESIZE AN ARTIFICIAL 
GENETIC SYSTEM 

 Our efforts in synthetic biology began in the mid 1980s, immediately 
after my group synthesized the first gene encoding an enzyme  [16] . This 
synthesis followed the synthesis of a gene encoding interferon  [17] . 
Today, total gene synthesis is routine, being done by commercial supply 
houses for just pennies a nucleotide. 

 These genes were (and are) little different from what Nature delivered. 
Accordingly, our next  “ grand challenge ”  was to synthesize an  unnatural  
genetic system, something different from what billions of years of bio-
logical evolution has delivered to us. Only by doing this could we 
demonstrate that structure theory understood the connection between 
molecular structure and genetics, including reproduction, adaptation, 
and evolution. The first book in synthetic biology, originally entitled 
 Redesigning Life , appeared in 1987  [18] . 

 It took 20 years to create an artificial chemical system capable of 
Darwinian evolution, two decades that record more failures than 
successes. Again, no problem. This is what synthesis is for. Let me high-
light some of our work to illustrate what synthetic efforts directed 
towards this challenge taught us through failure. More details are avail-
able in a new book  Life, the Universe, and the Scientific Method  
( www.ffame.org )  [19] . 

 Our selection of this particular challenge focused on a broad question: 
How might we use synthesis to develop a better understanding of the 
concept of  “ life ” ? This question lies, of course, at the abstract core of 
biology. 

 But it also has practical implications. For example, NASA and 
ESA are sending missions to Mars, Titan, and elsewhere, looking for 
life in environments that are more or less like Earth. On Mars, the 
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environment is more like Earth, as liquid water most likely lies beneath 
the Martian surface. 

 On Titan, however, the environment is less like Earth. The most 
abundant matter on Titan ’ s surface that might serve as a biosolvent is 
liquid methane at 94   K ( − 179    ° C); the liquid water beneath the surface 
may exist as water – ammonia eutectics. Nevertheless, organic species are 
abundant on Titan. Thus, as many have argued, if life is an intrinsic 
property of organic species in complex mixtures  [20] , then Titan should 
hold life. 

 Accordingly, my laboratory set up a set of programs in the 1980s to 
pursue four approaches towards understanding the concept of  “ life. ”  
These are illustrated in Figure  3.2 .   

 Any definition of  “ life ”  must be embedded within a  “ theory of 
life ”   [9, 21] . One such theory is captured by a  “ NASA definition ”  of 
life as  “ a self - sustaining chemical system capable of Darwinian evolu-
tion ”   [22] . This definition – theory captures the opinion of its creators 
about what is possible within biomolecular reality. It excludes, for 
example, nonchemical and Lamarckian systems from our concept of 
 “ life ”   [23] . Should we encounter them (and many science fiction stories 
describe them in various forms), we would be forced to concede that 
our definition – theory of life is wrong. 

     Figure 3.2     Four approaches to understand life as a universal  
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 The NASA definition – theory of life offers a clear direction for explor-
atory synthetic biology. If life were so simple, then a target would be 
an artificial chemical system capable of Darwinian evolution. If the 
NASA definition – theory of life is on point, this artificial system should 
be able to recreate all of the properties that we value in life. 

 Like the Venter – Smith team two decades later, we also had high hopes 
when we set out. After all, the existing theory at that time, constructed 
at the molecular level, seemed to associate Darwinian evolution with 
some quite simple molecular structures, even simpler than those required 
to assemble an artificial cell from natural genes taken from elsewhere. 
Indeed, the first - generation theory of nucleic acids, adumbrated by 
Watson and Crick a half century ago, is so simple that it is taught in 
middle school. 

   3.2.1    Synthesizing Artificial Genetic Systems 

 Consider, for example, the double helix structure of DNA, the molecule 
at the center of natural Darwinian evolution, modeled by James Watson 
and Francis Crick in their epic 1953 paper. In the double helix, two 
DNA strands are aligned in an antiparallel fashion. The strands are held 
together by nucleobase pairing that follows simple rules: A pairs with 
T and G pairs with C. Behind the double helical structure lie two simple 
rules for molecular complementarity, based in molecules described at 
atomic resolution. The first rule, size complementarity, pairs large 
purines with small pyrimidines. The second, hydrogen bonding comple-
mentarity, pairs hydrogen bond donors from one nucleobase with 
hydrogen bond acceptors from the other (Figure  3.3 ).   

 In the first - generation model for the double helix, the nucleobase pairs 
were central. In contrast, the backbone  “ bricks, ”  made of alternating 
sugar and negatively charged phosphate groups, were viewed as being 
largely incidental to the molecular recognition event at the center of 
natural genetics and Darwinian evolution.  

   3.2.2    Failure Changing the Sugar 

 If this simple  “ first - generation ”  model for the double helix were 
correct and complete, then we should be able to synthesize a different 
molecular system with different sugars and/or phosphates (but the same 
nucleobases) to get an unnatural synthetic system that could mimic the 
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molecular recognition displayed by natural DNA and RNA. We might 
even be able to get this artificial genetic system to have children and, 
possibly, evolve. 

 In our efforts, much failure ensued. For example, we decided to 
replace the ribose sugars by flexible glycerol units to give a  “ flexible ”  
kind of synthetic DNA (Figure  3.4 ). This followed a suggestion of Joyce 
 et al .  [24] , who had noted some of the difficulties in identifying proc-
esses that, on Earth before biology, might have generated ribose and 
2 ′  - deoxyribose, the  “ R ”  and the  “ D ”  in RNA and DNA respectively. 
Glycerol, from a prebiotic perspective, was certainly more accessible to 
a pre - life Earth; it is a major component of organic material delivered 
to Earth today by meteorites  [25] .   

 Unfortunately, the system failed to deliver rule - based recognition 
having any quality. As summarized in Table  3.1 , synthetic molecules 
that replaced one ribose by a glycerol all bound less tightly to their 

     Figure 3.3     The rules governing the molecular recognition and self - assembly of 
DNA duplexes are so simple that many are tempted to believe that molecular rec-
ognition in chemistry is, in general, similarly simple. Hence, various individuals seek 
 “ codes ”  for protein folding or drug binding  
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     Figure 3.4     The failure of these flexible glycerol DNA molecules led us to re -
 evaluate our view of the role of sugars in double helix formation  
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  Table 3.1    Melting temperatures for flexible glycerol synthetic  DNA  

  CTTTTTTTG    40 °     CAAATAAAG    37 °   

  GAAAAAAAC        GTTTATTTC      

  CTTT t TTTG    25 °     CAAA t AAAG    25 °   

  GAAAAAAAC        GTTTATTTC      

  CTT t T t TTG    13 °     CAA t A t AAG    12 °   

  GAAAAAAAC        GTTATATTC      

  CTT tt TTTG    11 °     CAA tt AAAG    11 °   

  GAAAAAAAC        GTTAATTTC      

  CTTTTTTTG    21 °     CTTT t TTTG    12 °   

  GAAAGAAAC        GTTTGTTTC      

  CTTTTTTTTTTTG    55 °     CtttttttttttG     < 0 °   

  GAAAAAAAAAAAC        GAAAAAAAAAAAC      
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complement. Putting in two flexible glycerols lowered the melting tem-
peratures of the duplexes even more. Faced with this failure, we went 
further, synthesizing DNA analogs where all of the 2 ′  - deoxyribose units 
were replaced by glycerol units. Making the molecule entirely from 
glycerols destroyed all of the molecular recognition needed for DNA -
 like genetics.   

 This failure taught us the inadequacy of our then - existing theory to 
account for genetics. Two hydrogen bonds joining the nucleobase pairs 
were simply not enough to hold together two strands where the ribose 
was replaced by synthetic glycerol. Conversely, these experiments 
showed that the sugars were not entirely incidental to the molecular 
recognition event. 

 When three hydrogen bonds held the nucleobase pairs together, things 
work better. Further, based on a new - found appreciation of the contri-
bution of the sugar to the ability of DNA to support Darwinian evolu-
tion, synthesis went further. Smaller carbohydrates and carbohydrates 
whose conformation was locked were synthesized and found to work 
better than standard DNA, at least by some metrics  [26, 27] . These 
themes were further developed by the synthesis of more backbone -
 modified DNA species by many luminaries in modern synthetic chem-
istry, including Albert Eschenmoser  [28] , Piet Herdewijn  [29] , and 
Christian Leumann  [30] . 

 Thus, a theory that taught that the backbone sugars of DNA were 
incidental to Darwinian evolution failed to support a synthetic end-
eavor. This failure advanced the theory. The synthesis of  unnatural  
genetic systems taught us something about  natural  genetic systems. This 
drove the synthesis of more unnatural systems that replaced failure by 
success. 

  Without  synthesis, this part of the first - generation theory for the 
double helix had remained largely unchallenged in the three decades 
since it was first adumbrated in 1953. It had appeared as  “ dogma ”  
(Francis Crick ’ s word) in textbooks and television series. Some of these 
said that  “ RNA is the same as DNA, except that each sugar has an 
additional  – OH group ”  (a statement that, from any chemical perspec-
tive, is ignorant on its face). These facts all support the notion that, 
without the efforts of synthetic biology, this fascinating feature of the 
molecule behind Darwinian evolution would  never  have been recog-
nized. Synthesis drove discovery and paradigm change in ways that 
analysis cannot. And this came about only because failure was analyzed 
and pursued.  
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   3.2.3    Failure Changing the Phosphates 

 We also encountered failure when we attempted to replace the charged 
phosphates in the backbone of DNA by a linker that had about the 
same size as phosphate, but that lacked charges. The phosphate linkers 
were also viewed in the first - generation Watson – Crick theory as being 
largely incidental to the molecular recognition that is central to genetics 
and Darwinian evolution. 

 In fact, the repeating negative charges carried by the phosphate groups 
in the DNA backbone appeared to be downright undesirable. The 
repeating charges on the phosphate linkages prevented DNA from 
getting into cells. The charged phosphate linkers were sites of nuclease 
attack. The repulsion between two negatively charged backbones of two 
DNA strands seemed to weaken undesirably their association to form 
a double helix. DNA molecules without the negative charges in their 
backbone were expected to form  better  duplexes. 

 If, we thought, we could get rid of the charges without disrupting the 
rules for Watson – Crick pairing (A pairs with T, G pairs with C), then 
we might be able to create a new class of therapeutic molecules with an 
entirely new mechanism for biological activity. These were called  “ anti-
sense drugs ”   [31] . The idea was simple. If we could synthesize an 
uncharged analog of DNA that could enter a cell by passive diffusion, 
it would survive degradation by nuclease attack. If the charges were 
indeed incidental to genetics, then this neutral synthetic DNA analog 
would still bind to complementary DNA molecules inside a cell follow-
ing Watson – Crick rules. The antisense DNA analog would, therefore, 
target, with sequence specificity, only the unwanted DNA, perhaps from 
a virus or a mutated cancer gene. Antisense DNA might be a magic 
bullet for diseases associated with undesired DNA or RNA. 

 Following this theory, Zhen Huang, Christian Schneider, Clemens 
Richert, Andrew Roughton, and others in my group synthesized an 
uncharged unnatural DNA - like molecule that replaced the anionic 
phosphate diester linker in natural DNA and RNA with uncharged 
dimethylenesulfone linkers (Figure  3.5 ). This gave DNA and RNA 
analogs that have roughly the same geometry as the natural mole-
cules  [32, 33] . Indeed, Martin Egli solved a crystal structure of a short 
  G CSO2  dinucleotide duplex. He found that the uncharged duplex was 
held together by G:C and C:G pairs in a mini - helix just like its RNA 
analog, whose crystal structure had been solved by Alex Rich two 
decades earlier  [34] .   
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 This appeared to validate the first - generation Watson – Crick theory 
for the double helix. It appeared that one  could  replace the charged 
phosphate linkers with uncharged linkers of approximately the same 
shape, and still form G:C and C:G pairs. 

 One theme already mentioned is that serious synthetic biologists do 
not neglect detailed analysis when a synthesis fails. The contranym 
theme is that one should extend the challenge when the synthesis appears 
to succeed. Success means that one has erred a bit on the safe side in 
selecting a challenge. To be consequential in driving discovery and 
paradigm change, if a theory seems to work, the challenge should be 
deepened until the theory fails. 

 Accordingly, we synthesized longer DNA and RNA analogs having 
more sulfone linkers. Instead of molecules with just one uncharged 
linker, we made molecules with two uncharged sulfone linkers to see 
how they worked. We then made molecules with three, five, and then 
seven uncharged sulfone linking bricks. 

 It was not long before the theory that we were using to guide the 
synthesis broke down. Longer oligosulfones folded on themselves  [35] . 
Folding prevented them from pairing with  any  second strand, even one 
that was perfectly complementary in the Watson – Crick sense of the 
term. This failure led to a thought that should have been obvious, but 
was not in our culture (we, too, had been trained to view the DNA 

     Figure 3.5     Replacing phosphates ( – PO 2  –  units, each having a negative charge, left) 
in DNA by dimethylenesulfone linkers (the  – SO 2  –  units, right, each lacking a nega-
tive charge) gave an uncharged analog of DNA. The uncharged analog of RNA was 
also synthesized  
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double helix as an unchallengeably elegant structure): pairing between 
two strands  requires  that neither strand fold on itself. 

 Another failure was then encountered. Different oligosulfones differ-
ing by only one nucleobase in their structure were found to display 
different levels of solubility, aggregation, folding, and chemical reactiv-
ity  [36] . This prompted another thought that, in retrospect, should have 
been obvious. To support Darwinian evolution, a genetic molecule must 
have features that allow it to change its detailed structure, the details 
that encode genetic information. But the changes must be possible 
 without changing the overall properties of the system . In particular, the 
changes in structure that correspond to changes in genetic information 
cannot change the rules by which the genetic molecules template 
the formation of their descendants. Changes do not do this in DNA 
and (in general) RNA. As we learned by synthesis, they do so in 
oligosulfones. 

 These results further drove the development of a second - generation 
model for the DNA double helix and the relation between its struc-
ture and Darwinian evolution. In this model, the phosphate linkers 
and the repeating backbone charge become quite important for four 
reasons. 

 First, and trivially, a polyanion is likely to be soluble in water. This 
was appreciated by Watson and Crick already in 1953, certainly more 
than Linus Pauling. Pauling had proposed an incorrect model for 
DNA where the phosphates did not point out into solvent, but rather 
(and paradoxically given their negative charges) interacted with each 
other  [37] . When Watson and Crick first learned about the structure for 
DNA assemblies that Pauling was proposing, this feature immediately 
let them conclude that Pauling ’ s model must be wrong. 

 Less trivially, the repeating charges in the backbone of natural poly-
anionic DNA repel each other. Within a strand, this repulsion helps keep 
DNA strands from folding on themselves. A polyanion is more likely to 
adopt an extended conformation suitable for templating than a neutral 
polymer, which is more likely to fold. As  “ not folding ”  is a property 
needed for a strand to bind to its complement, the repeating charges 
were proposed in the second - generation model to be important for the 
ability of DNA to support Darwinian evolution for this reason, as well 
as for solubility reasons. 

 The anion – anion repulsion between phosphates on two different 
strands is also important. When two strands approach each other, the 
repulsion forces interstrand interactions away from the backbone. This 
drives the contact between two strands to occur at the Watson – Crick 
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edge of the nucleobases (Figure  3.6 ). Without the polyanionic backbone, 
interstrand contacts can be anywhere  [38] . Thus, the second - generation 
model views as na ï ve the assumption that this repulsion is bad. In fact, 
the repulsion moderates and controls the natural propensity of biomol-
ecules to associate with other biomolecules, and directs in DNA that 
association to the part of the molecule where information is contained, 
the Watson – Crick edges of the nucleobases.   

 In the light cast by failure in our synthetic effort, the interstrand repul-
sion between two strands that both have repeating charges on their 
backbones is also seen to be important for pairing rules essential for 
Darwinian evolution. Without the repulsion from two backbones, both 
negatively charged, base pairing would not occur at the site where 
hydrogen bonding was needed. It would occur at other sites, including 
the Hoogsteen site, and not obey the simple rules required for genetics. 

 But the failure of the synthesis yielded a still more fundamental role 
for the repeating charge in a DNA molecule, one that suggested that 
repeating backbone charges were necessary for any biopolymer to 
support Darwinian evolution. Here, the argument is more subtle, and 
begins with the realization that replication alone is not sufficient for a 
genetic molecule to support Darwinian evolution. A Darwinian system 
must generate  inexact  replicates, descendants whose chemical structures 
are different from those of their parents. Further, these differences must 

     Figure 3.6     The repeating backbone anion drives the interaction between two 
strands as far from the backbone as possible. This guides strand – strand interactions, 
and forms the basis for Watson – Crick pairing rules  
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then be replicable themselves. It does no good if the mutant has changed 
its biophysical properties so dramatically that the mutant genetic mol-
ecule precipitates, folds, or otherwise loses the ability to encode selecta-
ble information. 

 While self - replicating systems are well known in chemistry, those that 
generate inexact replicas with the inexactness itself being replicable are 
not  [39] . As a rule, changing the structure of a molecule changes its 
physical behavior. Indeed, it is quite common in chemistry for  small  
changes in molecular structure to lead to large changes in physical 
properties. This is certainly true in proteins, where a single amino acid 
replacement can cause the protein molecule to precipitate (the arche-
typal example of this is sickle cell hemoglobin). This means that inexact 
replicates need not retain the general physico - chemical properties of 
their ancestors; in particular, properties that are essential for 
replication. 

 This thought, again arising through the analysis of a failed synthesis, 
led us to realize that a repeating backbone charge might be universal 
for  all  genetic molecules that work in water, on Earth, Mars, and Titan, 
but also for extraterrestrial aliens whom we have not yet encountered. 
The polyanionic backbone dominates the physical properties of DNA. 
Replacing one nucleobase in the sequence of a DNA molecule by another, 
therefore, has only a second - order impact on the physical behavior of 
the molecule. This allows nucleobases to be replaced during Darwinian 
evolution without losing properties essential for replication. 

 This thought also puts in context the statement that DNA and RNA 
are  “ the same, except ”  for a replacement of an  – H group by an  – OH 
group on each of its biobricks. Such a change would have a major 
impact on the behavior of almost any other molecular system. It does 
not for DNA and RNA because their repeating backbone charges so 
dominate their overall behavior of these molecules that the changes 
expected through replacement of an  – H by an  – OH in each biobrick 
are swamped by the repeating charge. To this comment should be added 
the remark:  “ but only barely so. ”  DNA and RNA still have many dif-
ferences in their physical properties that can be attributed to the replace-
ment of an  – H by an  – OH in each biobricks. 

 This is what engineering synthetic biologists are looking for. The 
repeating charge in the DNA backbone allows nucleotides to behave 
largely as  interchangeable parts . It allows the whole to be the sum of 
its parts. It allows engineers, even those totally unfamiliar with structure 
theory, to design DNA molecules that pair with other DNA molecules 
according to simple rules. Because of this repeating backbone charge, 
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and  only  because of this repeating backbone charge, is it possible to 
make  “ tiles ”  or biobricks from DNA, for example. 

 And  only  because of this repeating backbone charge can DNA and 
RNA support Darwinian evolution. The sequence ATCCGTTA behaves 
in most respects the same way as the sequence GCATGACA, even 
though these have very different molecular structures. This is because, 
in both cases, the molecules are polyanions. These differences hold the 
genetic information. Were it otherwise, we could not mutate ATCCGTTA 
to give GCATGACA, even if GCATGACA allowed us to survive and 
reproduce better. 

 For this reason, the second - generation model for DNA proposed that 
a repeating charge should be a universal structure feature of  any  genetic 
molecule that supports Darwinian evolution in water, regardless of 
where it is found on Earth  [34] . Polycationic backbones are also pre-
dicted to be satisfactory under what has become called the  “ polyelec-
trolyte theory of the gene ”   [34] . Thus, if NASA missions  do  detect life 
in water on other planets, their genetics are likely to be based on poly-
anionic or polycationic backbones, even if their nucleobases and sugars 
differ from those found on Earth. This structural feature can be easily 
detected by simple instruments, some of which might eventually fly to 
Mars or Titan. 

 Again, it is hard to believe that these insights would have emerged 
without synthetic biology. After all, first - generation Watson – Crick 
theory had been in textbooks for three decades without recognizing the 
fundamental role of the repeating charge to the ability of DNA strands 
to bind their complements and support Darwinian evolution. Lacking 
that recognition, venture capitalists and other investors had bet billions 
of dollars on one particular antisense strategy, the one that required that 
molecular recognition remain in DNA analogs after the repeating charge 
was removed. Had they had the polyelectrolyte theory of the gene at 
their disposal, they would not have lost so much money. Synthesis drives 
discovery and paradigm changes in ways that analysis cannot.   

   3.3    BUILDING GENETICS FROM THE ATOM UP 

 One not trained in synthesis might not have expected that failure could 
be so rewarding. We did not generate flexible DNA. We did not generate 
antisense drugs. But we did show that our theory of the molecular 
structures behind the most fundamental of biological processes, replica-
tion and evolution, was inadequate. This led to a better theory. 
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   3.3.1    Could Base Pairing behind Darwinian Evolution Be 
So Simple? 

 But what about the nucleobases, which had long been understood to be 
critical to the biological properties of DNA? And what about the simple 
rules that were proposed by Watson and Crick to account for genetics 
and Darwinian evolution: big pairs with small and hydrogen bond 
donors pair with hydrogen bond acceptors? 

 Could things be so simple? Again, if they were, then the synthetic 
biology paradigm (in the chemists ’  sense of the contranym) laid before 
us a grand challenge. On paper, if we shuffled the red hydrogen bond 
donor and hydrogen bond acceptor groups in the A:T and G:C pairs 
(Figure  3.7 ), treating them as interchangeable parts, we could write 
down eight new nucleobases that fit together to give four new base pairs 
having the same geometry as the A:T and G:C pairs (Figure  3.8 ). 
Photocopy the page from this book, cut out the nonstandard base pairs 
shown in Figure  3.8 , and fit them together yourself as a modern James 
Watson would. As with the four standard nucleobases examined by 
Watson and Crick, the new nucleobases were predicted to pair with size 
complementarity (large with small) and hydrogen bond complementa-
rity (hydrogen bond donors with acceptors),  if the theory behind the 
pairing were so simple .   

     Figure 3.7     The two standard Watson – Crick pairs, idealized by replacing natural 
adenine (which lacks the bottom NH 2  group) with amino adenine  
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 As before, it was not enough to model the design on paper. Or even 
by computer. We needed to use synthetic technology from organic chem-
istry to  create  these new forms of matter, put them into DNA molecules, 
and see whether they worked as part of an artificially expanded genetic 
information system (AEGIS). 

 I will not leave you in suspense. Using the synthetic technology devel-
oped and enjoyed by chemists over the previous century, we were able 
to synthesize all of the synthetic components of our new artificial genetic 
alphabet. We were then able to put these synthetic nucleotides into 
synthetic DNA and RNA strands, and do all of the characterization of 
these that chemists do. 

 Once the synthetic task was complete, we observed that our artificial 
synthetic genetic system worked, and worked well. Artificial synthetic 
DNA sequences containing the eight new synthetic nucleotides formed 
double helices with their complementary synthetic DNA sequences. 
Complementation followed simple rules; just as A pairs with T and G 
pairs with C, P pairs with Z, V pairs with J, X pairs with K, and isoG 
pairs with isoC. The synthetic large nucleotides paired only with the 
correct synthetic small nucleotide. Our artificial synthetic DNA worked 
as well as natural DNA, at least in its ability to pair following simple 
rules. 

 An interesting irony is embedded in these results from synthetic 
biology. The base pairs were at the center of the Watson – Crick first -
 generation model for duplex structures; the phosphates and the sugars 

     Figure 3.8     Shuffling hydrogen bond donor and acceptor groups in the standard 
nucleobase pairs generated eight additional heterocycles that, according to simple 
theory, should form four new, mutually independent, base pairs. This is called an 
 “ artificially expanded genetic information system ”  (AEGIS). Could molecular 
behavior at the center of genetics and Darwinian evolution be so simple? Synthesis 
was used to decide  
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were not. Once synthetic biologists got their hands on this molecule, it 
was found that the base pairs were the easiest to change.  

   3.3.2    Synthetic Genetic Systems to Make Synthetic 
Protein Systems 

 Synthetic genetic systems can pair. But can they meet advanced chal-
lenges? Again, when the synthesis successfully meets the grand challenge 
originally laid out, discipline requires us to assume that we have not 
been sufficiently ambitious in the selection of the challenge. Accordingly, 
we must next make the challenge more difficult. For example, could the 
extra nucleotides be used in a natural translation system to increase the 
number of amino acids that could be incorporated into proteins by 
encoded ribosome - based protein synthesis? 

 Meeting this challenge required more synthesis, of transfer RNA 
molecules carrying AEGIS nucleotides in the anticodon loop charged 
with a nonstandard amino acid and of messenger RNA that contained 
the complementary nonstandard AEGIS nucleotides. Again, the synthe-
sis based on simple molecules of ribosome - catalyzed protein synthesis 
was adequate as a guide; the challenge was met worked  [40]  (Figure 
 3.9 ). Expanding the number of biobricks in synthetic DNA could also 
expand the number of biobricks in encoded proteins. Further, the fact 
that the theory was adequate to meet this challenge constitutes support 
for the theory, under an inversion of the Feynman dictum ( “ What I can 
make, I understand ” ).   

 It should be noted that, through this success with  unnatural  biology, 
something was learned about  natural  biology. As a control in one of the 
experiments with a messenger RNA molecule carrying an AEGIS base, 
we left out the charge - transfer RNA having a nonstandard nucleobase 
in its anticodon loop. We expected the synthesis of protein to stop at 
this point. Surprisingly, it did not. Instead, the ribosome paused, then 
skipped over the nonstandard codon via a frame shift, and continued 
translation. This does not happen with standard stop codons built from 
standard nucleobases. This contrast in the behavior between the syn-
thetic and natural systems shed new light on the way in which natural 
genetic systems terminate protein synthesis  [34] .  

   3.3.3    Synthetic Genetics Supports Human Health Care 

 Pursuit of these  “ put - a - man - on - the - moon ”  challenges had taught us 
something. Base pairing  is  as simple from a molecular perspective as the 



     Figure 3.9     Putting a synthetic base into a messenger RNA, and providing a transfer 
RNA having the complementary nonstandard base in the anticodon loop (the  “ N ” ) 
allowed the incorporation of a 21st amino acid (here, iodotyrosine) into a protein  
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first - generation theory proposed in 1953 by Watson and Crick implied. 
Simple theories used by Watson and Crick, together with the new poly-
electrolyte theory of the gene, were sufficient to empower the design of 
a new genetic system that works as well as natural DNA. Thus, these 
simple theories delivered an understanding of the molecular behavior of 
natural DNA. They also provided the language sufficient to explain 
genetics. As genetics is a big part of Darwinian evolution, synthesis 
made a big contribution to our understanding of life, at least under our 
definition – theory of life as a chemical system capable of Darwinian 
evolution. 

 Of course, these successes required us to again set the bar higher. 
Perhaps the best demonstration of our better understanding of DNA is 
to use it to create new technology; mutating the Feynman dictum again, 
we might suggest:  “ If we understand it, we can  do  something with it. ”  

 Therefore, we set out to apply our synthetic genetic system in the 
clinic to support the care of human patients. The details are beyond the 
scope of this talk, but the general strategy is not. It might be worth a 
few words to explain how synthetic biology of this type has practical 
value. 

 Very often, diseases are caused by unwanted DNA. AIDS, for example, 
is caused by the human immunodeficiency virus (HIV), which delivers 
its own nucleic acid (RNA) into your body. A strep throat comes from 
unwanted bacteria carrying their unwanted DNA. Cancer comes from 
DNA from your own body that has mutated to give an unwanted 
sequence. 

 For such diseases, diagnosis involves detecting the unwanted DNA in 
a sample taken from a patient. But how can we find the unwanted DNA 
from the virus or the bacterium in that sample? After all, the unwanted 
DNA is present as just a few molecules in the sample; those few mol-
ecules are swamped by a background filled with considerable amounts 
of wanted DNA, the DNA from you the patient. 

 Accordingly, a general approach to detecting DNA involves two steps: 
(i) we must bind something to the unwanted DNA to form a bound 
complex; then (ii) we must move the bound complex to enrich and 
concentrate it at a spot where it can be detected. 

 Designing something to bind to unwanted DNA is easy if we know 
the sequence of the unwanted DNA. Following Watson – Crick pairing 
rules, we simply design a DNA strand that places a complementary A 
in a position where it can pair to each T in the unwanted DNA, a com-
plementary T to pair with each A, a complementary C to pair with each 
G, and a complementary G to pair with each C. To illustrate with a 
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trivial example, if the virus DNA sequence is TAAGCTTC, then the 
DNA sequence GAAGCTTA will bind to it, and bind to it selectively. 
If you have difficulty seeing this, remember that one of the sequences 
binds to the other in reverse order. This is, of course, the same idea as 
was pursued in the antisense industry. 

 To concentrate the bound complex at a spot in a detection architec-
ture, it would be nice to do the same trick: place a DNA molecule with 
specific capture sequence at that spot and then place the complementary 
tag on the bound complex containing the unwanted DNA. The tag 
would drag the unwanted DNA to that spot, where it could be detected. 

 We make the tags from A, T, G, and C, and drag the tags to the 
detection spot using A:T and G:C pairing. Solving the  “ how to move 
DNA around ”  problem in this way encounters a problem in any real 
assay, however. This problem arises because biological samples that are 
actually examined in the clinic (your blood, for example) contain lots 
of DNA containing lots of A, T, G, and C. While the tag would be 
designed to have a different sequence than the sequence of the wanted 
DNA that is in your blood, it is difficult with A, T, G, and C to make 
a tag that is  very  different. For example, your DNA has just about every 
sequence 15 nucleotides long built from A, T, G, and C. These sequences 
will interfere with capture and concentration of unwanted DNA at a 
spot when the tag is built from the natural nucleotides A, T, G and C. 

 This problem can be solved by incorporating the extra synthetic 
nucleobases into the capture and concentration tags. This is exactly 
what was done by Mickey Urdea and Thomas Horn as they were devel-
oping at Chiron a system to detect HIV in the blood of AIDS patients. 
They used two of our synthetic nucleobases from the synthetic genetic 
alphabet (isoC and isoG, Figure  3.8 ) to move bound unwanted DNA 
to a place where it could be detected, exploiting pairing between two 
complementary components of the synthetic genetic system that do not 
pair with the natural A, T, G, and C. This left A, T, G, and C available 
to bind to the unwanted DNA directly. 

 Because neither isoG nor isoC is found in the wanted DNA from the 
human patient, the large amount of background DNA cannot interfere 
with the capture of the unwanted DNA attached to the probe. This 
reduces the level of  “ noise ”  in the system. As a result using our synthetic 
genetic system, a diagnostic tool can detect as few as a dozen molecules 
of unwanted DNA in a sample of patient blood even though that blood 
is full of wanted DNA from the patient. Together, this assay measured 
the level of the RNA from HIV (the causative agent of AIDS) in the 
blood of a patient, a measurement that allows the physician to adjust 
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the treatment of the patient on a personal level to respond to the amount 
of virus that the patient has  [41] . 

 A similar diagnostic tool uses our synthetic genetic system to person-
alize the care of patients infected with hepatitis B and hepatitis C viruses. 
Still other applications of our synthetic genetic system are used in the 
analysis of cystic fibrosis, respiratory infections, influenza, and cancer. 
Today, our synthetic genetic systems help each year to personalize the 
care of 400   000 patients infected with HIV and hepatitis viruses. With 
the support of the National Human Genome Research Institute, we are 
developing tools that will allow synthetic genetics to sequence the 
genomes of patients rapidly and inexpensively. These tools will ulti-
mately allow your physician to determine rapidly and inexpensively the 
genetic component of the malady that afflicts you. 

 The fact that synthetic genetic systems empower commercial activity 
as well academic research makes us still more confident of the theory 
that underlay the synthetic effort in the first place. The kind of confi-
dence comes from making something entirely new that not only works 
in the laboratory, but also helps sick people; it is difficult to imagine a 
stronger way to obtain this confidence. In addition to driving discovery 
and paradigm change in ways that analysis cannot, synthetic biology 
allows us to generate multiple experimental approaches to decide 
whether our underlying view of reality is flawed.  

   3.3.4    The Next Challenge. Can Artificial Synthetic Genetic 
Systems Support Darwinian Evolution? 

 But why stop here? The next challenge in assembling a synthetic biology 
requires us to have our synthetic genetic system support Darwinian 
evolution. For this, we needed technology to copy synthetic DNA. Of 
course, copying alone would not be sufficient. The copies must occasion-
ally be imperfect and the imperfections must themselves be copyable. 

 To copy our synthetic genetic system in pursuit of this goal, we turned 
to enzymes called DNA polymerases. Polymerases copy standard DNA 
strands by synthesizing new strands that pair A with T, T with A, G 
with C, and C with G  [42] . The polymerases can then copy the copies, 
and then the copies of the copies. If done many times, this process is 
called the polymerase chain reaction, or PCR. PCR was developed by 
Kary Mullis, who was also awarded a Nobel Prize. 

 As we attempted to meet this grand challenge, we immediately 
encountered an unscripted problem. Natural polymerases have evolved 
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for billions of years to accept natural genetic systems, not synthetic 
genetic systems. As we tried to use natural polymerases to copy our 
synthetic DNA, we found that our synthetic DNA differed from natural 
DNA too much. Natural polymerases, therefore, rejected our synthetic 
DNA as  “ foreign. ”  

 Fortunately, synthetic methods available from classical synthetic 
biology allow us to replace amino acids in the polymerases to get mutant 
polymerases. Several of these synthetic polymerases were found to 
accept our synthetic DNA. Michael Sismour and Zunyi Yang, working 
in my group, found combinations of polymerases (natural and synthetic) 
and synthetic genetic alphabets that worked together. 

 And so we went back to the laboratory to see whether DNA molecules 
built from synthetic nucleotides could be copied, whether the copies 
could be copied, and whether the copies of the copies could be copied. 
We also asked whether the polymerases would occasionally make mis-
takes (mutations), and whether those mistakes could themselves be 
copied. 

 To meet this challenge, we did accommodate a bit the preferences of 
DNA polymerases. These have evolved for billions of years on Earth to 
accept nucleobases that present electron density (the lobes in Figure 
 3.10 ) to the minor groove (down, in Figure  3.10 ) of the double helix. 
Many of our synthetic nucleobases do not do this, but two do: Z and 
P (Figure  3.10 ). These form a P:Z base pair that actually contributes to 
duplex stability more than the A:T and G:C pairs  [43] .   

 But would they work with natural enzymes? Again, we do not want 
to keep you in suspense. A six - letter synthetic genetic system built from 
four standard nucleotides and two synthetic nucleotides can be repeat-
edly copied (Figure  3.11 ).   

 Setting the bar higher, could they support Darwinian evolution? Here, 
careful experiments were done to determine whether they could partici-
pate in mutation processes. This work showed that Z and P could indeed 
mutate to C and G and, more surprisingly, that C and G could mutate 
to give Z and P. The details of the mutation process were studied. 
Sometimes Z is incorporated opposite G instead of C. Sometimes C is 
incorporated opposite P instead of Z. Sometimes P is incorporated 
opposite C instead of G. Sometimes G is incorporated opposite Z 
instead of P. This low level of mutation is just a few percent per copy. 
But once mutations are introduced into the children DNA, they them-
selves can be copied and, therefore, propagated to the next generation. 
Thus, the synthetic genetic system built from G, A, C, T, Z, and P 
(GACTZP) is capable of supporting Darwinian evolution.  
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   3.3.5    Is This Synthetic Life? 

 A GACTZP synthetic six - letter genetic system that includes the  “ bio-
bricks ”  G, A, C, T, Z, and P is clearly not homologous to the genetic 
system that we find naturally on Earth. It does, of course, share many 
structural features with natural genetic systems. Some of these we believe 
to be universal based on theories like the polyelectrolyte theory of the 
gene. The repeating backbone phosphates are not, according to that 
theory, dispensable. 

 But it can support Darwinian evolution. Is this artificial synthetic life? 
Our theory – definition holds that life is a self - sustaining chemical system 
capable of Darwinian evolution. The artificial genetic system that we 
have synthesized is certainly a chemical system capable of Darwinian 
evolution. It is not self - sustaining, however. For each round of evolution, 
a graduate student must add something by way of food; the system 
cannot go out to have lunch on its own. 

     Figure 3.10     The Z and P pairs that have been incorporated into six - letter PCR, with 
mechanistic studies that show that this six - letter synthetic genetic system can support 
Darwinian evolution. Key to meeting this challenge was to make a small accommo-
dation to the desire of natural DNA polymerases to have nucleobases that present 
electron density (the gray lobes) to the minor groove (down, in this structure) of the 
double helix. This is the case for T, A (shown here with an extra NH 2  unit), C, and 
G (top). It is also the case with the Z and P synthetic nucleobases (bottom)  
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 Therefore, while our synthetic genetic system demonstrates that 
simple theory can empower/explain the molecular side of evolution, we 
are not yet at the point where we can use our synthetic genetic system 
as a  “ second example ”  of life. We are not ready to use our system to 
see whether it can spontaneously generate traits that we recognize from 
natural biology. 

 For this, we return to the need for bucks. Not surprisingly (and not 
inappropriately), funding is easier to find to research tools that help 
manage the medical care of patients infected with HIV and other viruses 

     Figure 3.11     The polymerase chain reaction with a six - letter genetic alphabet, 
incorporating P and Z in addition to A, T, G, and C  
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than to take synthetic biology to the next step. Because of the relevance 
of this work to these applications, work is proceeding. Further, the 
Defense Threat Reduction Agency (DTRA) is encouraging us to develop 
further the second - generation model of DNA. 

 Accordingly, we are attempting to meet the  “ put - a - man - on - the - moon ”  
goal of obtaining a synthetic genetic system that can sustain to a greater 
degree its own access to Darwinian evolution. 

 Even should this be done, however, the community would not be 
unanimous in its view that a synthetic biology had been created. Various 
theories of biology constructively held by many in the community add 
criteria for a definition – theory of life. For example, those who subscribe 
to the cell theory of life will no doubt wait until the synthetic chemical 
system capable of Darwinian evolution is encapsulated in a cell. Those 
who subscribe to a metabolism theory of life might wait until the arti-
ficial synthetic genetic system also encodes enzymes that catalyze the 
transformation of organic compounds. Even those who subscribe to a 
Darwinian theory of life might insist that, before a synthetic biology is 
announced, the artificial system must evolve to a natural change in 
environment, not to one engineered in the laboratory. 

 Where one draws the line is, again, a matter of culture. Further, we 
expect that as these goals are pursued, the bar will be raised; again, if 
success is achieved, the discipline of a synthetic biologist requires the 
bar to be raised. 

 Again, this is not relevant to the value of the pursuit. The purpose of 
the synthetic effort is to force ourselves across uncharted territory where 
we must address unscripted questions. As we attempted to design a 
synthetic genetic system or a synthetic protein catalyst, we learned about 
genetics and catalysis in general, as well as the strengths and inadequa-
cies of our theories that purported to understand these. In future pur-
suits of synthetic cells, metabolisms, and adaptation in a synthetic 
biological system, we cannot help but learn more about cells, metabo-
lism, and adaptation in general, including these processes found natu-
rally in life around us today on Earth. Illustrated by the four - wedge 
diagram in Figure  3.2 , learning from synthesis will complement learning 
obtained from paleogenetics, exploration, and laboratory experiments 
attempting to understand the origin of life.   

   3.4    DOES SYNTHETIC BIOLOGY CARRY HAZARDS? 

 Provocative titles like  “ synthetic biology ”  and  “ artificial life ”  suggest a 
potential for hazard. They also conjure up images of Frankenstein. Is 
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there any hazard associated with synthetic biology? If so, can we assess 
its magnitude? 

 As noted in Section 3.1, much of what is called  “ synthetic biology ”  
today is congruent with the activities supported by the recombinant 
DNA technology that has been around for the 35 years since Waclaw 
Szybalski coined the term. There is no conceptual difference between 
how bacteria are constructed today to express genes from other places 
and how they were constructed in 1980; a straight line connects the 
synthetic biology of Szybalski to the current efforts of Venter, Smith, 
and their colleagues. 

 The hazards of this type of synthetic biology were discussed at a 
famous 1975 conference at the Asilomar conference site in Monterey, 
California. We now have a quarter century of experience with the proc-
esses used to mitigate any hazards that might exist from this type of 
synthetic biology. Placing a new name on an old research paradigm does 
not create a new hazard; much of the concern over the hazards of 
today ’ s efforts of this type reflects simply the greater chance of success 
because of improved technology. 

 Those seeking to create artificial chemical systems to support 
Darwinian processes are, however, creating something new. We must 
consider the possibility that these artificial systems might escape from 
the laboratory. Does this possibility create a hazard? 

 Some general biological principles are relevant to assessing the poten-
tial for such hazards. For example, the more an artificial living system 
differs (at a chemical level) from a natural biological system, the less 
likely it is to survive outside of the laboratory. A living organism sur-
vives when it has access to the resources that it needs, and is more fit 
than competing organisms in recovering these resources from the envi-
ronment where it lives. Thus, a completely synthetic life form having 
unnatural nucleotides in its DNA would have difficulty surviving if it 
were to escape from the laboratory. What would it eat? Where would 
it get its synthetic nucleotides? 

 Such principles also apply to less exotic examples of engineered life. 
Thirty years of experience with genetically altered organisms since 
Asilomar have shown that engineered organisms are less fit than their 
natural counterparts to survive outside of the laboratory. If they survive 
at all, they do so either under the nurturing of an attentive human or 
by ejecting their engineered features. 

 Thus, the most hazardous type of bioengineering is the type that 
is not engineering at all, but instead reproduces a known virulent 
agent in its exact form. The recent synthesis of smallpox virus or the 
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1918 influenza virus are perhaps the best examples of risky synthetic 
biology. 

 Further, we might consider the motivation of one actually wanting to 
do damage? Would one generate a genetically engineered  Escherichia 
coli ? Or place fuel and fertilizer in a rented truck and detonate it outside 
of the Federal Building in Oklahoma City? We know the answer to this 
question for one individual. We do not know it for all individuals. In 
most situations, however, it seems easier to do harm in nonbiotechno-
logical ways than by engineering biohazards. 

 Any evaluation of hazard must be juxtaposed against the potential 
benefits that come from the understanding developed by synthetic 
biology. History provides a partial guide. In 1975, the city of Cambridge 
banned the classical form of synthetic biology within its six square miles 
to manage what was perceived as a danger. In retrospect, it is clear that 
had the ban been worldwide, the result would have been more than 
harmful. In the same decade that Cambridge banned recombinant DNA 
research, an ill - defined syndrome noted in patients having  “ acquired 
immune deficiency ”  was emerging around the planet as a major health 
problem. This syndrome came to be known as AIDS, and it was eventu-
ally learned that AIDS was caused by the HIV. 

 Without the technology that the city of Cambridge banned, we would 
have been hard pressed to learn what HIV was, let alone have com-
pounds today that manage it. Today, classical synthetic biology and 
recombinant DNA technology allow us to manage new threats as they 
emerge, including SARS, bird influenza, and other infectious diseases. 
Indeed, it is these technologies that distinguish our ability to manage 
such threats today from how we would have managed them a century 
ago. 

 With these thoughts in mind, a Venn diagram can be proposed to 
assess risk in different types of synthetic biology (Figure  3.12 ). Activities 
within the red circle use standard terran biochemistry, more or less what 
Nature has developed on Earth over the past 4 billion years. Activities 
outside that circle concern activities with different biochemistry.   

 One circle contains systems that are capable of evolving. Those 
outside the circle cannot, and present no more hazard than a toxic 
chemical; regardless of its hazard, it is what it is, and cannot get any 
worse. 

 The second circle contains systems that are self - sustaining. They 
 “ live ”  without continuing human intervention. Those outside this circle 
require continuous feeding. Thus, these represent no more of a hazard 
than a pathogen that will die once released from the laboratory. 



102 NUCLEIC ACIDS

 The greatest chance for hazard comes from a system that is self -
 sustaining, uses standard biochemistry, and is capable of evolving. This 
is, of course, the goal of the Venter – Smith artificial cell, which presents 
the same hazards as presented by natural nonpathogenic organisms: it 
might evolve into an organism that feeds on us. Those hazards, although 
not absent, are not large compared with those presented by the many 
natural nonpathogens that co - inhabit Earth with us.  

   3.5    CONCLUSIONS 

 Pursuit of the grandest challenge in contemporary synthetic biology, 
creating artificial life of our own, has already yielded fruits. Alien life 

     Figure 3.12     A Venn diagram illustrating the hazards of synthetic biology. One 
circle contains systems able to evolve. Those outside the circle cannot, and present 
no more hazard than a toxic chemical. Another circle contains systems that are 
self - sustaining. Those inside the circle  “ live ”  without continuing human interven-
tion; those outside require continuous feeding, and are no more hazardous than a 
pathogen that dies when released from a laboratory. Systems within the third circle 
use standard terran molecular biology; those outside do not. The greatest chance 
for hazard comes from a system that is self - sustaining, uses standard biochemistry, 
and is capable of evolving, the intersection between the three circles  
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with six letters in its genetic alphabet and more than 20 amino acids in 
its protein alphabet is possible. A repeating charge may be universal in 
the backbone of genetic biopolymers; a repeating dipole may be univer-
sal in the backbone of catalytic biopolymers. We have synthesized in 
the laboratory artificial chemical systems capable of Darwinian 
evolution. 

 This makes the next grand challenge still more ambitious. We would 
like a self - sustaining artificial chemical system capable of Darwinian 
evolution. To get it, the reliance of the current synthetic Darwinian 
systems on natural biology must be reduced. We have encountered 
unexpected problems as we attempt to do so. Some in the community 
are confident that, with a little more effort, we can surmount these 
problems; others of us are not so sure. 

 Achieving in the laboratory an artificial biology would expand our 
knowledge of life as universal more than anything else short of actually 
encountering alien life. Still better, it is more likely that synthetic biology 
will do this sooner than exploration will. If we had a simple form of 
designed life in our hands, we could ask key questions. How does it 
evolve? How does it create complexity? How does it manage the limita-
tions of organic molecules related to Darwinian processes? And if we 
fail after we give the effort our best shot, it will directly challenge our 
simple (and possibly simplistic) definition – theory of life as being nothing 
more than a chemical system capable of Darwinian evolution.  
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 The fully synthetic nucleic acid mimic peptide nucleic acid (PNA) is a good 
example of exploiting organic chemistry and  “ small ”  molecules for addressing 
and exploring biological problems. PNA oligomerization is based on conven-
tional Boc -  or Fmoc - peptide chemistry, which makes conjugation chemistry very 
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continuous solid - phase synthesis, but also conjugation to a large variety of small 
organic ligands (psoralen, fatty acids, cholesterol, acridine, ferrocene, phenan-
throline, etc.) is readily available. PNA oligomers are potential RNA interfer-
ence drug - discovery candidates relying on steric blocking of translation 
(initiation) or splicing upon sequence selectively binding to mRNA targets. 
Numerous cell culture studies, as well as a few  in vivo  mouse model studies, 
have illustrated this potential. Furthermore, it is argued that PNA may be a 
very versatile model system to explore novel cellular and  in vivo  delivery vehi-
cles because it is inherently chemically and biologically  “ neutral ” ; therefore, in 
contrast to polyanionic nucleotides, for example, it has minimal influence on 
the properties of the carrier vehicle. PNA was originally designed as a sequence -
 specific triplex - forming ligand, and subsequently several duplex DNA binding 
modes have been described. Recent results on so - called duplex and double 
duplex invasion complexes are particularly interesting, and may provide novel 
approaches for targeted somatic gene repair. Finally, sequence information 
transfer processes are discussed, emphasizing the compatibility and easy orthog-
onality of PNA and peptide synthesis which makes PNA powerful sequence 
tags in peptide combinatorial library approaches.    

           4.1    INTRODUCTION 

 Although a few nucleobase amino acids and oligomers derived there-
from were described in the 1970s  [1, 2] , the  aminoethylglycine   PNA  
( peptide nucleic acid ) ( aegPNA )  [3 – 5]  (Figure  4.1 ) was the first PNA 
that exhibited good DNA and RNA sequence - directed recognition 
properties and, therefore, caught the interest in many fields of science, 
from pure chemistry, to (molecular) biology and medical drug discovery 
and (genetic) diagnostics, to nanotechnology and prebiotic chemistry. 
Thus, being a fully synthetic nucleic acid mimic, PNA is a good example 
of exploiting organic chemistry and  “ small ”  molecules for addressing 
and exploring biological problems and questions; that is, chemical 
biology.    

   4.2    CHEMISTRY 

 Although a wealth of derivatives, modifications, and analogues of the 
original noncyclic, achiral, and inherently uncharged aegPNA have been 
described during the past almost 20 years (a selection is presented in 
Figure  4.1 ), and many of these indeed do have interesting properties 



PEPTIDE NUCLEIC ACIDS (PNAS) AS A TOOL IN CHEMICAL BIOLOGY 109

and add new perspectives on PNA, most (molecular) biology applica-
tions are still based on the original aeg backbone, eventually incorpor-
ating dedicated modified nucleobases, such as pseudo - isocytosine, 
diaminopurine, thiouracil, and the G - clamp ( vide infra ). Also, the fact 
that PNA oligomerization is based on conventional Boc -  or Fmoc -
 peptide chemistry makes conjugation chemistry very attractive, espe-
cially for PNA – peptide conjugates, which are conveniently obtained 
by continuous solid phase synthesis. Furthermore, conjugation to a 
large variety of small organic ligands (psoralen, fatty acids, cholesterol, 
acridine, ferrocene, phenanthroline, etc.) is readily available (e.g. 
 [6 – 9] ).  

     Figure 4.1     Chemical structures of DNA and the original (aeg)PNA as well as a 
series of PNA derivatives and analogues  
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   4.3    AN ASSAY FOR CELLULAR DELIVERY USING  PNA  
ANTISENSE IN  PLUC – HELA  CELLS 

 PNA oligomers are potential RNA interference drug - discovery candi-
dates relying on steric blocking of translation (initiation) upon sequence 
selectively binding to mRNA targets in the region of translation start 
or in the 5 ′  untranslated region, or on redirecting mRNA splicing by 
targeting exon – intron junctions in pre - mRNA  [10, 11]  (Figure  4.2 ). 
Numerous cell culture studies, as well as a few  in vivo  mouse studies, 
have illustrated this potential (e.g.  [12 – 16] ), but have also demonstrated 
that the major challenge for further progress is cellular delivery and, in 
particular,  in vivo  bioavailability, a challenge which is shared with other 
RNA interference and gene therapeutic technologies in general. In this 
context, PNA may be a very versatile model system to explore novel 
cellular and  in vivo  delivery vehicles because it is inherently chemically 

     Figure 4.2     Schematic drawing of mRNA splicing modulation by antisense agents. 
Thin lines signify introns; while thick lines signify exons. Upon normal splicing 
(upwards) all introns are spliced out, but upon blockage of an intron – exon junction, 
either the intron is skipped and retained in the mRNA or the exon is skipped and 
an alternatively spliced mRNA results  

Intron skipping
or

PNA

exon skipping
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and biologically  “ neutral ”  and, therefore, in contrast to polyanionic 
nucleotides, for example, has minimal influence on the properties of the 
carrier vehicle. Thus, the conclusions drawn from studies using PNA as 
the  “ active principle ”  may be more widely applicable for biotech drugs 
in general. Indeed, the pLuc – HeLa cell system has been used very suc-
cessfully and extensively for discovery of novel delivery systems, as well 
as for characterizing existing ones (e.g.  [17 – 21] ). This system developed 
by Kole and co - workers  [22]  is based on a stably transfected luciferase 
gene in which an intron from a mutant thalassemia globin gene has been 
inserted. This intron is not correctly spliced out due to a mutation that 
activates an aberrant splice, thereby leaving a portion of the intron in 
the mRNA and consequently resulting in a nonfunctional luciferase 
enzyme. By blocking the aberrant splice site with a PNA (or other anti-
sense) oligomer, normal splicing is restored and functional luciferase is 
expressed. The great advantage of this system is the positive readout, 
which gives very high sensitivity and accuracy and the option of using 
both an enzyme activity (luciferase) readout, which is compatible with 
high - throughput screening, and an RT - PCR readout quantifying the 
actual molecular biology targeting event of inhibiting a splice site in the 
pre - mRNA by measuring the relative ratio between correctly and incor-
rectly spliced mRNA. Thus, in principle, the assay can be used to deter-
mine the relative efficiency by which a delivery vehicle is able to deliver 
a PNA (or, by analogy, a chemically and physically comparable mole-
cule) from the medium to the nucleus of the (HeLa) cell. A large variety 
of PNA conjugates, ranging from cell - penetrating peptides to lipids and 
various organic ligands, have been studied in this system  [23] and  also 
mediated by liposome and other carriers.   

 Obviously, the information extracted from the pLuc – HeLa system is 
limited by the fact that this is a specific (monolayer, cancer) cell type, 
and it is well established that the uptake of membrane nondiffusable 
compounds, such as oligonucleotides, PNAs, and peptides, varies very 
significantly between different cell types. 

 Interestingly, an analogous  in vivo  mouse model based on green fluo-
rescent protein rather than luciferase was developed some years ago 
 [16] . This model should also be very powerful in combination with 
antisense PNA constructs and complexes, but unfortunately it is not 
readily available and has only been used in a few studies. Both from a 
PNA point of view and from a more general gene therapeutics aspect, 
more comprehensive and comparative  in vivo  delivery, distribution, bio-
availability, and also pharmacokinetics studies are highly warranted.  
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   4.4    DUPLEX  DNA  RECOGNITION 

 PNA was originally designed as a sequence - specific duplex DNA -
 recognizing ligand and was discovered to bind duplex DNA by a novel 
mechanism: helix invasion  [3, 24] . Subsequently, a range of other 
binding modes were discovered (apart from the original triplex inva-
sion), including duplex invasion  [25] , double duplex invasion  [26] , and 
conventional major groove triplex binding  [27]  (Figure  4.3 ). Recent 
progress has demonstrated that 15 - mer homopyrimidine PNAs conju-
gated to four lysines and/or a 9 - aminoacridine, and in which all cytosines 
were replaced with pseudo - isoocytosine, bind to duplex DNA in a 
triplex mode with very high affinity (sub - nanomolar  K  d ) at physiologi-
cally relevant ionic conditions  [27] . Because this binding does not require 
opening of the DNA helix, it is not sensitive to elevated ionic strength 
(as opposed to invasive binding modes) and may, therefore, have advan-
tages for  in vivo  application despite the sequence constraints for homop-
urine targets. Duplex invasion binding has the advantage that it is based 
solely on Watson – Crick base pairing; therefore, a priori  –  in contrast to 
triplex (invasive) binding  –  does not have any target sequence con-
straints. However, because only one PNA strand is involved in the 
complex it is difficult to achieve sufficient free energy for effective 

     Figure 4.3     Schematic drawing of dsDNA – PNA complexes so far discovered. 
Triplex and triplex invasion complexes require a homopurine (A/G) DNA target, as 
does the clamp of the tail – clamp complex, while duplex invasion and double duplex 
invasion in principle have no sequence constraints. However, the double duplex 
invasion complexes require use of (nucleobase -  and/or backbone - induced) pseudo-
complementary PNA oligomers  

Triplex Triplex Invasion Duplex Invasion Double Duplex Invasion Tail-Clamp
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binding  [25] . Using a combination of a  γ  - methyl - modified (Figure  4.1 ) 
PNA – DNA duplex - stabilizing backbone  [28]  and a highly stabilizing 
cytosine analogue, the G - clamp (Figure  4.4 ), it was recently found that 
such  γ  - PNAs are able to bind their sequence complementary target in 
duplex DNA efficiently via duplex invasion at micromolar concentra-
tions  [29] . Finally, it has been reported that PNA oligomers containing 
a cassette of  d  - lysine - backbone PNA (lysPNA, Figure  4.1 ) units enhance 
the efficiency of peudocomplementary PNAs in their ability to bind in 
a double duplex invasion mode, to a degree where only 20% pseudo-
complementary diaminopurine – thiouracil base pairs are required  [30] . 
These results promise that targeted chemical modification of the PNA 
backbone in combination with exploiting modified nucleobases (and 
various conjugation chemistry) may significantly expand the scope and 
efficiency of PNA targeting of duplex DNA, thereby increasing the pos-
sibilities of using these as sequence - specific genome - targeting agents in 
drug discovery, for instance within targeted gene repair.    

   4.5    TARGETED GENE REPAIR 

 Introduction of a single -  or double - stranded DNA (donor) molecule 
which is homologous to a region of the cell ’ s genome into this eukaryotic 
cell may, at a very low frequency (usually less than 0.1%), result in 
exchange of sequence information from the donor to the cell ’ s genome. 
The mechanism is not very well understood, but is believed to involve 
homologous recombination and/or inscission repair. Most interestingly, 

     Figure 4.4     Guanine recognition by a helix - stabilizing G - clamp nucleobase  
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the frequency can be significantly increased (up to one order of 
magnitude) if a DNA binding ligand, such as a triplex - forming oligo-
nucleotide  [31]  or a PNA  [32]  is targeted proximal to the homologous 
region. If a double - strand DNA break is specifically introduced by an 
engineered zinc - finger nuclease which is genetically introduced to the 
cell, impressive repair efficiencies of up to 20% may be observed  [33] . 
These results hold promise that it could be possible to develop medical 
treatment modalities allowing gene therapeutic correction of somatic 
mutations. 

 In this context, some recent results on Ce(IV) - induced double - stranded 
DNA cleavage of staggered PNA double - duplex invasion complexes  [34]  
(Figure  4.5 ) are very interesting, as double - strand DNA breaks activate 
homologous recombination. Accordingly, it was shown that a DNA 
substrate cleaved with Ce(IV) as described above could activate targeted 
DNA repair approximately 50 - fold over background  [35] . Clearly, there 
is a very long way to clinically exploiting targeted gene repair, but the 
results obtained so far do inspire and warrant further exploration on 
this path.    

   4.6    SEQUENCE INFORMATION TRANSFER 

 Analogously to natural nucleic acids, PNAs contain sequence informa-
tion that can be exploited and transmitted to other molecules, most 
directly to other nucleic acids and mimics. However, owing to their 
non - natural chemical composition, PNAs are not substrates for natural 

     Figure 4.5     Schematic illustration of a staggered pcPNA dsDNA complex for 
Ce(IV)EDTA cleavage of the resulting single - stranded DNA stretches  
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enzymes, such as polymerases; therefore, replication, transcription, or 
translational processes must be based on chemical rather than on enzy-
matic processes, and no efficient solutions apart from templated ligation 
reactions have yet been devised. PNA - templated DNA ligations and 
DNA - templated ligation reactions have been explored for possible 
mutation - specific diagnostic applications  [36] . Furthermore, the peptide 
compatibility of PNA in combination with the sequence information 
that can be built in has been explored in PNA – peptide – PNA conjugates 
as a means to control peptide conformation (and thus activity) through 
conformational constraints imposed by PNA – PNA hybridization or via 
hybridization of such conjugates to cellular RNA or DNA molecules 
 [37, 38] . 

 The compatibility and easy orthogonality of PNA and peptide syn-
thesis also makes it convenient to use PNA sequence tags in peptide 
combinatorial library approaches. This approach has been used with 
peptide libraries for profiling tyrosine kinases  [39]  and protease inhibi-
tors  [40, 41] , and the peptide identities were deconvoluted through 
hybridization to dedicated DNA oligonucleotide microarrays. Because 
of their chemical and biological stability and relative  “ inertness, ”  PNA 
sequence tags could find many applications in biology. 

 Very recently the principle of dynamic libraries was also exploited in 
a PNA context [42]   . Specifically, thioester PNAs (tPNAs, Figure  4.1 ), 
which formally are derivatives of  α PNAs  [43]  (Figure  4.1 ) built from a 
conventional  α  - amino acid peptide in which a nucleobase is attached to 
every second amino acid, were synthesized. However, in the tPNAs the 
nucleobase is attached via a labile thioester linkage which may engage 
in a (thiol - catalyzed) equilibrium with thioester nucleobase ligands free 
in solution. It was found that, in the presence of a DNA oligonucleotide 
to which the tPNA oligomer may hybridize, the tPNA oligomer would 
equilibrate into a sequence complementary to the DNA oligonucleotide, 
as this would produce the most stable tPNA – DNA duplex.  

   4.7    CONCLUDING REMARKS 

 Hopefully, the few examples presented above have illustrated the many 
areas of chemical biology where peptide nucleic acids and other DNA 
analogues and mimics can specifically modulate biological processes, 
provide tools for analyzing and understanding them, and in some cases 
even mimic them. Undoubtedly, new areas will be added in the future 
and new tools developed and novel principles discovered.  
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 Searching for functional proteins among random - sequence libraries is a major 
challenge of protein engineering; the difficulties include the poor solubility of 
many random - sequence proteins. A library in which most of the polypeptides 
are soluble and stable would, therefore, be of great benefit. Although modern 
proteins consist of 20 amino acids, it has been suggested that early proteins 
evolved from a reduced alphabet. Here, we have constructed a library of ran-
dom - sequence proteins consisting of only five amino acids, Ala, Gly, Val, Asp, 
and Glu, which are believed to have been the most abundant in the prebiotic 
environment. Expression and characterization of arbitrarily chosen proteins in 
the library indicated that five - alphabet random - sequence proteins have higher 
solubility than do 20 - alphabet random - sequence proteins with a similar level 
of hydrophobicity. The results support the reduced - alphabet hypothesis of the 
primordial genetic code and should also be helpful in constructing optimized 
protein libraries for evolutionary protein engineering.            

   5.1    INTRODUCTION 

 The question of what proportion of random - sequence proteins exhibit 
folded structure or functional activity in a given sequence space is 
important for understanding how natural proteins have evolved and 
how novel proteins can be engineered (for reviews, see Refs  [1 – 4] ). Since 
1990, several researchers have reported the construction and screening 
of large libraries of random - sequence proteins and the biophysical char-
acterization of such proteins  [5 – 12] . However, experimental studies 
using random - sequence protein libraries face the difficulty of identifying 
novel proteins with native - like structures and desired functions. In the 
only successful example so far reported, Keefe and Szostak isolated 
novel ATP - binding proteins from a random - sequence library, but the 
biophysical characterization of these proteins was difficult owing to 
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poor solubility  [12] , although the X - ray crystal structure of one of them 
was recently solved  [13] . Generally, random - sequence proteins have a 
strong tendency to form aggregates  [5] . This is unfavorable for func-
tional selection and further improvement of their solubility  [14] , and 
folding stability  [15]  by directed evolution is required. Hence, in the 
laboratory it would be profitable to start from a library in which most 
proteins are soluble and stable  [16] , in order to evolve novel proteins, 
as would also have been the case in the prebiotic soup. 

 Although modern proteins consist of 20 amino acids, it has been 
proposed that the origin and early evolution of protein synthesis involved 
a reduced alphabet that was gradually extended through co - evolution 
of the genetic code and the primordial biochemical system for amino 
acid synthesis  [17 – 19] . If this is so, the properties of random - sequence 
proteins with a reduced alphabet may be different from those of the 
20 - alphabet random - sequence proteins previously reported. Davidson 
and co - workers constructed and characterized random - sequence pro-
teins consisted of only Gln, Leu, and Arg  [20, 21] . These QLR proteins 
showed remarkable helical structures, but their solubility was fairly low. 
In a computational study using inverse folding techniques, Babajide 
 et al.  demonstrated that native - like folded structures of proteins tested 
were maintained with restricted alphabets containing primitive amino 
acids such as Ala and Gly, but were not maintained with a non - primitive 
QLR alphabet  [22] . In this chapter we describe the first attempt to 
construct and characterize random - sequence proteins using a restricted 
set of primitive amino acids.  

   5.2    MATERIALS AND METHODS 

   5.2.1    Construction of a  DNA  Library of 
Random - Sequence Proteins 

 The 88 - bp DNA [GGTAGATCTGGAAGACTGTGG (GNW) 15 TGGG
CGAGACCGCTCGAGGTTC] consisting of 15 consecutive random 
codons (GNW, in which N    =    T:C:A:G    =    15   :   30   :   30   :   25 and W    =    T:A    =    
40   :   60) was synthesized at FASMAC (Kanagawa, Japan) and amplified 
by  polymerase chain reaction  ( PCR ) using primers GNW - F (5 ′  - GGTAG
ATCTGGAAGACTGTGG - 3 ′ ) and GNW - R (5 ′  - GAACCTCGAGCGG
TCTCGC - 3 ′ ) with  Ex Taq  DNA polymerase (Takara Shuzo). The PCR 
product was purified by phenol – chloroform extraction and ethanol 
precipitation and separated into two equal aliquots that were digested 
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with either  Bbs I or  Bsa I. The resulting fragments were purified by 2% 
agarose gel electrophoresis and Recochip (Takara Shuzo), ligated with 
T4 DNA ligase (Toyobo) and amplified by PCR. Repeating this proce-
dure three times yielded a final library with eight ( = 2 3 ) contiguous 
random regions.  

   5.2.2    Cloning, Expression and Purification of the 
Random - Sequence Proteins 

 The DNA library was cloned, randomly selected, and sequenced with 
an ABI PRISM 3100 (Applied Biosystems). The random - sequence region 
of the eight in - frame genes was digested with  Bgl II and  Xho I and then 
subcloned into a derivative of a pET vector (Novagen) containing the 
N - terminal T7 · tag sequence and the C - terminal His 6  tag sequence. 
 Escherichia coli  BL21 - CodonPlus(DE3) cells (Stratagene) transfected 
with individual recombinant plasmids were grown in LB broth contain-
ing 100    μ g   ml  − 1  ampicillin and 40    μ g   ml  − 1  chloramphenicol at 37    ° C. 
When the culture achieved an optical density of 0.6 – 0.7 at 600   nm, 
isopropylthio -  β  -  d  - galactoside was added to a final concentration of 
0.1   m m . After an additional 3   h of incubation, the cells were harvested 
by centrifugation and lysed in a BugBuster (Novagen) containing a 
protease inhibitor cocktail (Sigma). The centrifuged supernatants were 
used as the soluble fractions. The pellets were resuspended in a buffer 
containing 8    m  urea and the centrifuged supernatants were used as 
insoluble fractions. These fractions were analyzed by 16.5% Tricine 
SDS – PAGE  [23] . The proteins were detected with  CBB  ( Coomassie bril-
liant blue  R250) staining and Western blotting with anti - T7 · tag anti-
body. The soluble fractions were loaded on the affinity column of 
nickel – NTA agarose resin (Qiagen) and the recombinant proteins were 
eluted with an imidazole gradient. The protein molar concentration was 
determined from the UV absorption at 280   nm and the molar absorption 
coefficient was calculated from   ε      =    5690    m   − 1    cm  − 1  for Trp  [24] .  

   5.2.3     CD  and Fluorescence Measurements 

  Circular dichroism  ( CD ) spectra of purified proteins in the absence and 
presence of 1 – 5    m   GdnHCl  ( guanidine hydrochloride ) were measured 
on a J - 820 spectropolarimeter (JASCO) at 25    ° C. The protein concentra-
tion was 3    μ  m  and the light pathlength used was 1   mm. The results were 
expressed as mean residue molar ellipticity [  θ  ]. 
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 Fluorescence measurements were performed at 25    ° C on a Shimadzu 
RF - 1500 spectrofluorometer. The emission spectra of Trp residues of 
1    μ  m  proteins were measured at an excitation wavelength of 280   nm and 
the fluorescence spectra of 50    μ  m   ANS  ( 1 - anilinonaphthalene - 8 - sulfonic 
acid ) (Molecular Probes) in the absence and presence of 1    μ  m  protein 
were measured with excitation at 371   nm.  

   5.2.4    Size - Exclusion Chromatography 

 Gel - filtration experiments on purified proteins were performed using a 
Shodex KW - 803 column (Showa Denko) on a Vision Workstation 
(Applied Biosystems). The column was calibrated with a low molecular 
weight gel filtration calibration kit (Amersham Pharmacia Biotech). The 
Stokes radii of purified proteins and the control proteins ( bovine serum 
albumin  ( BSA ), ovalbumin, chymotrypsinogen, and ribonuclease) were 
calculated from their elution volumes as described previously  [25] .   

   5.3    RESULTS 

   5.3.1    Design of  DNA  s  Encoding Random - Sequence Proteins 
with Primitive Alphabets 

 The most abundant amino acids in the prebiotic environment as inferred 
from the results of spark - discharge experiments were Ala, Gly, Asp, and 
Val  [26, 27] , whereas those deduced from analysis of the Murchison 
meteorite were Gly, Ala, Glu, and Val  [28] . Interestingly, codons for all 
these amino acids have guanosine (G) at the first nucleotide (Figure  5.1 ), 
and thus codons GNC and GNN, where N denotes U, C, A, or G, were 
proposed to have formed the early genetic code  [27, 29] . We chose the 
five amino acids Ala, Gly, Val, Asp, and Glu as a primitive alphabet.   

 Using the strategy shown in Figure  5.2 , we constructed a DNA library 
encoding polypeptides of more than 100 residues of random mixtures 
of the five amino acids. The semi - random codon GNW (N    =    T, C, A, 
or G; W    =    T or A) encodes either Val, Ala, Asp/Glu, and Gly with prob-
abilities determined by the percentages of T, C, A, and G in the base 
mixture at the second nucleotide position of each randomized codon. 
The frequency of each amino acid was set to reflect the putative prebi-
otic abundance of Ala and Gly  [26 – 28] . The GNW codons contained 
only A and T at the third nucleotide position in order to reduce the total 
GC content of the DNA sequences to no more than 50%.   



126 PEPTIDES AND PROTEINS

 The DNA library was cloned into  E. coli  and the sequences of arbi-
trarily chosen clones were analyzed. As shown in Figure  5.3 , the amino 
acid sequences were designed to encode an N - terminal T7 · tag to allow 
Western blot analysis, a C - terminal His 6  tag to allow affinity purification 
and several fixed Trp residues at the random cassette junctions to allow 
fluorescence studies and UV measurements for protein quantitation. 
Consequently, 92 – 94% of each polypeptide sequence consisted of 
random combinations of the five amino acids (Table  5.1 ). The length of 
each sequence varied (Figure  5.3 ), perhaps owing to unexpected recom-
bination in a repetitive GNW region during PCR and/or unexpected 
deletion in the synthetic DNA cassettes (single base deletions were 
observed in 17% of the DNA cassette sequences). However, all random 
cassettes were different from each other, as we expected.      

   5.3.2    High Solubility of the Random - Sequence 
 VADEG  Proteins 

 As shown in Figure  5.4 , we examined the solubility of eight of the 
random - sequence VADEG proteins and found that all of them were 
expressed in the soluble fraction. In the case of G4, the protein was also 
detected in the insoluble fraction. In previous studies, only five of 
twenty - five 20 - alphabet random - sequence proteins  [7]  and only two of 

     Figure 5.1     The universal genetic code and the abundance of amino acids in simu-
lated prebiotic synthesis. Typical yields in spark - discharge experiments were: Ala, 
790    μ  m ; Gly, 440    μ  m ; Asp, 34    μ  m ; Val, 19.5    μ  m ; Leu, 11.3    μ  m ; Glu, 7.7    μ  m ; Ser, 
5.0    μ  m ; Ile, 4.8    μ  m ; Thr, 1.6    μ  m ; Pro, 1.5    μ  m ; and others  (data from Ref.  [27] )   
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eleven random - sequence QLR proteins  [21]  were found to be soluble. 
The VADEG proteins presented here thus seem to possess remarkably 
high solubility.    

   5.3.3    Structural Characterization of the  VADEG  Proteins 

 Previous reports indicated that 20 - alphabet random - sequence pro-
teins did not show any marked secondary structure  [9, 10] , whereas the 

     Figure 5.2     The strategy for construction of a DNA library encoding random -
 sequence proteins of  > 100 amino acid residues. The synthesized 88 bp DNA (top) 
consisting of 15 consecutive random codons, GNW, was amplified by PCR, purified 
and separated into two equal aliquots that were digested with either  Bbs I or  Bsa I 
type IIS restriction endonuclease. The resulting fragments were purified, ligated with 
T4 DNA ligase, and amplified by PCR. Repeating this procedure three times yielded 
a final library with eight ( = 2 3 ) contiguous random regions (i.e. 120 random codons). 
The  Bgl II –  Xho I sites were used for subcloning of genes. This strategy based on type 
IIS restriction sites is similar to that described previously  [11] , although  “ preselec-
tion ”  was not performed because the GNW repeats contain no stop codon  
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     Figure 5.3     Predicted amino acid sequences of arbitrarily chosen random - sequence 
VADEG proteins. The N - terminal T7 · tag sequence and the C - terminal His 6  tag 
sequence are also shown  

  Table 5.1    Properties of the random - sequence proteins 

   Protein     Composition (%)   a        Monomer 
 M  r   

   Solubility   b        [  θ  ] 222    c        ANS 
binding   d     

   V     A     D     E     G  

  G1    18    27    14    7    27    13   781    S     − 2634    1.2  
  G2    15    32    10    7    28    14   234    S     − 783    1.1  
  G3    15    30    10    14    24    14   526    S     − 1107    1.3  
  G4    21    29    9    14    19    13   308    S and I     − 2127    1.5  
  G5    17    30    9    12    26    14   465    S     − 1207    1.1  
  G6    17    28    11    11    26    14   766    S     − 102    1.1  
  G7    20    26    11    13    22    14   823    S     − 744    1.3  
  G8    14    30    11    13    25    12   244    S     − 935    1.3  

     a    Does not contain the N -  and C - terminal tail sequences.  
    b    Determined by CBB staining (Figure  5.4 ). S, soluble; I, insoluble.  
    c    The mean residue ellipticity at 222   nm (see also Figure  5.5 ).  
    d    Ratio of ANS fluorescence in the presence and absence of purified proteins (see also 
Figure  5.6 ).   
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three - alphabet QLR proteins had remarkably high levels of helical struc-
ture (fractional helicity 32 – 70%) and it was suggested that proteins with 
a limited range of amino acids have a greater tendency to form second-
ary structure  [21] . However, the five - alphabet VADEG proteins revealed 
no marked secondary structure as analyzed by means of CD measure-
ments (Figure  5.5  and Table  5.1 ), in spite of the abundance of Glu and 

     Figure 5.4     Expression and solubility of the random - sequence proteins. The soluble 
(lanes S) and insoluble (lanes I) fractions of overexpressed proteins were analyzed 
by 16.5% Tricine SDS – PAGE  [23] . The arrows indicate the positions of random -
 sequence proteins. The proteins were detected by CBB staining (top) and Western 
blotting with anti - T7 · tag antibody (bottom)  
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     Figure 5.5     The mean residue ellipticity values of VADEG proteins (triangles, G2; 
squares, G4) at 222   nm as a function of GdnHCl concentration. CD spectra of eight 
purified proteins at a concentration of 3    μ  m  were measured on a J - 820 spectropo-
larimeter (JASCO). The other six proteins (Table  5.1 ) revealed a similar level of 
ellipticity to that of G2 and G4  
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Ala, which are known to be strong helix formers  [30] . One reason for 
the low helical content of the VADEG proteins would be the presence 
of the strong helix breaker, Gly, within the polypeptides. The highly 
structured QLR proteins contain the strong helix former Leu and have 
no helix breaker in their sequences.   

 For tertiary structure analysis, the emission spectra of the Trp residues 
doped in the random - sequence proteins in advance were measured at an 
excitation wavelength of 280   nm. The emission maxima ranged from 
348 to 352   nm in an aqueous buffer, suggesting that almost all the Trp 
residues are exposed to the solvent  [31] . However, the intensity at the 
emission maximum of the G8 random - sequence protein was decreased 
by half in buffer containing 5    m  urea (data not shown). Hence, some of 
the Trp side chains of the G8 protein appear to be located in a hydro-
phobic environment under native conditions and to undergo denatura-
tion in 5    m  urea. The presence of hydrophobic clusters in the 
random - sequence polypeptide was also supported by the results of ANS 
binding experiments. The fluorescence emission spectrum of ANS is 
known to be enhanced when the dye binds to hydrophobic regions of 
proteins  [32] . As shown in Figure  5.6 , ANS fluorescence increased in the 

     Figure 5.6     Fluorescence spectra of 50    μ  m  ANS (excitation at 371   nm) in the absence 
(gray line) and presence of 1    μ  m  G4 protein (black line). Fluorescence measurements 
were performed on a Shimadzu RF - 1500 spectrofluorometer. For the other seven 
proteins, see also Table  5.1   
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presence of the G4 random - sequence protein. A relatively small increase 
was also observed for the G1, G3, G7, and G8 proteins (Table  5.1 ).   

 Next, the oligomeric state of the VADEG proteins was analyzed by 
means of gel filtration experiments. Each VADEG protein, except for 
the G4 protein, was eluted as a single peak and the Stokes radius cal-
culated from the elution position of each VADEG protein was slightly 
larger than that deduced from data for monomeric, globular proteins 
with similar molecular weights (Figure  5.7 ). This result suggests that the 
VADEG proteins with high solubility tended to exist as monomers with 
slightly extended shape, whereas the QLR proteins  [21]  and the 
20 - alphabet random - sequence proteins  [10]  with poor solubility tended 
to form multimeric structures.     

   5.4    DISCUSSION 

 We constructed a library of random - sequence proteins consisting of five 
amino acids (Ala, Gly, Val, Asp, and Glu) which are believed to have 

     Figure 5.7     Stokes radius plot for VADEG proteins. The elution volume was deter-
mined by gel filtration of purified proteins using a Shodex KW - 803 column (Showa 
Denko) on a Vision Workstation (Applied Biosystems). The circles indicate the 
elution volume of four control proteins (BSA, ovalbumin, chymotrypsinogen, and 
ribonuclease) plotted against their known Stokes radii and the line shows an empiri-
cal equation relating Stokes radius to elution position  [25] . The arrows indicate the 
elution volumes of VADEG proteins. The G4 protein purified from the soluble frac-
tion showed two peaks (G4a and b), whereas the other seven proteins each gave a 
single peak between the positions of G1 and G7  
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been abundant under prebiotic conditions. We found that the random -
 sequence VADEG proteins in the library have higher solubility than that 
of previously reported 20 - alphabet random - sequence proteins. Structural 
analyses of some of our five - alphabet random - sequence proteins indi-
cated the presence of flexible monomeric structures. The high solubility 
of these random - sequence proteins with a primitive alphabet supports 
the reduced - alphabet hypothesis of the primordial genetic code and also 
implies that such protein libraries may be favorable tools for evolution-
ary protein engineering. 

   5.4.1    Why are the Random - Sequence  VADEG  Proteins 
Highly Soluble? 

 The hydrophobicity of the VADEG proteins calculated based on the 
index  [33]  was in the range  − 0.2 to 0.2, which is slightly higher (i.e. 
more hydrophobic) than that of the previous random - sequence proteins 
with poor solubility:  − 2.2 to  − 0.2 for the QLR proteins  [21]  and  − 1.0 
to  − 0.2 for the 20 - alphabet random - sequence proteins  [14] . Therefore, 
the content of hydrophobic residues of the VADEG proteins cannot 
explain their high solubility. As suggested by Wilkinson and Harrison, 
protein solubility may not always correlate with hydrophobicity but it 
would also be affected by net charge and the fraction of turn - forming 
residues (Asp, Asn, Pro, Gly, Ser)  [34] , both of which are relatively high 
in the VADEG proteins. Since these proteins contain the negatively 
charged amino acids Asp and Glu, but no positively charged amino acid, 
they are expected to be highly charged at neutral pH. Further, the abun-
dant Gly has no side chain and tends to favor high solubility. Indeed, 
the G4 random - sequence protein that was expressed as both soluble and 
insoluble forms has relatively low contents of Asp and Gly compared 
with the other seven proteins, which were only expressed in the soluble 
fraction (Table  5.1 ).  

   5.4.2    Origin and Early Evolution of Proteins through 
Functional Selection 

 Do the unfolded structures of the VADEG proteins, as well as the 
20 - alphabet random - sequence proteins  [9, 10] , mean that these proteins 
have no function? Although the functions of modern proteins are closely 
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related to their tertiary structures, numerous examples of proteins that 
are unstructured in solution, but which become structured on binding 
to the target molecule, have now been recognized  [35] . The unfolded 
structure of a polypeptide has functional advantages, including the 
ability to bind to several different targets through induced folding  [35] . 
Similarly, it appears likely that the flexible structures of primitive 
polypeptides would have provided a variety of functions to be optimized 
during molecular evolution  [36] . 

 Keefe and Szostak estimated the frequency of functional proteins in 
a library of 20 - alphabet random - sequence proteins as 1 in 10 11  by using 
mRNA display technology  [12] . It would be interesting to study whether 
a library of simple - alphabet random - sequence proteins with higher 
solubility contains functional proteins in the reduced sequence space. 
Such studies are in progress by using  in vitro  display technologies devel-
oped in our laboratory  [37 – 40] . The acidic residues, Asp and Glu, 
can bind to metals such as Mg 2 +   and Ca 2 +  , so primitive enzymes with 
the VADEG alphabet might act as metalloenzymes, like ribozymes in 
the RNA world. Recent studies  in vitro   [41 – 43]  and  in silico   [44 – 47]  
provide insight into the extent to which native protein structure and 
function can be achieved with reduced alphabets, such as IKEAG  [41] . 
In order to acquire artificial proteins with various functions by 
laboratory evolution, it might be effective to dope basic amino acids 
such as Lys and Arg into a set of reduced - alphabet random - sequence 
libraries. 

 As an alternative approach to laboratory protein evolution and selec-
tion, Hecht  et al . constructed a  “ binary code ”  library by designing a 
binary pattern of polar and nonpolar amino acids that would favor 
proteins containing abundant secondary structure  [48, 49] . The quality 
of the library is high; almost all of the proteins in the library are soluble 
and have a well - ordered structure, although their structural diversity is 
limited to a predesigned unique fold, such as a four - helix bundle struc-
ture. Libraries of modest quality and diversity containing polypeptides 
with various folds and abundant secondary structure, but no well -
 ordered structure, can be constructed by randomly combining naturally 
occurring polypeptide segments such as repetitive peptide motifs  [50, 
51] , secondary structure units  [52, 53] , and random cDNA fragments 
 [16] . In general, there would be a trade - off between quality and diversity 
of combinatorial polypeptide libraries. However, a random - sequence 
library with a reduced alphabet can achieve relatively high quality (e.g. 
high solubility) with enormous diversity.   
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 It is not yet understood how functional proteins arise, and in particular whether 
the original polypeptide could possess the capability of evolution (evolvability) 
so as to undergo a kind of Darwinian evolution. The notion of fi tness landscape 
in protein - sequence space is introduced, whereby the distribution of fi tness over 
the sequence space is represented by the concept of fi tness landscape. One can 
defi ne accordingly whether a given sequence is evolvable toward higher fi tness. 
The chapter focuses on the early evolution of protein functions. How frequently 
and to what extent can a random sequence evolve function? These questions 
are equivalent to how many positions over the fi tness landscape can have a 
route to higher position and how high the route can continuously rise without 
being trapped into local maxima. 

 Through experimental evolution started from random sequences, we exam-
ined unseen regions of protein - sequence space. We prepared random sequences 
of a defi nite length, about 140 residues composed of the 20 naturally occurring 
amino acids. To get the least diversity required for early evolution of protein 
function, we arbitrarily chose less than 10 of the synthesized random sequences 
as the initial material for some independent experimental evolutions based on 
different functions, esterase activity, DNA binding, and phage infectivity. The 
three experimental evolutions were successful, indicating that a substantial 
fraction in all possible sequences is evolvable. The analysis of the experimental 
evolution with various diversity sizes indicated that up to 40% in the altitude 
from the bottom in the fi tness landscape is so smooth that the evolution is 
hardly trapped in the local maxima, whereas over 50% the landscape rapidly 
increases the ruggedness, requiring a huge diversity for further evolution. Based 
on the experimental data, together with other information, we terminate the 
chapter with an overall discussion on the early evolution of protein function 
and its implication on the origin of life.            

   6.1    INTRODUCTION 

   6.1.1    How does Functional Protein Arise? 

 Natural proteins have evolved by iterative processes of sequence 
mutation and natural selection over long periods. The resulting modern 
proteins possess highly effi cient biological functions, such as molecular 
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recognition or catalysis. It is well known that a novel functional protein 
can be created by utilizing the sequence of a preexisting functional 
protein as a scaffold through molecular mechanisms such as gene dupli-
cation or recombination  [1, 2] . On the other hand, it remains unclear 
how the first functional protein could arise without relying on a preex-
isting one. A random polypeptide might have synthesized  [3, 4] , or small 
functional polypeptides might have assembled into a large polypeptide 
 [5 – 7] , and then have evolved in some way or other. In any case, as 
such a rudimentary polypeptide probably had low functional activity at 
the beginning, it must have possessed potentiality for Darwinian 
evolution  –  that is, evolvability toward higher functional activity by the 
processes of mutation and selection  –  to become an efficient functional 
protein. It is not known, however, what protein sequences possess such 
evolvability.  

   6.1.2    Fitness Landscape in Protein - Sequence Space 

 The evolvability of protein depends on the structure of a fitness land-
scape  [8]  in protein - sequence space  [9]  (Figure  6.1 ). The protein - sequence 
space is a high - dimensional space, in which points represent each of all 

     Figure 6.1     An imaginary schematic fitness landscape in protein sequence space. 
Evolutionary processes (arrows) by mutation and selection can be regarded as an 
ascending trajectory on the surface of the fitness landscape. The trajectory, that is 
evolutional dynamics, is affected  by the structure of the fitness landscape in protein 
sequence space  
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possible sequences and those differing by one residue substitution are 
arranged neighboring each other. For example, the sequence space of a 
100 - residue protein, representative of small natural proteins, consists of 
20 100  (i.e. about 10 130 , far beyond astronomical numbers) sequences. 
Each sequence has a fitness for an evolutionary process (for example, 
the functional activity for a functional selection) under certain condi-
tions. The distribution of a fitness over the sequence space is represented 
by the concept of fitness landscape, where the sequence space is mapped 
on a Cartesian plane and the height in the vertical direction to the plane 
at a point corresponds to the fitness value of a sequence located at the 
point. An evolutionary process of protein by mutation and selection is 
observed as a trajectory of a point on the surface of a fitness landscape. 
Hence, a sequence is evolvable toward higher fitness when an ascending 
slope extending from the sequence can be founded within the scope of 
mutational steps in the landscape. The structures of the fitness landscape 
around the vicinity of several natural protein sequences have been 
examined and the evolvabilities of the sequences have been revealed 
 [10 – 16] . However, since those sequences cover only tiny fractions of the 
immense sequence space, landscape structures of almost all regions 
remain unknown.    

   6.1.3    Early Evolution of Functional Protein 

 To reveal the early evolution of protein, we consider the following two 
questions. 

 First, what is the frequency of sequences evolvable toward higher 
functionality in protein sequence space? The frequency of evolvable 
sequences in the sequence space determines the number of sequences 
which should be explored for starting evolution of the first functional 
protein. If only the natural protein sequences and their vicinity (prob-
ably about 10 12  sequences  [17] ) constitute evolvable mountainous 
regions and the rest are arid plain regions in a fitness landscape, starting 
evolution of the first protein would be improbable (e.g. 1 in 10 118 , 
assuming that all the proteins are 100 residues in length). Hence, suf-
ficient numbers of functional sequences and evolvable sequences toward 
them will exist other than naturally occurring ones among all possible 
sequences. Indeed, Keefe and Szostak selected ATP - binding proteins 
from a large library of 6    ×    10 12  random sequences sampled uniformly 
from the sequence space of about 80 - residue protein, and estimated the 
frequency of the sequences with a certain level of efficient funcional 
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activity to be roughly 1 in 10 11   [18] . This result suggests that mountain-
ous regions of a fitness landscape certainly exist in unseen regions of 
protein - sequence space. Here, we examine the frequency of evolvable 
sequences in unseen regions of protein - sequence space by experimental 
evolution starting from random sequences. For clarity, we chose a defi-
nite small number of sequences and explore around them by cycles of 
random point mutation and functional selection. The results of experi-
mental evolution suggest that any arbitrary sequence would be easily 
evolvable for any requirements of (at least simple) functionality. 

 Second, how and to what extent does an evolvable protein sequence 
evolve? The evolutionary dynamics of protein depend on the ruggedness 
of the fitness landscape. If a landscape is smooth, protein evolution 
proceeds steadily toward higher fitness with sufficient search. On the 
other hand, if a landscape is rugged, evolution may eventually stop at 
a local optimum, where all neighbors within the scope of a mutational 
step have lower fitness than the optimum. Here, we estimated the rug-
gedness of a fitness landscape by analyzing the results of experimental 
evolution above. The results of the analysis suggest that the structure 
of the fitness landscape varies from smooth to rugged as the fitness rises.   

   6.2    EXPERIMENTAL EVOLUTION STARTING FROM 
RANDOM SEQUENCES 

 To elucidate the evolvability of proteins in unseen regions of protein -
 sequence space, we set out to investigate arbitrarily sampled points in 
the space (that is, random proteins) and explore around them by experi-
mental evolution using the cycles of random point mutation and func-
tional selection for several common biological functions. For simplicity, 
the random proteins of a definite length, about 140 residues, composed 
of the 20 naturally occurring amino acids were used  [19] . The proteins 
consist of a variable part of about 120 residues between N -  and 
C - terminal fixed sequence tags of about 10 residues each. Hence, the 
size of the sequence space, which we consider, is 20 120 , or about 10 156 . 

   6.2.1    Frequency of Evolvable Sequences in Protein 
Sequence Space 

 Yamauchi  et al . carried out experimental evolution by functional selec-
tion based on affinity to a  transition state analog  ( TSA ) for an esterase 
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activity using a phage display system, and demonstrated that a random 
protein is evolvable within a small library  [20] . First, 10 arbitrary 
sequences were chosen from the sequence space and the TSA - binding 
activity of the each protein was examined. Notably, experimentally 
detectable differences of the activity were observed among the random 
proteins (Figure  6.2 ). Next, the sequence of the protein exhibiting the 
highest activity among the 10 sequences was selected and then mutated 
to produce 10 descendant sequences for the next generation. The mutant 
proteins also showed differences of the activity even though only two 
or three amino acid residues were changed from the parent sequence 
(Figure  6.2 ). For the generations by the same processes of mutation and 
selection, the TSA - binding activity of the selected proteins was gradually 
increased (Figure  6.2 ). The esterase activity of the selected proteins was 
also increased along with the generations in accordance with the prin-
ciple of transition - state stabilization  [21]  (Figure  6.2 ). From the results 
of the experiment that exploring such a small number of sequences was 
sufficient for evolution of a functional protein, it is conceivable that any 
arbitrary sequence might be evolvable. This conjecture is verified by the 
following experiments.   

 Hayashi  et al . carried out another experimental evolution by func-
tional selection for infectivity of bacteriophage fd to  Escherichia coli  
starting from only one arbitrary sequence of a random protein and 
demonstrated that the one arbitrary sequence is evolvable  [22] . The 

     Figure 6.2     (A) The affinity is expressed as the number of eluted phage bound to 
the TSA. The longest black bar in each generation indicates the clone with highest 
affinity in the daughter clones to be the parent clone for the next generation. The 
black bars pointed by arrows indicate the affinity ranking of the parent clone among 
its daughter clones in next generation. (B) Plot of TSA 1/K I  values versus  k  cat / K  m  for 
YSLP1 - 1, YSLP3 - 1 and YSLP6 - 1 proteins, derived from the selected phage clones 
at 1st, 3rd and 6th generations (Reprinted with permission from  [20] . Copyright 
2002 Oxford University Press)  
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infectivity of the phage, in which the functional domain of the g3p coat 
protein mediating infection to  E. coli  was replaced with a random 
protein, was measured by the number of infected  E. coli  cells by the 
phage. For the generations by the basically similar processes of mutation 
and selection with the above experiment for esterase activity, the infec-
tivity of the phage carrying the selected proteins was gradually increased 
(Figure  6.3 ). The following experiment demonstrated that the success 
of the evolution was not by coincidence of a fortuitous choice of the 
phage infectivity selection for the starting sequence.   

 Toyota  et al . carried out experimental evolution by functional selec-
tion for DNA - binding activity starting from the same sequence of a 
random protein used as the starting sequence in the above experiment 
for phage infectivity using a phage display system and demonstrated 
that the evolvable sequence for a function of phage infectivity was also 
evolvable for another distinct function of DNA - binding activity  [23] . 
For the generations by the basically similar processes of mutation and 
selection with the above experiments, the DNA - binding activity 
was gradually increased (Figure  6.4 ). From these results  –  that the one 

     Figure 6.3     Time series of phage infectivity and cumulative number of the substi-
tuted amino acids in  in vitro  evolution experiment. Each bar represents the infectiv-
ity of the selected phage in each generation. Each filled square represents the average 
number of substituted amino acids of the selected clones from the initial sequence 
in each generation (Reprinted with permission from  [25] . The Public Library of 
Science (PLoS))  
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arbitrary sequence of a random protein was able to evolve for the two 
distinct functions of phage infectivity and DNA - binding activity  –  since 
the functions were also taken arbitrarily, it is reasonable to assume that 
the one sequence would be evolvable for any (at least simple) functions 
rather than that the sequence is specific to the two functions.   

 Taken together, these results of experimental evolution suggest that 
any sequence of protein would be easily evolvable for any requirements 
of (at least simple) functionality. This means that evolvable mountainous 
regions of a fitness landscape for any function would exist densely over 
protein - sequence space. This inference is further supported by sequence 
analysis of the evolving proteins in experimental evolution. Toyota 
 et al . showed by phylogenetic analysis of the evolving sequences obtained 
from experimental evolution for DNA - binding activity that multiple 
paths exist extending from one sequence for functional protein evolu-
tion  [23]  (Figure  6.4 ).  

   6.2.2    Structure of Fitness Landscape in 
Protein - Sequence Space 

 It is suggested from experimental evolution so far that evolvable moun-
tainous regions would be abundant in a fitness landscape for a protein 
function. What is the structure of a fitness landscape? The structure of 
a fitness landscape affects the dynamics of protein evolution. If a land-
scape is smooth, evolution proceeds steadily toward higher fitness with 
sufficient search. On the other hand, if a landscape is rugged, evolution 
may eventually stop at a local optimum, where all neighbors within the 
scope of a mutational step have lower fitness than the optimum. The 
ruggedness of a fitness landscape is determined by the degree of nonad-
ditivity, or nonindependence, effects of amino acid substitutions on the 
fitness  [24] . If the effects of substitutions are additive, since positive 
effects can be accumulated, smooth ascending slopes toward higher 
fitness always exist. On the other hand, if the effects of substitutions 
are nonadditive, since accumulated positive effects by then can be 
affected by subsequent substitutions, local optima occur when further 
accumulation of positive effects by substitutions becomes difficult. 

 Hayashi  et al.  estimated the ruggedness of a fitness landscape by the 
analysis of the results of experimental evolution  [25, 26] . The details of 
the analysis are described in the original paper. Briefly, the ruggedness 
was estimated by the changes of functional activity of evolving proteins 
along with generations. The results of the analysis indicated that one 
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residue substitution affects about 20% of the other residues of a protein 
on average. The frequency of local optima at a given fitness was calcu-
lated with this value representing the degree of nonadditivity effects, as 
shown in Figure  6.5 . Here, relative fitnesses of zero and one correspond 
to the mean and the highest fitness among all possible sequences respec-
tively; hence, it turns out that the starting sequence of an arbitrarily 
chosen random protein has a relative fitness of around zero. A local 
optimum of the  r th order means the optimum where all neighbors 
within  r  substitutions have a lower fitness than the optimum and at least 
one neighbor with  r     +    1 substitutions have higher fitness than or equal 
fitness to the optimum, so the  r  represents a basin size of the optimum. 
The landscape is smooth up to a relative fitness of 0.4 and becomes 
more rugged with local optima having larger basin size as the fitness 
becomes higher. For example, during the 8th to the 13th generations 
under the conditions of 10 3  sequence diversity in a mutant library, the 
fitness was rapidly increased and reached a steady state, although only 
about 30% residues of the evolved proteins are substituted from the 
starting random protein (Figure  6.3 ). This is due to the nonaddtivity 
effects of substitutions, or the ruggedness of the fitness landscape.     

     Figure 6.5     Emergence of local optima on the fitness landscape. Each Gaussian - like 
curve represents the fraction of local optima in the  r  - th order (Reprinted with 
permission from  [25] . The Public Library of Science (PLoS))  
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   6.3    DISCUSSION 

 The studies of experimental evolution starting from arbitrarily chosen 
random proteins suggest that any sequence of protein would be easily 
evolvable for any requirements of (at least simple) functionality. This 
means that evolvable mountainous regions of a fitness landscape for any 
function would exist densely over protein - sequence space (Figure  6.6 ). 
The structure of the fitness landscape is estimated to be smooth up to 
middle regions of relative fitness (between the mean and the highest 
fitness among all possible sequences) and to become more rugged with 
local optima having larger basin size as the fitness becomes higher. To 
evolve toward even higher fitnesses over local optima, an evolutionary 
strategy, such as high mutation rate or recombination, other than used 
in the experiments would be needed.   

   6.3.1    Evolution of Protein Features Other 
than Functionality 

 Characteristic features other than functionality, such as solubility, fold-
ability into regular structures, or stability, are also often observed in 

     Figure 6.6     A schematic fitness landscape based on the results of our evolution 
experiments. The start and end points of each arrow represents the parent sequence 
and the selected sequence in its daughter clones, respectively. Each small circle 
indicates the library consisting of its daughter clones. The two series of arrows 
represent divergent evolution trajectories from a single common sequence  
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natural proteins. How do these features arise? These features of a 
protein affect its own functionality and, therefore, may be subjected to 
evolution. About 80% of random sequences of protein composed of the 
20 naturally occurring amino acids are expected to be insoluble  [19] . 
Ito  et al . demonstrated, however, that an insoluble random protein 
can evolve toward a soluble protein by processes of mutation and selec-
tion  [27] . Average random proteins would not form regular structures 
like natural proteins  [28] . On the other hand, an ATP - binding protein 
selected from a random - sequence library by Keefe and Szostak  [18]  has 
a regular structure, treble clef finger, commonly occurring in natural 
proteins  [29, 30] . This indicates that there evidently exist sequences 
forming regular structures other than natural sequences in protein 
 - sequence space. A theoretical proposition using toy models indicates a 
possibility that protein structures can evolve gradually through func-
tional selection  [31 – 33] . This proposition is supported by the results of 
experimental evolution described above. Toyota  et al .  [23]  demonstrated 
that polyproline II - like structure, which is not necessarily composed of 
proline residues and commonly observed in natural proteins  [34, 35] , 
emerged in evolved proteins obtained in experimental evolution starting 
from random proteins with unordered structures.  

   6.3.2    Evolution of Natural Protein 

 To what extent of fitness does natural protein have evolvability? There 
is substantial evidence that natural proteins allow further optimization 
of their native functionalities by directed evolution in the laboratory 
 [36] . Hence, it is clear that natural proteins are not completely opti-
mized for their native functionality. It is likely that natural proteins may 
have evolved under constraints of multiple selection criteria. As an 
example, Arnold  et al . demonstrated that thermostability and function-
ality of natural proteins are not inversely correlated; that is, it is possible 
to optimize each different property independently by evolution  [37] . In 
actual processes of evolution in a biological context, cell population 
dynamics plays an important role. In experimental evolution of a cell 
population, cells carrying mutated genes of one vital enzyme, glutamine 
synthetase, were cultured in a chemostat  [38] . Under low population 
density conditions, only cells carrying mutant enzymes with higher 
activity survived. In contrast, under high population density conditions, 
cells carrying mutant enzymes with lower activity and those with higher 
activity coexisted due to cellular interactions via the environment in 
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which the enzyme products were leaked from cells. This result suggests 
a case that protein functionality is not necessarily highly optimized.  

   6.3.3    Early Evolution of Life 

 On considering the problems of the origin of life, it is remarkable that 
the early evolution of functional protein could start even within only a 
small fraction of sequence diversity of random protein and could proceed 
relatively easily up to a certain level of functionality. It is estimated 
that the minimal number of functional proteins required to form a 
primitive living cell is about 10 2  − 10 3   [39 – 41] . Suppose roughly that 100 
of the functional proteins have mutually unrelated sequences and origi-
nate independently. It is estimated that the minimal number of functional 
proteins required to form a primitive living cell is about 10 2  − 10 3   [39 – 41] . 
Suppose roughly that 100 of the functional proteins have mutually 
unrelated sequences and originate independently. If the frequency of 
evolvable sequences for each functional protein in protein sequence 
space is as low as 1 in 10 10 , since the probability to capsule 100 evolv-
able sequences simultaneously in a cell is (1/10 10 ) 100 , it is unlikely to 
emerge a primitive living cell. In contrast, if any sequence of protein 
possesses evolvability for any functionality as shown in this article, then 
a primitive living cell might have emerged with a set of functional pro-
teins having low activities and then evolved even under inefficient and 
slow dynamics. After all, protein would have come to be used in modern 
living organisms due to its flexible nature on functional evolution.   
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 Random protein space has been explored several times to isolate new functional 
proteins. Generally, such investigations, defined as directed molecular evolution, 
have been carried out starting from selected extant protein scaffolds and ran-
domizing either restricted regions or different parts of the entire sequence in a 
work of protein redesign. Alternatively, using recombination techniques, protein 
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fragments have been mixed to obtain novel combinations. We can define these 
approaches as  “ directed randomizations, ”  in the sense that randomization is 
performed in order to achieve certain desired properties.            

   7.1    INTRODUCTION 

 The rationale of a  “ total randomization ”  approach is completely differ-
ent, as there is no bias towards any given structural or functional prop-
erty and it leads almost necessarily to novel proteins that are not present 
in nature. 

 In this chapter we present different approaches, chemical and biologi-
cal, to create novel protein sequences in a completely random fashion. 
The final aim, in the field of chemical synthetic biology, is to obtain 
large random libraries of chemical structures alternative to those present 
in nature. 

 The sequencing of several organism genomes and recent progress 
in the field of bioinformatics and computational biology have laid 
the foundations for synthetic biology, a new discipline at the interface 
between biology and engineering, which aims to  “ (i) design and con-
struct new biological parts, devices, and systems and (ii) re - design 
existing, natural biological systems for useful purposes ”  ( http://www.
syntheticbiology.org ). 

 Synthetic biology will certainly have an impact on basic knowledge, 
in that the implementation of existing genes, proteins, and metabolic 
pathways in non - native settings will help to shed light on their function 
and dynamic behavior. Within this framework, synthetic biology will 
fill the gap between description and understanding of biological systems, 
clarifying fundamental principles of biological organization. 

 On the other hand, synthetic biology will revolutionize technology 
and production paradigms in the twenty - first century and foster the 
development of new technological tools to produce innovative medi-
cines (red biotechnology), generate new sources of energy and chemical 
processes (white biotechnology), and in prevention and opening new 
gateways in environmental risk research (green biotechnology). 

 To date, research in the field of synthetic biology has mainly focused 
on engineering extant life forms in order to introduce novel, desirable 
tracts. In fact, over the past few years, synthetic biologists have 
generated remarkable systems. These remarkable achievements have 
largely been  “ one - offs, ”  since each one is a special case, and though 
they must be regarded as milestones in the respective field, they do not 
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provide a comprehensive and coherent engineering roadmap for the 
next step  [1] . 

 Indeed, the rationality behind this approach assumes that single 
enzymes or metabolic pathways can be  “ cut and pasted ”  among differ-
ent organisms, meanwhile retaining their functionality. Traditional syn-
thetic biology approaches very often tend to rely on a strong top - down 
bioengineering programming approach which does not account for 
emergent behavior that is, by definition, not derivable from the single 
components of the system. 

 An alternative concept in synthetic biology is the so - called chemical 
synthetic biology, which is the term to define that part of the field that, 
instead of assuming an engineering approach based on genome manipu-
lation, is oriented towards the synthesis of chemical structures alterna-
tive to those present in nature, such as proteins, nucleic acids, vesicular 
forms, and others. The idea of investigating biological structures alter-
native to extant ones is not new; actually, it was pursued even before 
the advent of synthetic biology, and a lot of examples are reported in 
this book. 

 A very interesting field is the one related to protein libraries; in par-
ticular, random proteins. The synthesis of libraries of peptides with 
random amino acid sequences has become a relatively widely exploited 
area of research. The approaches to create such libraries are chemical 
or biological.  

   7.2    STRATEGIES FOR PEPTIDE 
LIBRARIES PRODUCTION 

 Two global strategies for constructing new peptide sequences are random 
and rational design. In the former approach, peptide sequences are 
implemented without restrictions, while in the latter strategy they are 
designed, residue by residue, to yield a sequence with a desired structure. 
Although rational design has shown great promise in creating novel 
proteins and can prove successful for designing proteins with desired 
structures, it does not typically explore extensive regions of sequence 
space. In the random approach the peptides obtained can be selected 
from a large population; for example, a combinatorial library not relying 
on prior structural information. Therefore, new bioactive peptides can 
be obtained by generating libraries containing the highest possible 
number of different sequences and then fishing for the desired function, 
or by rational design of an appropriate structure, hopefully with the 
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desired function. These two opposite approaches can be combined at 
different steps of the selection procedure and the relative contributions 
of rational and irrational selection depend on available knowledge 
about protein and peptide structure - function and may change at differ-
ent steps of the process  [2] . 

 The combinatorial peptide library approach is mainly based on two 
methods: phage display and synthetic peptide libraries. Both strategies 
have been proven powerful tools having specific benefits and limitations. 
Libraries of peptides displayed on biological surfaces, such as bacteri-
ophage particles, have become a widely studied laboratory procedure 
for the identification of specific ligand molecules in research and drug 
discovery. The technology is based on an  in vitro  selection procedure in 
which a peptide gene is genetically fused to a bacteriophage coat protein, 
resulting in display of the peptide on the surface of the viral particle. 
From the mid 1980s, when the first phage peptide library was con-
structed, random peptide libraries displayed on phage have been used 
for a variety of biological applications, including ligands to target recep-
tors, specific ligands for DNA sequences, enzyme inhibitors, peptides 
that mimic carbohydrate structures, protein – protein interfaces, and 
receptor binding sites. Phage - display libraries have led to selection of 
peptides against cancer cells and against cancer - associated proteins  [2] . 

 The great advantage of phage display libraries is the very large number 
of different peptide sequences (up to 10 10 ) that can be displayed on viral 
surfaces. Identification of a specific peptide sequence from a selected 
phage is possible because phage display libraries enable pairing of phe-
notype with genotype. But while the generation, screening, and decon-
volution through affinity selection of highly complex phage display 
libraries is straightforward and well established, as the peptides are 
presented multivalently and covalently attached to the phage, this may 
result in an increase of their apparent affinity to the target molecule. 
When tested individually (that is, monomers not attached to the phage), 
the affinity of the peptides may be lower  [3] . Of course, only  l  - amino 
acids can be encoded and the construction of phage peptide libraries 
containing non - natural amino acids is not possible. 

 Compared with recombinant peptide and protein libraries, the gen-
eration of synthetic peptide libraries tends to be more laborious and the 
selection of individual peptides typically requires rather elaborate decon-
volution strategies. This drawback, however, is offset by the far higher 
chemical diversity that can be presented by synthetic peptide libraries, 
which is achieved by incorporating nonproteinogenic amino acids as 
well as other types of building blocks. Since these nonproteinogenic 
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amino acids are not recognized by common proteases, chemically modi-
fied peptides have a higher propensity for metabolic stability and, con-
sequently, bioavailability  [3] .  

   7.3    COMBINATORIAL CHEMISTRY 

 Combinatorial chemistry began in the mid 1980s and has complemented 
the classical approaches of finding new drugs based on rational drug 
design and on screening of natural extracts. It provides a way to explore 
chemical space through the preparation of large collections, or libraries, 
of different compounds. Combinatorial chemistry was first applied to 
prepare libraries of oligomers, mainly peptides and oligonucleotides, 
although it was rapidly adapted to make libraries of small organic mol-
ecules of potential pharmaceutical interest. It is now used to create 
chemical diversity in the synthesis of new exploratory compounds, as 
well as to optimize hits by making targeted libraries for structure –
 activity relationship studies. Recent advances in virtual combinatorial 
approaches, which permit the  in - silico  design, construction, and even 
screening of libraries of up to millions of compounds, strengthen the 
combinatorial approach as a tool to accelerate and cheapen early - stage 
drug discovery. Combinatorial chemistry is not a new chemistry; rather, 
it is intended as a different way of using pre - existing synthetic routes 
or methods and has the aim of increasing productivity in terms of 
numbers of new highly diverse molecules that must cover the chemical 
space allowed by a predetermined set of starting building blocks. The 
higher the number of building blocks and the number of transforming 
synthetic steps, the higher will be the number of attainable molecules. 
However, the higher the number of attainable molecules, the higher 
should be the handling capacity of so many reagents and products. 
Therefore, automation in combinatorial chemistry plays a very critical 
role  [4, 5] . Although combinatorial libraries can be synthesized in solu-
tion, they are most often prepared on solid phase, for which purification 
of the intermediates is not required, as excess solvents or reagents are 
simply removed by filtration. Automation in chemical synthesis has been 
essentially developed around the solid - phase method introduced by 
Merrifield for the synthesis of peptides  [6] , which after its introduction 
has been continuously improved, making it nowadays one of the most 
robust and well - established synthetic methods. For this reason, the basic 
concepts of combinatorial chemistry, such as compound libraries, 
molecular repertoires, chemical diversity, and library complexity, have 
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been developed using peptides  [7] . The high purity levels achieved with 
short peptides and the built - in code represented by their own sequences 
have promoted the employment of large, but rationally encoded mix-
tures instead of single compounds, leading to the generation and manip-
ulation of libraries composed of hundreds of thousands and even 
millions of different peptides. 

 All combinatorial library methods involve three main steps: prepara-
tion of the library, screening of the library components, and determina-
tion of the chemical structures of active compounds. 

   7.3.1    Preparation of the Library 

 There are different strategies for library synthesis on solid phase. The 
first is the  parallel synthesis , whereby peptide libraries are synthesized 
in individual reaction chambers; therefore, each product is pure, sepa-
rated, and well determined  [8] . This approach is highly amenable to 
miniaturization and automation. As each vessel contains a single known 
compound, identification of the active compounds in biological screen-
ing is direct. However, this method generates only a small set of peptides 
library. 

 Another strategy is the  split and mix synthesis  method  [9] . This pro-
vides equimolar mixtures of random and large peptide libraries. Resin 
beads or any other solid support are used as micro - reactors onto which 
subsequent steps of amino acid coupling and redistribution are per-
formed in order to increase the number of new molecules exponentially 
at each step. It consists of three steps: splitting, coupling, and mixing. 
First, resin beads are split into a number of aliquots that equals the 
number of building blocks to be utilized in the synthesis (splitting). 
Then, to each resin aliquot one building block is coupled and the reac-
tions are driven to completion (coupling). Following this step, beads are 
randomly and thoroughly mixed (mixing) and then re - split into the same 
number of aliquots, achieving a set of homogeneous and equimolar 
collections of compounds. Repetitive execution of these basic steps  n  
times will thus produce a rapid increase of newly generated molecules, 
while bead number remains constant. Importantly, since resin beads 
encounter one reactant at a time, no more than one compound per bead 
can be generated, therefore the total number of final compounds is 
limited by the number of initial beads. Furthermore, as reactions are 
driven to completion, all peptides are generated in equal ratios in the 
mixtures. 
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 By this procedure, couplings are carried out on spatially separated 
samples, adding single amino acids to each separate resin aliquot. As a 
result, both the number of peptides and their equimolar ratio are pre-
served in each aliquot. By choosing suitable sets of acid - resistant linkers 
and side - chain protections, the compounds can be left on the beads, 
freed of the protecting groups. In this way, peptides can be tested still 
attached to beads, exploiting the high local concentration of compounds 
on the beads ’  surfaces and the  “  one bead, one compound  ”  ( OBOC ) 
concept. The use of suitable linkers also allows the controlled released 
of molecules, thus permitting testing in solution. A major drawback of 
OBOC libraries is the limited set of peptides; indeed, the complexity is 
dictated by the number of beads  [4] . 

 Another approach that can be used is the  reagent mixture  or  pre - mix 
synthesis . It is more convenient than the split and mix method for the 
synthesis of large peptide libraries. The amino acids chosen for the 
library are pre - mixed and then coupled to a single resin batch. Before 
coupling the last amino acid, the resin is split into a number of aliquots 
that equals the number of building blocks and to each aliquot one single 
amino acid is separately coupled. This procedure leads to the generation 
of sub - libraries that are labeled by the N - terminal residue. Every single 
bead contains all the ensemble of peptides of the sub - library, as any 
single bead encounters the reagents under the same conditions. This 
method is faster than the mix and split, producing a wide chemical 
diversity. The distribution of any single peptide within the final mixtures 
is strictly dependent on the relative kinetic rates of individual protected 
amino acids. To compensate for the different reaction rates of each 
amino acid reagent, isokinetic ratios are calculated and the correspond-
ing amounts of each amino acid reagent are employed in the coupling 
reactions. To avoid the use of  “ weighted ”  mixtures, alternative methods 
can be applied; for example, the use of large excesses of mixtures.  

   7.3.2    Screening of Library Components 

 Once synthesized, libraries are required to be submitted to a screening 
procedure to determine active components for a given target. A reliable 
high - throughput assay is essential to screen a combinatorial library suc-
cessfully. Both solid - phase and solution - phase assays have been devel-
oped  [9] . In the solid - phase assays, target – ligand interactions can be 
detected by incubating immobilized peptide libraries (covalently attached 
to the solid support) with the target, which can be visualized by taking 
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advantage of suitable groups, such as enzymes, fluorescent dyes, 
radionuclides, or biotin. The peptide - bound target can be detected by 
colorimetric assays, fluorescent microscopy, or flow cytometry. Solid -
 phase - linked peptide libraries can also be screened using whole cells or 
microorganisms and the cell – ligand interactions can be visualized 
directly by microscope. The major drawback in which selection of bio-
active ligand is performed on support - linked peptides is that the activity 
of the selected sequences, once these are synthesized as soluble com-
pounds, may be different from that of the immobilized peptides. On the 
other hand, when performing high - throughput screening of free peptides 
in solution, automation, miniaturization, and very sensitive detection 
methodologies are required. Different assays, such as  enzyme - linked 
immunosorbent assay  ( ELISA ), cell - based cytotoxic assay, antimicrobial 
assay, affinity chromatography, and radiometric and fluorescence - based 
assays can be used  [2] . In some instances, it may be advantageous to 
combine solution - phase assays with on - bead assays to screen a specific 
target. Positive beads isolated by this approach are more likely to be 
true positives.  

   7.3.3    Identification of Active Compounds 

 As we have mentioned before, when performing parallel synthesis, iden-
tification of the active compounds of the library is direct, as each vessel 
contains a single known compound. 

 In the case of the split and mix synthesis, identification of the peptide 
sequence of the selected bioactive bead is the main drawback of the 
method. Micro - sequencing and mass spectrometry, performed directly 
on the beads, are possible approaches for peptide identification, together 
with chemical encoding, a method based on tagged peptides in which 
the tag enables the peptide sequence to be retraced  [2] . 

 In reagent mixture libraries, identification of bioactive peptide 
sequences is obtained by deconvolution. Deconvolution methods evalu-
ate the contribution of each residue to the desired biological activity. 
There are two main approaches: an iterative process  [7, 10]  and posi-
tional scanning  [11] . In the first approach, a progressive elucidation of 
the active sequence is carried out by identifying one amino acid at a 
time for each position. The process involves subsequent cycles of screen-
ing and resynthesis of active pools, thus producing a progressive activity 
enrichment and a contextual simplification of the peptide pools. The 
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chemical synthesis of the next sub - library is dictated by the results from 
the previous one; thus, only a subpopulation of the library components 
is resynthesized, arriving at the last assay where single molecules, dif-
fering only for the last amino acid, are prepared in parallel and tested. 
In the positional scanning approach, all sub - libraries needed to deter-
mine the final active sequence are prepared at the beginning of the 
screening and, in this case, the library is replicated a number of times 
equal to the sequence length. Each variable position is tested independ-
ently and at the same time, using a set of sub - libraries with known resi-
dues for every individual position. Whereas in the iterative process the 
sequence is obtained step by step, in the case of the positional scanning 
the most active sequence is reconstructed at the end of the process by 
selecting the most active pools on each known position. The two 
approaches are not mutually exclusive, and the choice of one approach 
or the other is often dictated by the synthesis capacity and also on the 
structures to be synthesized  [4] .   

   7.4    A MODEL FOR CHEMICAL EVOLUTION OF 
MACROMOLECULAR SEQUENCES 

 An interesting approach for the chemical evolution of macromolecules 
has been developed in the group of Professor Luisi  [12] . A classic syn-
thetic procedure based on the Merrifield solid - phase synthesis of pep-
tides has been utilized for the synthesis of randomly produced peptides 
as well as for their stepwise fragment condensation. 

 The idea is based on the assumption that short peptide fragments can 
produce chain elongation by successive fragment condensation. In par-
ticular, the fragment condensation can be induced by the catalytic action 
of peptides present in the same library of shorter sequences. The idea is 
not new; and it has been already reported that relatively simple peptides 
may be endowed with proteolytic activity. For example, histidine -
 containing dipeptides appear capable of cleaving peptide and nucleic 
acid bonds  [13, 14] , and even Gly – Gly  [15]  appears to possess some 
catalytic activity. This catalytic power, as in the case of the Ser – His 
peptide, is present also in longer peptides, and thus the hypothesis that 
the generation of simple peptides may produce proteolytic catalysis is 
reasonable. In our case, we need the reverse reaction of course, namely 
the synthesis of peptide bonds catalyzed by such peptides. Peptide syn-
thesis by the reverse proteolytic reaction is well known. Detailed papers 



164 PEPTIDES AND PROTEINS

and extensive review articles have been presented in the past by Jakubke 
 [16]  and by others  [17, 18] ; and within the field of the origin of life, 
scenarios of alternate dry and wet environment have been proposed as 
conditions for bond  - formation  [19] . 

 Initially, it should be noted that the random condensation of a large 
library of co - oligopeptides gives rise, in principle, to an astronomic 
number of longer chains. For example, starting from a library of 100 
different peptides, an ideal successive - step fragment condensation would 
give rise to approximately 10 4  different compounds, which, in the fol-
lowing fragment condensation step, would become of the order of 10 8  
different hetero - polypeptides. To arrive, instead, at a selection of mul-
tiple copies of only one or a few chain configurations, some natural 
screening criteria must be introduced. The selection criteria adopted in 
the work is one that is assumed to simulate natural chemical evolution: 
namely, selection is operated by the contingency of the environmental 
conditions, such as pH, solubility, temperature, salinity, etc. Dependent 
upon these contingent conditions, the largest majority of products may 
be eliminated (e.g. by lack of solubility), and only a few chain products 
may  “ survive ”  at each step in solution, then undergoing further 
elongation. 

 A random library of decapeptides has been generated by a computer 
procedure; four of these peptides randomly chosen have been syn-
thesized and condensed with four other randomly conceived decapep-
tides, thus producing 16 totally random icosapeptides. Successive 
fragment condensation proceeded only with those compounds which 
remained soluble under the given initial conditions,and so on for the 
following steps, until only one co - oligopeptide sequence of over 40 resi-
dues was obtained. Under our simulated conditions, in a few steps, a 
 de novo  protein was produced, namely, one without any significant 
homology with extant proteins of similar length. Furthermore, this small 
protein (44 residues long) showed to assume a stable three - dimensional 
folding. 

 First, two parent 40 - residue peptides, P 1  and P 2 , were designed ran-
domly but with the constraint that the relative abundance of the 20 
amino acids used in their construction maintained a 1   :   1   :   1 relationship. 
This, in turn, meant that the products, on average, would also have this 
relative composition. Other frequencies could have been imposed (e.g. 
the natural abundance in modern proteins) or a restricted set of amino 
acids used, but this was considered to be unwarranted in the absence 
of a convincing a priori information. 

 The sequences of the parent 40 - residue peptides are: 



DE NOVO TOTALLY RANDOM AMINO ACID SEQUENCES 165

  P 1 : YSKFVKSNAQ WARCFLYHQT MPRGCDWIED PITLMEGHVN  
  P 2 : YCADGFWKLQ QSWREIMYHS PFMHDTNELV INKPTCAGVR    

 A matrix,  A     ×     B , of 16    ×    20 - residue peptides was constructed by the 
systematic combination of two small libraries  A  and  B  each comprising 
four 10 - residue peptide sequences (Figure   7.1  ).   

 The individual peptides A  i   ( i     =    1    –    4) and B  j   ( j     =    1    –    4) each repre-
sented 10 - residue sequences obtained from the two above - mentioned 
parent 40 - residue peptides. The 16    ×    20 - residue sequences arrived at in 
this way were synthesized by the solid - phase method. 

 The peptide products were subjected to selection on the basis of their 
solubility in water under well - defined conditions. It was found that 
A 1 B 2 , A 2 B 2 , and A 3 B 2  were completely soluble in aqueous 100   m m  Tris 
buffer in the pH range 5.2 – 8.6; A 1 B 3  and A 3 B 3  were insoluble, whereas 
A 2 B 3  was totally soluble, counter to prediction. Peptides insoluble in 
Tris buffer remained insoluble irrespective of salt concentration, whereas 
water - soluble peptides remained in solution. The subsets ( A     ×     B ) s  that 
fulfilled the criterion of being soluble in water were then subjected to 
chain elongation by combination with a further small set of 20 - residue 
sequences  C , giving rise to the new library  C     ×    ( A     ×     B ) s  consisting of 
16 peptides which are 40 - residues long. 

 None of the latter was soluble in aqueous buffer, but two of them, 
A 1 B 2 C 1  and A 2 B 2 C 1 , turned out to be soluble in 6    m  guanidinium chlo-
ride (GuCl). The addition of a polar N - terminal extension to them 
(DDEE) resulted in the 44 - residue sequences DDEE - A 1 B 2 C 1  and DDEE -
 A 2 B 2 C 1 . Of these two samples, only the latter was soluble in water and 
was studied in more detail. The whole sequence of this peptide is

     Figure 7.1     The peptide sequences used in the study  

A B

(A•B)S C

A1: YSKFVKSNAQ
A2: WARCFLYHQT
A3: MPRGCDWIED
A4: PITLMEGHVN

B1: YCADGFWKLQ
B2: QSWREIMYHS
B3: PFMHDTNELV
B4: INKPTCAGVR

A1B2: YSKFVKSNAQ QSWREIMYHS
A2B2: WARCFLYHQT QSWREIMYHS
A3B2: MPRGCDWIED QSWREIMYHS
A2B3: WARCFLYHQT PFMHDTNELV

C1: QYDDEKSIVWSRLKKFDFWS
C2: LFVYNAHGTGHCYSREMQPV
C3: MIFICGWDPHELTGNQEAMP
C4: QYVCNTAIRWKHPRNLTCMA
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 It is important to mention that this sequence has no homologies or 
similarities with proteins of comparable length (and up to 100 residues) 
in the data bank. As such, it can be considered a protein that is not 
extant on Earth  –  a truly  de novo  protein  –  or, as colloquially said in 
this new area of peptide chemistry, one of the  never - born protein s 
( NBP s)  [20] . 

 The three - dimensional structure of the DDEE - A 2 B 2 C 1  peptide has 
been modeled using the ROKKY protein structure - suite  [21, 22] , which 
allows ab - initio protein structure prediction using a fragment - assembly -
 simulated annealing protocol. The lowest energy model obtained from 
this procedure is shown in Figure   7.2  . In agreement with spectroscopic 
data, a mainly  α  - helical fold is predicted for the peptide. The structure 
is made up of a long, bent  α  - helix, packed together with a shorter helix, 
and residues in helical conformation account for 60% of the total 
number of residues. The structure appears to be compact, with all the 
charged and polar residues located on the solvent - accessible surface of 
the molecule. Moreover, a well - packed hydrophobic core is formed at 
the interface of the two  α  - helices by residues which span the entire 
sequence length (Phe9, Leu10, Trp17, Ile20, Met21, Tyr26, Val33, 
Trp34, Leu37, Phe40, Phe42).   

     Figure 7.2     Model of the three - dimensional structure of the DDEE - A 2 B 2 C 1  peptide. 
Left: global view; right: detailed view of the hydrophobic core  
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 In conclusion, the approach proposed can be conceptually generalized 
to a primordial mechanism that appears capable of producing a specific 
macromolecular sequence from an initial oligopeptide, with a step - by -
 step elongation, which is determined by the contingency of the environ-
mental pressure  –  be that pH, temperature, salinity, solubility, 
aggregation, or other physical factors. This is also an attempt to address 
the question of the design, synthesis, and standardization of completely 
 de novo  proteins to be exploited as novel functional scaffolds for syn-
thetic biology. 

 Another study carried out in the group of Professor Luisi that lies 
within the framework of chemical synthetic biology, which aims at 
exploring the sequence space for novel biological biochemical structures 
that do not exist in nature, is the previously mentioned project on 
NBPs  [20] . In particular, the project is characterized by its biological 
nature, since the approach is based on phage display technology, not on 
chemical synthesis.  

   7.5    NEVER - BORN PROTEINS PROJECT 

 The rationale behind this project relies on the observation that the 
number of natural proteins on our Earth, although apparently large, is 
only an infinitesimal fraction of the possible ones. This means that there 
is an astronomically large number of proteins that have never been 
sampled by natural evolution on Earth: the NBPs that await for human 
exploration and exploitation. 

 Speaking about proteins, there are thought to be roughly 10 13  proteins 
of all sizes in extant organisms. This apparently huge number represents 
less than noise when compared with the number of all theoretically dif-
ferent proteins. The discrepancy between the actual collection of pro-
teins and all possible ones becomes clear if one considers that the 
number of all possible 50 - residue peptides that can be synthesized with 
the standard 20 amino acids is 20 50 , namely 10 65 . Moreover, the number 
of theoretically possible proteins increases with length, so that the 
related sequence space is beyond contemplation  [23] . This means that 
there is an astronomically large number of proteins that have never been 
subjected to the long pathway of natural evolution on Earth: the  “ NBPs. 

 Following the construction of a purely random DNA library of 150 
bases, totally new proteins have been generated. These random DNA 
sequences of 150 bp contain the codons for a tri - peptide substrate for 
thrombin:  proline – arginine – glycine  ( PRG ). A large number of these 
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sequences (approximately 10 12 ) have been inserted into phagemid 
vectors in order to express the corresponding polypeptide chains by 
phage display techniques using  Escherichia coli  as host cells. Expressed 
proteins were then produced and displayed fused to protein III (Figure 
  7.3  ). Those phage which successfully expressed the NBP were detected 
by the ELISA panning technique and the selection of resistant clones 
was performed using proteolytic attack by thrombin (Figure  7.3 ).   

 The DNA library cloned in the phagemid system was obtained using 
two groups of oligonucleotides (forward and reverse) with codon 
schemes NNK and NNM respectively, where N is an equimolar repre-
sentation of all four bases and where K and M represent only G or T 
for K and C or A for M. These schemes use 32 codons to encode all 20 
amino acids and one stop codon (TAG), yielding an acceptably low 
frequency of stop codons when used to encode short polypeptides. The 
oligonucleotides consist of random nucleotides encoding 23 amino 
acids in the forward group and 24 in reverse, flanked by 11 – 18 fixed 
residues, which are necessary for annealing and cloning (Figure   7.4  a). 
After annealing and incubation with Klenow, the DNA library was 

     Figure 7.3     Schematic drawing of the selection system. The random peptide library 
is bound to the minor coat protein (pIII) of M13K07. In the middle of the random 
sequences is present a tripeptide PRG (proline – arginine – glycine) substrate for 
thrombin. The c - myc tag serves to bind the specific antibody 9E10 during the selec-
tion of the thrombin - resistant sequences  

mAB 9E10
C-myc

PRG

pVIIIpIII

Thrombin cleavage site

Random peptide



     Figure 7.4     Construction of the library. (a) Two groups of oligonucleotides (forward 
and reverse) with codon schemes NNK and NNM respectively have been used to 
construct the library. After annealing and incubation with Klenow, the DNA library 
has been cloned in pOCI1050 vectors using the unique  Not I,  Xba I sites, subse-
quently the bases in excess in the annealing region have been removed by cleavage 
with  Xho I restriction enzymes. (b) The resulting phagemid vector pNBP50 has been 
constructed in such a way that it allowed in - frame expression of the pelB signal 
sequence, the c - myc tag - sequence, the library, and the C - terminal part of gene III. 
It contains ColE1 origin, OriM13, and a gene to confer the ampicillin resistance  
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cloned in pOCI1050 vectors (Figure  7.4 a). The final result is shown in 
Figure  7.4 b.   

 Following the creation of a library, the next step was to prepare sepa-
rate phage particle pools expressing random peptides – gene III fusion 
(Figure  7.3 ) and to select them with thrombin. The different phage 
groups were incubated separately with a thrombin solution chosen on 
the basis of preliminary studies. 

 Interestingly, the distribution of peptides tested displayed on phage, 
divided into categories according to thrombin digestion, shows that a 
large majority is either completely digested or resistant (Figure   7.5  ). 
Various digestion categories represent different levels of resistance 
against thrombin. For example, the clones in class 0 – 10 present a per-
centage of total protein digestion between 0 and 10, namely they are 
practically not affected by thrombin.   

 A preliminary structural analysis was carried out on two resistant 
sequences (named NBP1 and NBP127) belonging to the 0 – 10 digestion 
category (Figure  7.5 ). 

     Figure 7.5     Distribution of the peptide library with respect to thrombin digestion. 
The peptides tested are divided into categories according to the different levels of 
resistance against thrombin digestion shown by each peptide sequence; for example, 
the clones in class 0 – 10 display a digestion between 0 and 10%  
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 Analysis of the three - dimensional model of protein NBP1 revealed a 
compact globular structure containing three  α  - helices (Figure   7.6  a). 
Both polar and charged amino acids are located on the protein surface 
and hydrophobic residues are positioned inside the molecule forming a 
 “ canonical ”  hydrophobic core (Figure  7.6 b). Two of the three cysteine 
residues of the protein (Cys19 and Cys28) are located within the hydro-
phobic core, which are in principle closed sufficiently to allow the for-
mation of a disulfide bond. The single Trp residue present in the amino 
acid sequence is located on the protein surface, making it an ideal probe 
to test the accuracy of the model by fluorescence analysis.   

 Analysis of the three - dimensional model of protein NBP127 reveals 
an elongated bean - shaped structure containing three  α  - helices and two 
 β  - strands (Figure  7.6 c). Also in this case, polar and charged amino acids 
are located on the protein surface, whereas nonpolar residues form a 
hydrophobic core partly exposed to the solvent in correspondence with 

     Figure 7.6     Schematic representation of the three - dimensional structure of protein 
NBP1 and NBP127. (a) Stereo view of the protein NBP1 backbone; (b) mesh rep-
resentation of the molecular surface of protein NBP1; (c) stereo view of the protein 
NBP127 backbone; (d) mesh representation of the molecular surface of protein 
NBP127. Apolar, polar, and positively/negatively charged surface areas are colored 
in green, white, and blue/red respectively  

(a) (c)

(b) (d)
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a cleft of the protein surface (Figure  7.6 d). Interestingly, four out of the 
five cysteine residues of the protein could form disulfide bridges (the 
first between Cys20 and Cys44 and the second between Cys36 and 
Cys46). One of the two Trp residues is located on the protein surface 
and the second is embedded in the protein structure. 

 One of the most surprising results of this investigation is the high 
degree of folded sequences observed in the NBP library. We are aware 
that our criterion of folding is an operational one, and valid only as a 
first general qualitative screening, but we tend to accept the validity of 
the picture coming out from this investigation and the suggestion that 
protein folding is, indeed, a general feature of this protein library. 
Generalizations have to be taken with great care, however; note that 
our protein library has been built without any preconceived structural 
constraint, except for the sequence length. In this sense, the distribution 
of foldability obtained in our study  –  namely the fact that a large part 
of the clones is very rapidly cleaved by thrombin, and a significant part 
(around 22%) is not  –  may suggest an important general feature of  de 
novo  protein structures. 

 The study of the structure of proteins that do no exist in nature will 
permit us to establish whether additional principles of structure stability 
may be present in the folding of proteins. Alternatively, it could be that 
what we know now about the structure of proteins (the elements of 
secondary, tertiary, and quaternary structure) is sufficient to describe all 
NBPs. If novel structural elements are to be found, these could be used 
as a scaffold for a new kind of structural chemistry of proteins, which 
can be useful also from the biotechnological standpoint. At any rate, 
the comparison between the structural and thermodynamic features of 
NBPs with extant ones will contribute to tackle the basic question  “ By 
which principles have the extant proteins been selected out by evolu-
tion? ”  Is the selection due to the fact that  “ our ”  proteins possess par-
ticular structural (e.g. folding, hydrodynamics) and thermodynamic 
properties (e.g. stability)? In this case, the NBPs should not display (not 
to the same extent) those particular properties. 

 The NBPs may display catalytic functions, and it will be interesting 
to see whether some of the clones display hydrolytic properties  –  which 
is most likely. Less likely, but interesting, is the question of whether they 
display more sophisticated enzymatic properties like those of  “ our ”  
enzymes. Even more challenging will be the question of whether the 
NBPs may display totally new catalytic properties; for example, against 
recalcitrant substrates which are not recognized by our enzymatic 
proteins. 
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 From the applied science standpoint, NBPs will represent completely 
novel scaffolds for synthetic biology applications. It is well known that 
enzymes find several applications in biotechnology and chemical indus-
try as specific catalysts or in general as active therapeutic molecules. The 
search for catalytic properties in the NBPs can, therefore, be relevant 
for applied science. Notice that NBPs will be completely orthogonal 
(insulated) to extant organisms and, therefore, may be implemented into 
synthetic biology chassis, possibly reducing cross - talk and parasitic 
effects. In addition, NBPs (unlike natural polymers) are not the results 
of any evolutionary pathway and can, therefore, be regarded as virgin 
polymers whose functionality can be engineered without constrictions 
to meet the user ’ s requirements. In this regard, NBPs may pave the way 
for novel design paradigms in synthetic biology and applications in 
metabolic engineering and fine - chemical production, as well as in 
complex system engineering.  
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 The genetic code likely originated from the post - transcriptional additions of 
peptidyl side chains to ribozymes to augment their catalytic activities, much as 
post - translational modifications augment protein activities today. Since the 
universal genetic code contains many amino acids that were not available from 
the primordial environment, yet excludes others that were readily produced by 
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prebiotic synthesis, the primitive code must have evolved and expanded to 
arrive at its present - day ensemble of 23 standard amino acids. Evidence strongly 
suggests that the code started with the primordially available Phase 1 amino 
acids, and co - evolved with the early amino acid biosynthetic pathways, which 
brought novel Phase 2 amino acids into the code, and that the code underwent 
not only expansion but also turnover with respect to its amino acid composi-
tion. We then discuss how rising noise/benefit ratios accompanying the further 
introduction of novel amino acids shut off evolution, and caused the encoded 
amino acid ensemble to enter into a 2.5 billion year  “ deep freeze. ”  In recent 
years, however, proteome - wide and site - specific expansions of the universal 
genetic code, as well as its turnover, have been accomplished through mutations 
or gene insertions, thereby thawing the code out of its prolonged deep freeze. 
These experimental genetic code mutants represent forms of  synthetic life  that 
differ from all earthly life with respect to their basic building blocks, which is 
a more fundamental departure than that called upon in synthetic biology where 
the same earthly standard building blocks are always employed despite the 
scrambling and  de novo  design of genes.            

   8.1    INTRODUCTION 

 Proteins are the workers of the cell responsible for catalysis, structure, 
transport, signaling, and immunity. To perform these tasks, the protein 
language has to be information rich, both quantitatively and qualita-
tively. The maximum information content  I  max  of a protein sequence is 
given by  [1] 

   I N Mmax log ( )= 2   

 Quantitatively, any protein molecule 100  amino acid  ( aa ) residues long 
and containing 23 kinds of amino acid will have an  I  max  of 100   log 2 (23) 
regardless of what the 23 amino acids happen to be. Qualitatively, 
however, the performance of the protein language depends on the choice 
of its amino acid alphabet. An all - alkyl protein language, for instance, 
may consist of 23 kinds of aa - letter with side chains of methyl - , ethyl - , 
 …  CH 3 (CH 2 ) 22  groups. The polypeptides in such a potential language 
will lag in terms of chemical versatility far behind present - day proteins 
constructed with the 23 amino acids in the genetic code: 20 regular 
amino acids that receive proteome - wide encoding by their own codon(s) 
and three extra ones that receive in each instance only a shared codon 
for entry into specific sites in the proteome, namely selenocysteine (Sec) 
sharing the nonsense codon UGA with the chain  termination  ( ter ) signal, 
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 pyrrolysine  ( Pyl ) sharing the nonsense codon UAG with ter, and  formyl -
 methionine  ( fMet ), which enters only into chain initiation sites in bacte-
rial proteins encoded by AUG, the regular codon of Met (Figure   8.1  ). 
The composition of the aa - alphabet, therefore, is important for 
proteins.    

   8.2    NATURAL CODE EXPANSION 

 Since many more than 23  l  - amino acids are known but left out of the 
genetic code, the factors that separated noncanonical, or unnatural, 
amino acids from the canonical 23 during the formation of the present -
 day code need to be examined. 

   8.2.1    Phase 2 Expansion 

 Cellular functions require biocatalysts, either enzymes today or 
ribozymes in an earlier RNA world  [2] . The transition between these 
biocatalyst regimes depended on the birth of the genetic code, which 
likely arose from the post - transcriptional additions of peptidyl side 
chains to ribozymes to augment their catalytic activities, much as  post -
 translational modification s ( PTM s) augment protein activities today. 
This eventually led to the adoption of polypeptides as biocatalysts on 
account of their superior catalytic proficiency, and abandonment by 

     Figure 8.1     The 23 amino acid genetic code  
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RNAs of most of their ribozyme functions to focus on their polypeptide 
encoding role  [3 – 5] . 

 To start off the genetic code, prebiotic - type syntheses are known to 
yield amino acids, and meteorites also bring amino acids from space. 
Thus, abundance in the prebiotic environment could be a foremost 
factor favoring the inclusion of an amino acid in the code, as in the 
case of Gly, Ala, Asp, and Glu, which are found on the Murchison 
meteorite, and also formed by electric discharge, thermal synthesis, 
ultraviolet irradiation, and high - energy particle irradiation from primi-
tive gases  [6] . However, this cannot be the case with Gln and Asn, which 
are thermally so unstable that their concentrations in the primitive ocean 
could not exceed 3.7   p m  and 24   n m  respectively  [7] , the ultraviolet -
 unstable Cys, Met, Trp, His, Tyr, and Phe  [8, 9] , or Sec, which is 
produced inside the cell, not as free Sec but only as Sec - tRNA com-
pound  [10] . Accordingly, the code could only begin with the prebioti-
cally abundant amino acids. To arrive at the present - day universal code, 
sooner or later it had to expand to bring in the prebiotically unavailable 
ones. Evidence indicates that the encoded amino acid ensemble coe-
volved with the amino acid biosynthetic pathways which generated 
novel amino acids to add to the code either as free compounds, or via 
 pretran synthesis , whereby a (product aa) - tRNA conjugate is synthe-
sized from a (precursor aa) - tRNA conjugate through pre - translational 
modification  [11, 12] . 

 Based on this coevolution mechanism, a distinction was drawn 
between the prebiotically derived Phase 1 amino acids Gly, Ala, Ser, Asp, 
Glu, Val, Leu, Ile, Pro, and Thr and the biosynthesis - derived Phase 2 
amino acids Phe, Tyr, Arg, His, Asn, Gln, Lys, Trp, Cys, Met, Sec, Pyl, 
and fMet  [13, 14] . The findings that all the Phase 1 but none of the 
Phase 2 amino acids are produced by high - energy particle irradiation of 
primitive gases  [15, 16]  or found on meteorites  [17]  have provided 
exceptional confirmation for this proposed Phase 1 – Phase 2 partition 
of the encoded amino acids  [3, 13] . Accordingly, only those amino acids 
that were either abundant in the prebiotic environment or produced by 
primordial amino acid biosynthesis stood to be recruited into the code. 
Being at the right place at the right time was essential with respect to 
joining the code.  

   8.2.2    Proteome - Wide and Site - Specific Expansions 

 To add a new Phase 2 amino acid to the code requires (i) biosynthesis 
of the new amino acid and (ii) securing its attachment to a tRNA so 



SYNTHETIC GENETIC CODES AS THE BASIS OF SYNTHETIC LIFE 181

that it may enter ribosomal protein synthesis guided by the anticodon 
on the tRNA. These requirements can be fulfilled by two different path-
ways. In the aaRS pathway, the amino acid is formed and a cognate 
aaRS is evolved to attach it to tRNA. In the pretran synthesis pathway, 
a (Phase 1 amino acid) – tRNA conjugate is converted to a (Phase 2 
amino acid) – tRNA conjugate, giving the Phase 2 amino acid at once the 
anticodon on the tRNA  [10, 12, 18] , as in: 

  Met – tRNA    →    fMet – tRNA  
  Glu – tRNA    →    Gln – tRNA  
  Asp – tRNA    →    Asn – tRNA  
  PhosphoSer – tRNA    →    Cys – tRNA  
  PhosphoSer – tRNA    →    Sec – tRNA    

 In some organisms, the original pretran synthesis of Gln – tRNA, Asn –
 tRNA or Cys – tRNA from Glu – tRNA, Asp – tRNA or phosphoSer – tRNA 
has since been replaced by an evolved GlnRS, AsnRS, or CysRS respec-
tively. Some of the remaining Phase 2 amino acids also might have 
entered the code initially through pretran synthesis, only switching 
subsequently to reliance on aaRS. So far, no SecRS or fMetRS has been 
encountered in any organism, and Sec and fMet yet enter proteins solely 
via pretran synthesis today  [19] . Interestingly, in the ciliate  Euplotes 
crassus , Sec still shares the UGA codon, but with Cys instead of ter  [20] . 

  PylS , the PylRS gene, and  pylT , the gene for the UAG - decoding Pyl -
 acceptor tRNA, are located on a gene cassette together with Pyl - synthesis 
genes in the archaeon  Methanosarcina acetivorans . Insertion of this 
cassette into  Escherichia coli  induces the appearance of Pyl within  E. 
coli , which is normally devoid of Pyl. Because the PylRS and Pyl -
 acceptor tRNA introduced into  E. coli  react only with each other and 
not with any host tRNA or aaRS, the presence of this mutually preoc-
cupied aaRS – tRNA pair does not perturb other aaRS – tRNA interac-
tions inside  E. coli   [21] . This usage of a mutually preoccupied 
aaRS – tRNA pair to achieve natural site - specific code expansion paral-
lels the use of these kinds of aaRS – tRNA pairs in synthetic site - specific 
code expansion.   

   8.3    NATURAL CODE TURNOVER 

 Amino acids such as  α  - amino -  n  - butyric acid,  α  - aminoisobutyric acid, 
and norvaline are produced by electric discharge under prebiotic - like 
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conditions and found on the Murchison meteorite (Table   8.1  ), but are 
excluded from the genetic code. Their exclusion suggests that the natural 
code underwent not only expansion to bring in Phase 2 amino acids, 
but also underwent turnovers causing the displacement of amino acids 
that were included at one time in the primitive codes. The historical 
occurrence of code turnovers is supported by the evidence that at least 
some of the amino acids in the extant code are endowed with superior 
functional fitness compared with other prebiotically available building 
blocks absent nowadays from the code  [6] : 

  (a)     Use of hydroxy - acids instead of amino acids as monomers gener-
ates polyesters, which are more labile toward basic hydrolysis 
than polypeptides.    

  (b)     Although polypeptides conceivably might be replaced by poly-
mers of alternating dicarboxylic acids and diamines, poly-
merization of a single class of subunits is inherently simpler 
than co - polymerization of two (or more) different classes of 
subunits.  

  (c)     Prebiotic syntheses give higher yields of  α  - amino acids than  β  -  or 
 γ  - amino acids. Compared with poly -  α  - amino acids, poly -  β  -  or 

  Table 8.1    Relative abundances of amino acids in Murchsion meteorite and from 
electric discharge synthesis  [22]    a    

   Amino Acid     Murchison meteorite     Electric discharge  

  Glycine     +  +  +  +      +  +  +  +   
  Alanine     +  +  +  +      +  +  +  +   
   α  - Amino -  n  - butyric acid     +  +  +      +  +  +  +   
   α  - Aminoisobutyric acid     +  +  +  +      +  +   
  Valine     +  +  +      +  +   
  Norvaline     +  +  +      +  +  +   
  Isovaline     +  +      +  +   
  Aspartic acid     +  +  +      +  +  +   
  Glutamic acid     +  +  +      +  +   
   β  - Alanine     +  +      +  +   
   β  - Amino -  n  - butyric acid     +      +   
   β  - Aminoisobutyric acid     +      +   
   γ  - Aminobutyric acid     +      +  +   
  Sarcosine     +  +      +  +  +   
   N  - Ethylglycine     +  +      +  +  +   
   N  - Methylalanine     +  +      +  +   

     a    Mole ratio relative to Gly ( = 100):  + , 0.05 – 0.5;  +  + , 0.5 – 5;  +  +  + , 5 – 50;  +  +  +  + ,  > 50.   
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 γ  - amino acids also do not form stable secondary structures well 
on account of higher entropy from an increased number of freely 
rotating single bonds in the backbone.  

  (d)     Since mixing of  l  -  and  d  - amino acids in proteins will cause loss 
of steric uniformity along a polypeptide chain, the encoded amino 
acids are not surprisingly all of the same configuration. While the 
peptide antibiotics gramicidin S, bacitracin, and polymyxin B 
contain both  d  -  and  l  - amino acids  [23] , and fusaricidin B from 
 Bacillus polymyxa  contains even more  d  -  than  l  - amino acids  [24] , 
these  d  - monomer - containing peptides are synthesized by non -
 ribosomal peptide synthetase. Ribosomal protein synthesis uti-
lizes strictly  l  - monomers. The discovery of enantiomeric excesses 
of  l  over  d  in some meteoric amino acids suggests that the adop-
tion of  l  - amino acids for proteins might stem from such astro-
chemical excesses  [17] .  

  (e)     NMR evidence points to restricted motion of the  γ  -  and  δ  - methyl 
groups of Ile and Leu relative to the  ε  - methyl group of norleucine. 
Thus, the exclusion of the straight - chain  α  - amino -  n  - butyric acid, 
norvaline, and norleucine might be due to the ability of peptides 
of the branched Val, Leu, and Ile to form a more highly ordered 
tertiary structure.  

  (f)     Arg usefully brings a permanent positively - charged side chain to 
proteins. Its lower homologs  α  - amino -  β  - guanidino propionic acid 
and  α  - amino -  γ  - guanidino butyric acid show an undesirable ten-
dency to cyclize.  

  (g)     Since the lower homologs of Lys, namely  α , β  - diaminopropionic 
acid,  α , γ  - diaminobutyric acid, and ornithine, are prone to acyl 
migration or lactamization, Lys is the shortest diamino acid suit-
able for proteins.    

 These advantages of the currently encoded amino acids over potential 
building blocks like hydroxy - acids, alternating dicarboxylic acid –
 diamine units,  β  -  or  γ  - amino acids,  α  - amino -  n  - butyric acid, norvaline, 
norleucine,  α  - amino -  β  - guanidino propionic acid,  α  - amino -  γ  - guanidino 
butyric acid,  α , β  - diaminopropionic acid,  α , γ  - diaminobutyric acid, and 
ornithine suggest that, with respect to the choice of its member amino 
acids, the genetic code is mainly a rational code. To achieve this unmis-
takable rationality, all primitive codes burdened with unfit building 
blocks must be eliminated by natural selection, i.e. through evolutionary 
turnovers of the code.  
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   8.4    THE DEEP FREEZE 

 Despite the strong evolutionary incentive of having an increased number 
of encoded amino acids, the Phase 2 expansion ceased at 23 canonical 
amino acids plus the ter signal. A contributing factor of the cessation 
might be found in the two - out - of - three mode of codon reading by anti-
codons  in vitro   [25, 26] : owing to the stronger G – C base pairing com-
pared with A – U base pairing, the anticodon on a primitive tRNA would 
tend to read all four codons in any codon box with one or two G or C 
in the first two codonic bases. This would limit the maximum number 
of encodable amino acid/ter units to two each (one to read the two NNY 
codons in the box and one to read the two NNR codons) for the UUN, 
UAN, AUN, and AAN boxes, but only one each for the remaining 12 
boxes, totaling 20 encodable [amino acid  +  ter] units for the primitive 
code. While the finalized code managed to refine the reading mode and 
call upon a sharing of the UAG, UGA, and AUG codons to accommo-
date as many as 24 [amino acid  +  ter] units, further crowding of the 
code understandably would evoke rising resistance through increased 
noise/benefit ratios  [27] . It became more advantageous instead to seek 
continued enrichment of the protein side - chain repertoire through PTMs 
rather than through packing yet more amino acids into the code. 

 Protein molecules contain over a hundred kinds of supernumerary 
amino acid residues that make their appearances not under the direction 
of any codon but through PTMs brought about by modifying enzymes. 
Examples of functionally important PTMs are plentiful, including: (i) 
conversion of Glu residues on prothrombin to  γ  - carboxyGlu to increase 
its affinity for chelating Ca 2 +  , thereby enhancing the anchoring of pro-
thrombin to phospholipid platelet membranes following injury; (ii) 
requirement for proteolytic PTMs in blood clotting and formation of 
pituitary peptides from proopiomelanocortin; (iii) utilization of protein 
phosphorylations in a host of signal transductions; and (iv) involvement 
of protein glycosylations in cell – cell interactions and many other func-
tions. The wide occurrence of PTMs attests to the magnitude of increased 
variety of protein side chains as an evolutionary incentive. This incentive 
brought about both the Phase 2 expansion and the wide ranging PTMs 
which constitute a Phase 3 recruitment for the side - chain repertoire of 
proteins  [14]  (Table   8.2  ).   

 All living organisms are traceable back to a  last universal common 
ancestor  ( LUCA ), close to the methanogenic archaeon  Methano-
pyrus   [28, 29] . The minimal LUCA genome contains a number of 
enzymes that could participate in PTMs; for example, diphthamide 
synthase subunit DPH2, diphthamide biosynthesis methyltransferase, 
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deoxyhypusine synthase, signal peptidase, histone acetyltransferase, 
serine/threonine protein kinase, peptidyl prolyl  cis  –  trans  isomerase, and 
glycosyl transferase  [30, 31] . In accord with this, diphthine, the deami-
dated form of diphthamide, a modified His present in eukaryotic elonga-
tion factor 2, where it can be ADP - ribosylated by diphtheria toxin  [32] , 
is found in acid protein hydrolyates from the archaeon  Halobacterium 
halobium   [33] . Also, deoxyhypusine synthase, which together with 
deoxyhypusine hydroxylase transform a conserved Lys on initiation 
factor IF - 5A in archaea and eukaryotes to hypusine, has an archaeal 
origin  [34] . Thus, some PTMs, including diphthamide and deoxyhypu-
sine, are as old as LUCA, which strongly points to the cessation of 
natural code expansion and switch to PTMs occurring prior to the rise 
of LUCA around 3.6 billion years ago  [3, 4] . However, the absence of 
many PTM enzymes from the minimal LUCA genome also suggests that 
the majority of current PTMs are post - LUCA in origin. Minor variations 
of the genetic code with respect to codon assignments are known in 
numerous nuclear and organelle systems, especially metazoan mitochon-
dria  [35] , and likewise common post - LUCA occurrences. 

 In contrast to the post - LUCA PTMs and codon reassignments, the 20 
proteome - wide amino acid alphabet, which does not vary among organ-
isms or organelles, is thus estimated to be some 3.6 billion years old. 
The site - specific entries of Sec and Pyl into the code were also unlikely 
to take place much later than the pre - LUCA switch to PTMs. Even fMet 
is likely as old as the Bacteria domain dating from 2.5 – 3.2 billion years 
ago  [36] . Accordingly, with the cessation of Phase 2 expansion and 

  Table 8.2    Recruitment of protein sidechain repertoire 

   Phase     Recruitment mechanism     Recruited amino acids  

  1    Natural proteome - wide 
encoding  

  Gly, Ala, Ser, Asp, Glu, Val, Leu, Ile, 
Pro, Thr  

  2    Natural proteome - wide 
encoding  

  Phe, Tyr, Arg, His, Asn, Gln, Lys, Trp, 
Cys, Met  

  Natural site - specific encoding    Sec, Pyl, fMet  
  3    Post - translational 

modification  
  Diphthamide, glycosyl - Asn, Cys - heme, 

pyro - Glu, His - flavin, desmosine, 
adenylyl - Tyr, phospho - Tyr, etc.  

  4    Synthetic proteome wide 
encoding  

  4FTrp, 5FTrp, 6FTrp, azaLeu  

  Synthetic site - specific 
encoding  

   p  - AminoPhe,  p  - azidoPhe,  p  - benzoylPhe, 
 β  - (2 - naphthyl)Ala,  α  - aminocaprylic 
acid, dansyl side chain, etc.  
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switch to PTMs, the genetic code has gone into a 3 billion year deep 
freeze. The restart of its expansion and turnover had to await human 
exploration and development of synthetic genetic codes.  

   8.5    SYNTHETIC CODE EXPANSION 

 The chemical world of  l  - amino acids far exceeds the  “ natural ”  amino 
acids found in proteins, counting both the canonical 23 and those 
derived from PTMs. The  “ unnatural ”  amino acids could be natural 
metabolites/intermediates in cells, or produced by organic synthesis. 
Where an unnatural amino acid resembles a canonical amino acid suf-
ficiently to result in the charging of the latter ’ s tRNA by the aaRS 
cognate to the tRNA, it will be able to participate in ribosomal protein 
synthesis under codon direction. Many unnatural amino acids are thus 
incorporated into cellular proteins  [37] , often finding important applica-
tions; for example, fluoro - amino acids for  19 F - NMR protein studies  [38]  
and selenoMet for protein crystallography  [39] . 

 Since an unnatural amino acid analogue is structurally different from 
its canonical counterpart, its replacement of the latter at all positions 
in a proteome easily results in loss of indefinite cell propagation. For 
example,  l  - canavanine (Cav), an Arg analogue from plants, is a sub-
strate for ArgRS and readily incorporated into proteins in place of Arg. 
However, the cytotoxicity of the aberrant Cav - proteins is such that Cav 
may be employed as a therapeutic agent against pancreatic cancer  [40] . 
Consequently, the encoded alphabet of proteins can be expanded to 
admit unnatural amino acids provided that they are adequately incor-
porated into proteins, and the ensuing toxicities are reduced by mutating 
the sensitive proteins or restricting the incorporation to specific sites 
within the proteome. Either way, the expansion will lead to a synthetic 
genetic code - based Phase 4 recruitment of extra protein side chains, 
continuing where Phase 2 expansion stopped (Table  8.2 ). The scope of 
this Phase 4 recruitment is potentially as wide as that of unnatural 
amino acids activatable for bonding to tRNA by some wild type, mutated 
or newly designed aaRS. 

   8.5.1    Proteome - Wide Expansion 

 The 3 billion year deep freeze of the genetic code raises the question 
of whether it is intrinsically mutable at all. To test its mutability, 
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experiments were conducted to change the code in  Bacillus subtilis  
QB928  [41] . Although this Trp - autotrophic QB 928 strain could be 
propagated only on Trp and not its fluoro - analogues 4FTrp, 5FTrp, or 
6FTrp, after two rounds of mutations it gave rise to the LC33 strain, 
which is readily propagated on both Trp and 4FTrp. The mutations 
have thus expanded the code to enable the proteome - wide encoding of 
4FTrp as a propagation - supporting amino acid, replacing Trp at all the 
12   625 Trp positions in the  B. subtilis  proteome. Recent advances fur-
thering the establishment or facilitation of synthetic proteome - wide 
code expansion include: 

  (a)     The 4FTrp - propagatable  B. subtilis  LC33 strain has been mutated 
to yield the LC88 strain that can be propagated on Trp, 4FTrp, 
5FTrp, or 6FTrp, with Trp   :   4FTrp   :   5FTrp   :   6FTrp growth - rate 
ratios equal to 100   :   36.3   :   9.0   :   10.9. Thus, all three fluoro - Trp 
analogues, normally toxic to the cells, serve as competent protein 
building blocks for this strain  [3, 42] .  

  (b)      E. coli  has also been mutated to yield an  unColi  B7 - 3 strain that 
can be propagated on 4FTrp without a detectible level of Trp 
incorporation into proteins  [43, 44] .  

  (c)     Phenotypic suppression has been introduced as an effective 
approach for inducing propagation dependence on an unnatural 
amino acid  [45] :  E. coli  was rendered thymidine auxotrophic by 
the Arg126Leu mutation of thymidylate synthase, and without 
added thymidine the resultant  E. coli thyA  R126L strain could 
be propagated only in the presence of azaLeu, the proteome - wide 
incorporation of which replaces L126 with azaLeu126 sufficiently 
to restore an essential positive charge at that position in some of 
the enzyme molecules.  

  (d)     Mutational blocking of the editing function of aaRS enhances the 
incorporation of unnatural amino acids into cellular proteins, as 
illustrated by ValRS  [46, 47] , LeuRS  [48, 49] , and IleRS  [50] . In 
the case of IleRS, the removal of editing actually gives the mutant 
cells a growth yield advantage over the wild type. Adequate 
incorporation of an unnatural amino acid is a prerequisite to the 
isolation, by means of either growth rate mutation or phenotypic 
suppression, of an altered genetic code displaying propagation -
 dependence on the amino acid.  

  (e)     Mutating the amino acid substrate specificity of aaRS to increase 
unnatural amino acid incorporation has been achieved with 
 E. coli  PheRS to enable the incorporation of  p  - chloroPhe  [51] .  



188 COMPLEX SYSTEMS

  (f)     The intracellular concentration of an aaRS with low reactivity 
toward an unnatural amino acid can be raised by overexpression 
to increase incorporation of the amino acid; for example, in the 
successful incorporation of 2 - aminohexanoic acid, selenoMet, 
telluroMet, ethionine  [52] , and  trans  - crotylglycine  [53]  into 
 E. coli  proteins.  

  (g)     The adaptation of protein sequences to an unnatural amino acid 
has been delineated for bacteriophage Q β  in adaptation to growth 
on 6FTrp, providing evidence for genetic code divergence through 
ambiguous intermediates that can simultaneously accommodate 
more than one amino acid at a given codon  [54] .     

   8.5.2    Site - specific Expansion 

 In the Phase 2 code expansion, the then novel amino acids Phe, Tyr, 
Arg, His, Asn, Gln, Lys, Trp, Cys, and Met gained entry into the code 
by acquiring their own codons for proteome - wide encoding, whereas 
Sec, Pyl, and fMet each secured the use of only a shared codon for site -
 specific encoding. In synthetic code expansion, the exact parallel applies 
and, besides synthetic proteome - wide encodings, it has been possible to 
add novel amino acids to the code through site - specific encodings: 

  (a)     Some aaRS is found to display strikingly low reactivity toward 
tRNA from other species, especially when the other species come 
from the other side of an aaRS – tRNA reactivity schism that exists 
between the Archaea – Eukarya and Bacteria blocs  [55] ; Table 
  8.3  ). These deficient cross - bloc reactivities between aaRS and 
tRNA arise from the usages of dissimilar tRNA identity elements 
by aaRS from the two blocs, which can be altered by even a single 
base change  [56, 57] .    

  (b)     On the basis of such deficient cross - bloc reactivities, the strategy 
has been devised whereby an  orthogonal  tRNA – aaRS pair, e.g. 
archaeal TyrRS – tRNA Tyr  from  Methanococcus jannaschii , LeuRS –
 tRNA Leu  from  Methanobacterium thermoautotrophicum , or 
GluRS from  Pyrococcus horikoshii  with a consensal archaeal 
tRNA Glu  can be introduced into  E. coli  incurring minimal reac-
tions with host aaRS and tRNAs  [58] . By fashioning the orthogo-
nal pair to accept an unnatural amino acid and decode a special 
codon such as a nonsense codon, this orthogonal aaRS – tRNA 
approach has brought about the site - specific encodings of over 
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30 unnatural amino acids in  E. coli  or eukaryotic cells, including 
 p  - aminoPhe,  p  - azidoPhe,  p  - benzoylPhe,  β  - (2 - naphthyl)Ala,  α  -
 aminocaprylic acid, dansyl sidechain, etc.  [59] .  

  (c)     In the case of  p  - aminoPhe, it has also been possible to generate 
a biosynthetic pathway to render its incorporation into  E. coli  
autonomous  [60] .  

  (d)     The site - specific incorporations employing orthogonal aaRS –
 tRNAs can be directed by quadruplet codons in addition to 
nonsense codons  [61] .  

  (e)     The use of a TyrRS – tRNA pair from  E. coli  engineered to favor 
activation of 3 - iodoTyr over Tyr has facilitated the site - specific 
encoding of 3 - iodoTyr in Chinese hamster ovarian and human 
embryonic kidney cells  [62] .  

  (f)     A complete set of orthogonal  E. coli  GlnRS – tRNA Gln  suppressor 
pairs has been generated for site - specific encoding by the amber, 
ocher, and opal nonsense codons in mammalian cells  [63] .  

  (g)     A protocol has been developed to reprogram aaRS to attach a 
desired unnatural amino acid but no natural amino acid to a 
UAG - decoding tRNA in eukaryotic cells  [64] .  

  (h)     Orthogonal ribosome – mRNA pairs that read only messages 
encoding an unnatural amino acid can be employed to enhance 
incorporation of the amino acid via amber codon suppression 
 [65] .      

   8.6    SYNTHETIC CODE TURNOVER 

 The possible occurrence of natural code turnovers in primordial ages to 
rid the code of unfit amino acids finds experimental support from obser-
vations on synthetic genetic codes. The  B. subtilis  LC33 strain, which 
can be propagated on Trp and also more slowly on 4FTrp, gave rise to 
the HR7 strain, which grows faster on 4FTrp than on Trp. Another 
round of mutation converted HR7 to HR15, which can be propagated 
on 4FTrp but not on Trp  [41] . For HR15 and its derivatives, Trp 
has in fact become an inhibitory analogue against propagation on 
4FTrp  [3, 13] . This displacement of Trp by 4FTrp from the alphabet of 
propagation - supportive amino acids in HR15 signifies a turnover of the 
preexistent Trp - propagatable code. If Trp can be removed from the code 
by mutations even after more than 3 billion years of evolutionary adap-
tation to Trp as a canonical building block, it would be simple matter 
for the code to turn over in ages past to eliminate such prebiotically 
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available but functionally unfit building blocks as  α  - amino -  n  - butyric 
acid,  α  - aminoisobutyric acid, norvaline, etc. from the code. Devoid of 
turnovers, the primordial genetic code, once formed, would have to 
remain a frozen accident compelled from day one to contain all the 
amino acids that happened to be abundant in the prebiotic environment 
regardless of their functional fitness. Allowed turnovers, the code would 
be free to evolve toward greater competence. The functionally superb 
23 amino acid alphabet of today is, therefore, the result of active selec-
tion, not blind luck.  

   8.7    USEFULNESS OF SYNTHETIC CODES 

 Synthetic genetic codes are useful for two important purposes. First, 
they provide unique insight into the origin and evolution of the natural 
code. By removing all doubts regarding the intrinsic mutability of the 
code, they have firmly established the feasibility of early code turnovers 
to eliminate unfit amino acids and code expansions to bring in new 
amino acids supplied by biosynthesis. It is interesting that both natural 
and synthetic code expansions can be implemented by either a proteome -
 wide or a site - specific mechanism. The natural code contains, side by 
side, 20 amino acid members receiving proteome - wide encodings, and 
three receiving site - specific encodings. Although all the synthetic codes 
developed so far involve either the proteome - wide or the site - specific 
encoding of an unnatural amino acid, a combination of both types 
of encoding within the same organism could be both attainable and 
useful  [66] . Besides the study of synthetic codes, there is at present no 
other experimental avenue to inquire into the mechanisms of genetic 
code expansion and turnover in the primordial past. 

 Second, synthetic genetic codes widen substantially the range of 
protein engineering, or code engineering  [67] , by allowing permutations 
of not only the sequences in which the amino acid letters of the protein 
alphabet are arranged, but also the composition of the alphabet itself. 
This has enabled the production of  unnatural amino acid - containing  
( Unac ) proteins in the cell. For  B. subtilis  LC33, its proteins can be 
produced optionally containing either the fluorescent Trp or the non -
 fluorescent 4FTrp  [68] , and the 4FTrp - containing Unac proteins make 
possible the measurement of interactions between proteins and fluores-
cent ligands in the absence of any Trp fluorescence from the proteins 
 [69] . Unac proteins from site - specific synthetic encodings are rapidly 
paving the way to a wide variety of potential applications; for example, 
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preparation of photo - cross - linkable artificial extracellular matrix pro-
teins, selective dye - labeling of newly synthesized proteins  [70, 71] , 
probes for protein conformations, redox - active proteins, and proteins 
with engineered metal - binding sites  [59] . Therapeutic applications of 
Unac proteins may include the production of super - tight binding anti-
bodies as improved vaccines against cancers, bacteria, and viruses, 
super - high affinity protein ligands for autoantibodies, receptors/enzymes, 
or tissue surfaces to block autoimmune reactions, modulate cellular 
responses, or to serve as surgical glues. Also, appropriate pigmented side 
chains might be inserted into Unac photosystem proteins to enhance the 
efficiency of plant and microbial photosynthesis, and so on.  

   8.8    DISCUSSION 

 The displacement of Trp by 4FTrp in the genetic code of  B. subtilis  
HR15 has changed the encoded amino acid alphabet of proteins. Because 
the alphabet has been an invariant attribute of earthly life since time 
immemorial, this has led to the suggestion that  B. subtilis  HR15 repre-
sents a new type of life  [72] . On account of its alternate utilization 
of 4FTrp in place of Trp,  E. coli  B7 - 3 also has been named an  unColi  
 [43, 44] , on which basis  E. coli thyA  R126L would be an  unColi  as 
well, and  B. subtilis  LC33, LC88, and HR15 would be  unSubtilis . The 
engineered organisms bearing genetic codes with site - specific expansion 
would likewise be  unColi ,  unYeast , etc. To classify this emergent profu-
sion of novel life forms, it is proposed that: 

  1.     Free - living life forms that depart from earthly life with respect to 
one or more of the universal and, therefore, defining attributes of 
earthly life may be referred to as  synthetic life  to distinguish them 
from natural life, synthetic plasmids, synthetic viruses, synthetic 
parasites, synthetic organelles, and computational artificial life. 
The universal attributes of earthly life include:  
  (a)     genetic code with a canonical 23 - amino acid alphabet;  
  (b)     TCAG deoxyribonucleotide alphabet of DNA;  
  (c)     UCAG ribonucleotide alphabet of RNA;  
  (d)     bilayer cell membranes consisting of ester -  and ether - based 

lipids.    
  2.     Synthetic life can exist in two different forms. In the  o - synthetic  

(optional - synthetic) form, the organism can be propagated using 
either the standard universal set of attributes of natural life or the 
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altered o - synthetic set of attributes. In the  m - synthetic  (mandatory -
 synthetic) form, the use of the altered m - synthetic set of attributes 
is compulsory, and the organism cannot be propagated using the 
standard universal set of attributes of natural life.    

 Examples of developed and potential genetic code - based o - synthetic and 
m - synthetic life are shown in Table   8.4  . Notably, there is hitherto a lack 
of m - synthetic life forms based on a site - specific insertion of unnatural 
amino acid, but achievement of this kind of synthetic life may not 
be beyond reach. For instance, the o - synthetic  E. coli thyA  R126L 
system  [45]  can be modified by converting the  thyA  R126 codon to a 
UAG nonsense codon: insertion of azaLeu into this position using an 
orthogonal aaRS – tRNA pair might then yield in the absence of thymi-
dine an m - synthetic  unColi  displaying propagation dependence on the 
inserted azaLeu.   

 Synthetic biology spans different approaches for building new organ-
ismic constructs to advance biology and bioengineering. Among them, 
synthetic life is directed specifically to the development, analysis, and 
use of free - living life forms characterized by a departure from one or 
more of the universal characteristics of earthly life. The  unSubtilis  and 
 unColi  with proteome - wide encodings, and the array of prokaryotic and 
eukaryotic organisms with site - specific encodings, for an unnatural 
amino acid have demonstrated the attainability of free living and indefi-
nitely propagatable synthetic life. It is expected that, in time, synthetic 
life based on unnatural DNA alphabets, RNA alphabets, cell mem-
branes, or other radical innovations will also be achieved. Moreover, 
these different bases of synthetic life are not mutually exclusive, 
and synthetic life forms can come to comprise simultaneously synthetic 

  Table 8.4    Developed and potential genetic code - based synthetic life systems 

   Type of 
synthetic life  

   Mechanistic basis     System  

  o - Synthetic    Proteome - wide encoding     B. subtilis  LC33, LC88,  E. coli  B7 - 3  
  m - Synthetic    Proteome - wide encoding     B. subtilis  HR15,  E. coli thyA  R126L  
  o - Synthetic    Site - specific encoding     E. coli  with optional insertion of 

 p  - aminoPhe or  p  - azidoPhe etc  
  m - Synthetic    Site - specific encoding    Potential  E. coli thyA  R126 derivative 

dependent on site -  specific azaLeu 
insertion for propagation  
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versions of the genetic code, DNA and RNA alphabets, and cell mem-
brane. The arrival of synthetic life, overthrowing the severe chemical 
constraints imposed on natural life by the invariance of its universal 
attributes, has begun a  sequel  to the life that has held exclusive reign 
over the first half of the projected lifespan of planet Earth  [73] . 

 In contrast to natural life which has gone through 3 billion years of 
diversification and optimization, synthetic life is just entering the nascent 
moments of its birth. Already it has deepened our understanding of 
genetic code origin and evolution. How it may unfold in the eons to 
come will be a fascination to behold as much as a road to chart with 
great care.  
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nature, they would have to be synthesized and supplied to cells which would 
be equipped with an appropriate enzymatic machinery for polymerizing them. 
The invasion of plants and animals with XNA replicons can be envisioned in 
the long run, but it is in microorganisms, and more specifically in bacteria, that 
the feasibility of such chemical systems and the establishment of genetic enclaves 
separated from DNA and RNA is more likely to take place. The introduction 
of expanded coding through additional or alternative pairing will be facilitated 
by the propagation of replicons based on alternative backbone motifs and 
leaving groups, as enabled by XNA polymerases purposefully evolved to 
this end.            

   9.1    INTRODUCTION 

 A seemingly inexhaustible source of innovation and evolution is pro-
vided by the chemical capability to synthesize DNA oligomers coupled 
with enzymatic procedures for gene assembly and amplification. The 
implantation of the resulting synthetic DNA constructs in chromosomes 
and episomes of microorganisms and plants for applied purposes in 
agriculture, energetics, and chemistry has triggered the proliferation of 
artificial genetic sequences of an ever - expanding scope. These artificial 
sequences are viewed by some as a threat to wild ecosystems and even 
suspected to lead astray the evolution of terrestrial life  [1] . 

 The first nucleic acid sequence designed and constructed to be propa-
gated  in vivo  took the form of a synthetic gene of 77 bases encoding a 
suppressor tRNA that was inserted, replicated, and expressed in yeast 
cells  [2] . This was followed by the assembly of a recombinant plasmid 
enabling the production of a foreign protein in  Escherichia coli  cells, 
dehydroquinase from  Neurospora crassa , through the  in vitro  use of 
restriction endonucleases and DNA ligase  [3] . The construction of 
artificial eukaryotic chromosomes of minimal size followed, first in 
yeast  [4]  and later in mice  [5] . The advent of directed mutagenesis  [6]  
and the elaboration of amplification techniques  [7]  through the judi-
cious use of synthetic oligodeoxynucleotides provided potent and ver-
satile protocols for genetic reprogramming of organisms  [8]  and directing 
their evolution  [9, 10] . Recently, an entire bacterial chromosome of 
582   970 base - pairs was synthesized through stages of hierarchical 
assembly in prokaryotic and then eukaryotic artificial chromosomes 
 [11] . This synthetic chromosome is now expected to take over the 
genetic command of a bacterial cell  Mycoplasma genitalium . 

 It is currently difficult to conceive biological experiments of scientific 
and industrial relevance today without genetic constructions resorting 
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to DNA oligonucleotides. The chemical synthesis and the enzymatic 
amplification, assembly, and recombination of artificial genetic sequences 
for industrial purposes has become routine to the extent that transfor-
mation of ecosystems through the dissemination of synthetic genetic 
constructs (generically and misleadingly referred to as transgenes) is 
now a major topic of debate between the lay public and experts  [12] . 
Indeed, the risks of genetic pollution cannot be overlooked, considering 
the uniformity of genetic alphabets, the universality of the genetic code, 
and the ubiquity of genetic interchanges throughout domesticated and 
wild species. Therefore, technologies for preventing or restricting genetic 
crosstalk between natural species and the artificial biodiversity needed 
for scientific and industrial progress should be designed and deployed 
to anticipate this challenge. Here, we argue that nucleic acid prolifera-
tion should be rationally extended so as to enable the propagation 
 in vivo  of additional types of nucleic acids ( “  xeno - nucleic acid s ”  or 
 XNA s), whose chemical backbone motif would differ from deoxyribose 
and ribose and whose polymerization would not interfere with DNA 
and RNA biosynthesis. 

 Because XNA building blocks do not occur in nature, they would 
have to be synthesized and supplied to cells which should be equipped 
with an appropriate enzymatic machinery for polymerizing them. The 
genetic information conveyed in XNAs would thus be expected to 
vanish if it could be ensured that its precursors could not be formed in 
existing metabolism and food chains. As a counterpart for the unavail-
ability of such unnatural nutrients, the controlled propagation of XNA 
polymers would require the uptake of XNA precursors by reprogrammed 
host cells as well as by specific polymerization enzymes. 

 Despite the empirical character of biological engineering and the vast 
evolutionary potential of natural biodiversity, we surmise that human 
health and natural ecosystems will be more safely preserved by embody-
ing genetic instructions in artificial nucleic material; that is, in replicons 
chemically separate from the support on which natural selection has 
acted so far. Natural nucleic acids originate by enzymatic polymeriza-
tion of activated metabolic precursors linking a backbone motif to a 
nucleobase on the one hand and to a leaving group on the other hand; 
for example, 5 ′  - phosphorylated  d  - ribose to N9 of adenine and to 
the oxygen atom of pyrophosphate in the RNA precursor ATP, and 
5 ′  - phosphorylated 2 ′  - deoxy -  d  - ribose to the N1 of thymine and to the 
oxygen atom of pyrophosphate in the DNA precursor dTTP. Numerous 
variations have been introduced in the structure of nucleobases, 
culminating in the elaboration of pairing schemes that respect the 
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Watson – Crick base - pair geometry and can be combined with A   :   T and 
G   :   C pairs  [13] , and in the development of base - pair geometries separate 
from Watson and Crick ’ s  [14] . Variant backbone motifs whose polymers 
adopt stable double - stranded structures akin to DNA and RNA have 
been the subject of less systematic explorations, and activation groups 
deviating from pyrophosphate even less so. 

 Nevertheless, we believe that it is the  in vivo  creation of moieties 
alternative to the backbone motifs phosphoribose and phosphodeoxyri-
bose and also to the leaving group pyrophosphate that will lead to the 
fastest advances, and that the introduction of expanded coding through 
additional or alternative pairing will be facilitated by the propagation 
of replicons based on alternative backbone motifs and leaving groups. 

 The invasion of plants and animals with XNA replicons can be envi-
sioned in the long run, but it is in microorganisms, and more specifically 
in bacteria, that the feasibility of such chemical systems and the estab-
lishment of genetic enclaves separated from DNA and RNA is more 
likely to take place. Bacteriophages featuring modified bases could be 
considered as natural forays toward additional types of nucleic acid. 

 Known base modifications  [15]  have been all found to be linked to 
the DNA backbone and consist of close variations of the A   :   T and G   :   C 
pairing structures, from which they deviated, presumably to escape 
restriction endonucleases in host bacteria  [16] . So far, only the four 
ribonucleoside triphosphates of A, U, C, and G, as well as the eight 
deoxyribonucleoside triphosphates of A, T, G, C, U, 5 - hydroxymethylU, 

     Figure 9.1     Generalized scheme for selection of XNA biosynthesis  in vivo.  The 
formulas and symbols used for nucleobases (uracil and diaminopurine), leaving 
group (Z), backbone motif (six - membered heterocycles with X and Y variables), 
and import vectors (peptide) are arbitrary, and based on already existing construc-
tions. At least two nucleobases are required for propagating  in vivo  the informa-
tional biosynthesis of XNA sequences. Propagation through replication of 
XNA   :   XNA duplexes would further imply that at least a couple of complementary 
nucleobases are incorporated, as depicted. The vital product could correspond to 
any metabolite consisting of, or that can be converted into, an indispensible building -
 block of the host cell and that the host cell is unable to synthesize. Alternatively, 
the vital product could be an essential RNA, the precursor substrates then corre-
sponding to ribonucleoside triphosphates and the cellular co - catalyst to an RNA 
polymerase capable of taking XNA as template. Alternatively, the vital product 
could be an essential protein, the precursor substrates then corresponding to 
aminoacyl – tRNAs and the cellular co - catalyst to a ribosome capable of translating 
a messenger XNA  
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5 - hydroxymethylC, and 2 - aminoA, are thought to serve as substrates 
for nucleic acid polymerization in nature. Backbone diversification of 
nucleic acids thus seems entirely alien to extant living species, which 
suggests that the evolutionary barrier has remained too high for spon-
taneous innovation and natural selection to overcome. 

 If valid, this postulate should incite synthetic chemists and geneticists 
to take up the challenge, diversify nucleic acid scaffolds  in vivo  and 
hence access a safer level of informational transactions in engineered 
life forms. These artificial constructs would be known as orthogonal 
episomes (Figure  9.1 ).    

   9.2    SPECIFICATIONS FOR AN 
ORTHOGONAL EPISOME 

 Briefly stated, the specifications of an orthogonal episome are as follows: 

  1.     The chemical nature of its backbone must differ from those of 
DNA and RNA in at least one of its two complementary strands.  

  2.     It must carry sequences of at least two different nucleobases, either 
belonging to the canonical A   :   T and G   :   C pairs or to other pairs 
that can be combined with them.  

  3.     It should be polymerized by a dedicated polymerase from acti-
vated precursors that do not interfere with DNA and RNA syn-
thesis of the host cell.  

  4.     It should convey information for at least one selectable function 
indispensible for growth of the host cell in specific culture 
media.    

 Several additional options can be envisaged. The orthogonal episome 
could be devised to act as a template that is transcribed into a functional 
RNA (mRNA, tRNA, or rRNA) from regular rNTPs normally present 
in cells by a dedicated RNA polymerase. Alternatively, it could act as a 
messenger that is translated by a specialized ribosome from regular 
aminoacyl – tRNAs into a functional protein. A third possibility is that 
it could directly catalyze a metabolic reaction vital to the host cell. Its 
activated precursors could be derived from metabolic intermediates of 
the host cell. Eventually, the orthogonal episome could be elaborated to 
encode the genes required for its replication, recombination, transcrip-
tion, translation, or supply of metabolic precursors. 
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 Seventeen different experimental scenarios combining four types of 
replication duplex and seven types of selection modality are listed in 
Table  9.1 . Of the three types of replication duplex, XNA   :   DNA is the 
least attractive because the risk of illegitimate recombination of the DNA 
strand with the host genome, including plasmids, cannot be ruled out.   

 Direct translation of messenger XNA templates into proteins whose 
function can be selected  in vivo  by specialized versions of ribosomes is 
tantalizing in the long term. However, because of the complexity of 
ribosome assembly and function, this scheme does not seem amenable 
to straightforward selection protocols  in vivo  or  in vitro . An additional 
difficulty would result from the opposite templating directions in trans-
lation (5 ′  to 3 ′ ) and in transcription and replication (3 ′  to 5 ′ ), as exem-
plified by the intricate regulation of RNA virus cycles (Q β ). 

 Resorting to the smallest possible number of experimental steps of 
directed evolution, it would appear that the best - case scenarios in Table 
 9.1  would consist of: 

  (a)     replicating XNA   :   XNA duplexes with one of the XNA strands 
acting as a metabolic enzyme; that is, a  “ xenozyme ” ;  

  (b)     replicating XNA   :   RNA heteroduplexes with the RNA strand 
acting as a metabolic ribozyme or a tRNA or rRNA essential for 
the host cell survival;  

  (c)     transcribing a chromosomal or plasmidic DNA   :   DNA replicon 
into an XNA single strand which would act as a metabolic 
xenozyme.    

 In scenario (a), only one replicase enzyme would need to be evolved for 
reproducing the XNA   :   XNA duplex; that is, an XNA - dependent XNA 
polymerase. The same replicase could be used for PCR amplification 
and selection of XNA aptamers destined to function  in vivo  as 
xenozymes, once a reliable metabolic reaction and appropriate bacterial 
mutants lacking it have been validated. 

 In scenario (b), two polymerase enzymes would have to be evolved 
for replicating the XNA   :   RNA heteroduplex: a transcriptase and a 
reverse transcriptase; that is, an XNA - dependent RNA polymerase and 
an RNA - dependent XNA polymerase. 

 Both scenarios (a) and (b) correspond to proliferation modalities in 
which at least one XNA strand serves as template. Such is not the case 
in scenario (c), in which DNA serves as template for XNA, but XNA 
does not direct the polymerization of any nucleic acid. XNA would 
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thus participate in the phenotype of the host cell, permitting its own 
synthesis, yet it would not create a genetic enclave propagating its geno-
type. This scenario could, nevertheless, provide a bridgehead for the 
launching of bona fide XNA replicons in further steps of elaboration. 
It would also enable the  in vivo  selection of uptake systems for XNA 
precursors and of diversified leaving groups. 

 The big advantage of scenario (c) is that it requires evolution of only 
a DNA - dependent XNA polymerase. It would benefit from the intrinsic 
ability of transcriptases to prime polymerization from a DNA signal (i.e. 
a promoter) to end polymerization when another DNA signal is reached 
(i.e. a terminator) and to disrupt the association of the polymerized 
XNA transcript from the DNA template. 

 A crucial issue in the implementation of all scenarios will be the sepa-
ration of XNA strands from replication or transcription duplexes. 
Known possibilities elaborated by natural RNA viruses to overcome this 
hurdle include heteroduplex - specific RNases like RNase H, helicases, 
and the formation of intrastrand secondary structures of the transcript. 
Presumably these functional expedients could be transposed in the XNA 
world, by evolving XNA - heteroduplex - specific RNases, XNA helicases, 
and XNA stems and loops, at the cost of painstaking additional experi-
mentation. Alternatively, backbone motifs and nucleobases could be 
chosen so as to destabilize XNA homoduplexes or heteroduplexes and 
avoid replication dead - ends.  

   9.3    DIVERSIFICATION OF THE BACKBONE MOTIF 

 The backbone motif of a third type of nucleic acid (XNA) should chemi-
cally resemble the natural polymers, but differ structurally enough from 
DNA and RNA so that its functions and biosynthesis could be uncou-
pled from those of natural polymers, which would enable the establish-
ment of a genetic enclave. 

 A prerequisite might be the potential of XNA to form helical struc-
tures that are similar if not identical to that of natural nucleic acids and 
to hybridize with natural nucleic acids by Watson – Crick base pairing. 
It is now well established that several XNA backbone motifs bearing 
canonical bases are able to form regular homoduplexes. So far, the 
backbone motifs which have been validated for this purpose are  anhy-
drohexitol nucleic acid  ( HNA )  [17] ,  threose nucleic acid  ( TNA )  [18] , 
 glycerol nucleic acid  ( GNA )  [19] , and  cyclohexenyl nucleic acid  
( CeNA )  [20]  (Figure  9.2 ).   
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 HNA was obtained by inserting a methylene group between the ring 
oxygen atom and the anomeric carbon atom of the furanose ring of a 
natural nucleoside. As a result, the base moiety is no longer positioned 
at the anomeric carbon atom. A chemically and enzymatically stable 
nucleic acid is obtained, which is still able to convey information to and 
from natural nucleic acids. HNA hybridizes with DNA and RNA and 
with itself  [17] . An interesting observation is that the  Δ  T  m /modification 
of an HNA – RNA duplex decreases with increasing chain length, evolv-
ing from a high stabilizing effect for short duplexes to practically no 
stabilization/destabilization effect for long duplexes. HNA fulfills the 
requirement for being similar but not identical to natural nucleic acids. 
Its production via an appropriate metabolic pathway remains to be 
investigated. Likewise, it must be demonstrated that the structure of 
HNA is different enough from those of RNA and DNA to make it pos-
sible to construct a fully orthogonal system. 

 Initial DNA - dependent HNA polymerase activity, using Watson – Crick 
base - pair fidelity and including the potential for chain elongation, has 
been observed for family B DNA polymerases  [21]  and the M184V 
mutant of HIV - 1 reverse transcriptase  [22] . Likewise, T7 RNA polymer-
ase and terminal transferase use  hexitol nucleoside triphosphate s ( hNTP ) 
as substrate for HNA synthesis, although not as efficiently as the natural 
nucleoside triphosphates  [23] . T4 DNA ligase and T4 RNA ligase, 

     Figure 9.2     Structure of TNA, GNA, HNA, and cyclohexenyl nucleic acids (CeNA)  
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however, do not accept the presence of HNA as donor or acceptor 
strand, nor as template for ligation of single - stranded DNA  [23] . 
Marginal HNA - dependent DNA polymerase activity and HNA -
 dependent HNA polymerase activity was observed for DNA polymerase 
I from  E. coli  and for  Thermus aquaticus  polymerase  [24] . The fact that 
hNTPs and HNA can be used by certain polymerases as both substrate 
and template to a limited extent shows the potential to evolve natural 
polymerases for affording a bona fide HNA replication system. 

 For performing experiments on  in vivo  replication, a selection scheme 
was designed to assay transmission of a genetic message from HNA to 
a DNA plasmid by the replication enzymes in  E. coli   [24] .  E. coli  cells 
bearing a chromosomal deletion of the gene for thymidylate synthase 
were transformed with plasmids containing HNA stretches encoding the 
active site region surrounding the catalytic Cys146 of the enzyme. 
Utilization of the HNA stretch as template was mandatory for propaga-
tion of an active gene for thymidylate synthase. Since active thymidylate 
synthase is absolutely required for growth of  E. coli  thyA mutants in 
nutrient media devoid of thymine or thymidine, this scheme can be used 
for the selection of strains that are able to copy HNA into DNA  in vivo . 

 Prototrophic transformants of a host strain lacking an active gene for 
thymidylate synthase (i.e. bacteria capable of growth without added 
thymidine) could be obtained with the plasmid containing two HNA 
codons (six nucleotides). Sequencing experiments demonstrated that 
the message conveyed in the HNA residues was correctly copied into 
DNA  [24] . 

 We could also demonstrate that the replacement of two codons of a 
33mer mRNA (AUG start codon and UUC second codon) by HNA 
(mHNA) did not influence the main steps of translation, as indicated 
by the same level of ribosomal binding of mRNA with hexitol residues 
under P - site conditions and the same yield of tRNA binding to the P -  
and A - sites. Both peptide formation and translocation took place on 
mRNA containing the two - codon - long mHNA  [25] . The enzymatic 
stability of HNA may ensure that protein synthesis will go on for a 
longer time than when using mRNA. 

 Other successful examples of polymerization of sugar - modified nucle-
oside triphosphates using polymerases as catalyst on a DNA template 
(or polymerization of deoxynucleoside triphosphate on modified nucleic 
acids template) are those of GNA  [26]  and TNA  [27, 28] . The structures 
of GNA and TNA, respectively featuring phosphorylated glycerol and 
phosphorylated tetrofuranose backbones, deviate more substantially 
from those of natural DNA than HNA. 
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 The fourth case is that of cyclohexenyl nucleic acid or CeNA  [20] . 
DNA polymerase B and HIV - 1 reverse transcriptase show good DNA -
 dependent - CeNA polymerase and CeNA - dependent - DNA polymerase 
activity which designate it as a better starting point than HNA  [29] . 

 HNA featuring a cyclic ether and CeNA endowed with an unsatu-
rated carbocyclic scaffold both appear as hardly accessible from common 
cell metabolites if biosynthetic pathways have to be conceived for pro-
ducing them endogenously. By contrast, GNA and TNA appear more 
realistic in terms of biosynthetic accessibility from metabolites present 
in cells. Enabling the spontaneous emergence of XNA metabolic precur-
sors will represent a feat of great scientific significance for the propaga-
tion of XNA - bearing hosts. In this case, drastic containment procedures 
will be mandatory for safely growing XNA prototrophs,; that is, organ-
isms able to synthesize episomes with deviant chemistry. Therefore, an 
intrinsic safety device will be provided by the requirement for xeno -
 nutrients to propagate XNA in next - generation  genetically modified 
organism s ( GMO s). Metabolic inaccessibility should thus be considered 
as an advantage when it comes to the chemical estrangement of XNA 
from metabolism of extant cells and food chains of natural ecosystems. 
This entails that XNA precursors will have to be devised and synthesized 
so as to permit their uptake when they cannot be synthesized within the 
host cell. 

 A potent delivery system for nucleoside mono (di -  and tri - ) phos-
phates could make use of oligopeptide permeases, which are part of a 
larger group of transport systems; that is, ATP - binding cassette trans-
porters. The periplasmic oligopeptide - binding protein is the initial 
receptor for the uptake of peptides by the oligopeptide permease in 
Gram ( − ) bacteria. The ligand - binding site shows a broad substrate 
specificity and accepts chemical groups of large diversity (it accepts di -  
to penta - peptides regardless of the identity of the side chains)  [30] . The 
first conjugates for delivery of nucleotides that could function as sub-
strate for the transporter have been synthesized  [31] . They consist of a 
pyroglutamyl - protected tripeptide, a lateral pyridoxine moiety, and a 
nucleotide loaded on a serine residue (Figure  9.3 ). Following transport 
into the bacterial cytoplasm, the pyroglutamyl group could be deblocked 
by a specific aminopeptidase liberating a free terminal amino group that 
could be involved in the catalytic process to deliver the laterally attached 
nucleotide. Intracellular delivery of the nucleotide could indeed be 
accomplished by a pyridoxal - catalyzed elimination of the nucleotide, 
bound to the free amino group of the serine residue, via formation of 
a Schiff base.    
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   9.4    DIVERSIFICATION OF THE LEAVING GROUP 

 DNA and RNA are synthesized from nucleoside triphosphates, through 
an iterative catalytic process where one nucleotide is attached (via its 
5 ′  - phosphate) to the 3 ′  - hyroxyl group of the growing nucleic acid chain, 
releasing pyrophosphate in the process. This pyrophosphate is further 
hydrolyzed into two phosphate molecules, thus ensuring the irreversibil-
ity of nucleic polymerization. The nucleoside triphosphates themselves 
are synthesized from the monophosphates through the action of nucle-
otide kinases and nucleoside diphosphate kinases. The entanglement of 
the various functions of nucleoside triphosphates can be seen as a trap 
when trying to propagate an artificial biopolymer, such as novel types 
of nucleic acid,  in vivo . It would be difficult indeed to install additional 
nucleoside triphosphates without interfering with DNA and RNA 
metabolism, cell energy supply via respiration, or substrate - level 
phosphorylation. 

 From a chemical standpoint, the simplest way out of this intricacy is 
to substitute the pyrophosphate moiety with alternative leaving groups 
in XNA precursors. From an informational standpoint, the use of alter-
native leaving groups would ipso facto result in genetic enclaves distinct 
from canonical nucleic acids without having to physically separate pre-
cursors of XNA from those of DNA and RNA. Activated nucleotides 
with alternative leaving groups should not be recognized by polymerases 
and other enzymes involved in cellular functions where nucleoside tri-
phosphates play a role. If an alternative leaving group corresponded or 

     Figure 9.3     Structure of a potential delivery system for nucleotides into bacte-
rial cells  
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could be converted to a common metabolite, they could be fitted into 
recycling pathways, and thus prevent the accumulation of by - products 
of XNA polymerization. 

 The ideal properties for XNA precursors with an alternative leaving 
group could be listed as follows: 

   •      they should be very soluble and not too unstable in water;  
   •      they should be accommodated in the active site of polymerase and 

react as substrate;  
   •      they should undergo productive elongation;  
   •      the chemical choice of the leaving group for release by polymerases 

should be mechanism based;  
   •      the leaving group should be actively degraded or recycled to 

common metabolites so as to render polymerization irreversible;  
   •      the nucleotide precursor equipped with the leaving group should 

be taken up actively in cells.    

 Modification of the triphosphate moiety of natural nucleosides with the 
aim of discovering alternative substrates for polymerases is a research 
area that has been little explored. Generally, such modifications have 
been investigated in the search for inhibitors of enzymes such as ade-
nylate cyclase and reverse transcriptase or inhibitors of nucleotide 
binding receptors. The enzymatic synthesis of modified nucleic acids 
(phosphoramidates) using sugar - modified nucleoside triphosphates was 
pioneered by Letsinger  et al .  [32]  using dNTTP as substrate and DNA 
polymerase I of  E. coli  as catalyst. The greatest amount of information 
about sugar -  and triphosphate - modified nucleosides and their incorpo-
ration into DNA using enzymes (reverse transcriptase) can be found in 
the literature on potential inhibitors of HIV replication  [33] . The modi-
fications that have been investigated so far are mainly minor modifica-
tions within the triphosphate moiety itself. The most studied are 
methylene phosphonate  [34 – 36] , phosphoramidate  [34] , and thiophos-
phate  [37 – 39]  analogues of ATP. 

 The most deviant instances of a leaving group that retains the capacity 
to be recognized by polymerases are those of Asp - dAMP and His - dAMP 
in the case of reverse transcriptase  [40, 41]  (Figure  9.4 ).  l  - Aspartate 
and  l  - histidine were found to be efficient pyrophosphate mimics despite 
the structural differences. The fact that Glu - dAMP is not recognized as 
substrate, while  l  - Asp - dAMP is recognized, underscores the precise 
geometric and spatial arrangement of functional groups that enables the 
formation of a tertiary complex in the active site of the enzyme.   
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 Likewise, Asp - dGMP, Asp - dCMP, and Asp - dTMP are substrates for 
HIV - RT, while retaining the canonical base - pair selectivity  [42] . The 
kinetics of incorporation are, however, much slower than that of the 
natural substrates  [40] . Encouraging results are that the primer can be 
extended with up to six deoxyadenines (although stalling starts after 
incorporation of three nucleotides), that the incorporation reaction 
follows Watson – Crick rules and is stereoselective ( l  -  versus  d  - amino 
acids), and that the incorporation of the four building blocks  l  - Asp -
 dAMP,  l  - Asp - dCMP,  l  - Asp - dGMP, and  l  - Asp - dTMP follows Michaelis –
 Menten kinetics. That a moiety as simple and common as aspartate 
linked by a P – N bond can serve as alternative leaving group in the 
polymerization of DNA augurs well for the further elaboration of paral-
lel biosynthetic and energetic pathways for XNA synthesis through 
metabolic engineering of host cells and directed evolution of DNA and 
RNA polymerases. A promising aspect of chemical diversification of the 
leaving group is that it could be applied first to a transcription system 
for generating XNA. In order to encode functional sequences, only two 
different monomers would have to be introduced, presumably 
complementary.  

   9.5    DIVERSIFICATION OF NUCLEIC BASES 

 The main synthetic effort to explore macromolecular structures of 
nucleic acids not known in nature has mainly focused on diversifying 
pairing schemes beyond those originally proposed by Watson and 
Crick. The genetic alphabet has been expanded from a two - base - pair 
system to a six - base - pair system  [43, 44] . This approach is based 
on finding new H - bonding topologies. For example, a 6 - amino - 2(1 H )

     Figure 9.4     Structure of  l  - His - dAMP and  l  - Asp - dAMP  
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pyridine   :   2 - amino - imidazo[1,2 -  a ] - triazinone base pair has been pro-
posed for synthetic biology purposes  [45]  (Figure  9.5 ).   

 Others have enlarged the genetic helix with expanded - size base 
pairs  [46, 47] . Another successful attempt involved the incorporation 
of hydrophobic nucleobase analogues  [48 – 50] . Starting from a large 
screening effort using five different polymerases, additional hydrophobic 
base - pair systems were identified consisting of bases built from phenyl, 
isoquinoline, and the pyrrolo[2,3 -  b ]pyridine scaffold  [51] . The base - pair 
system depicted in Figure  9.6  is proposed as promising for  in vivo  use.   

 An additional base pair could be accommodated in XNA by providing 
a host cell with the corresponding activated precursors only if the rep-
lication of XNA does not involve a complementary strand made of DNA 
or RNA. Extensive diversification of the nucleobases might thus only fit 
in the XNA   :   XNA scenario (a) of Table  9.1 . 

 However, base modifications compatible with natural base pairs such 
as diaminopurine, 5 - substituted uracil, and cytosine, as well as or 8 - 
aza - purines, 7 - substituted - deaza - adenine, and guanine, would suit all 
scenarios. Some such modifications might be rationally introduced for 
modulating duplex stability, easing purification of XNA, or enhancing 
catalytic activities of XNA aptamers. 

     Figure 9.5     A pyDDA/puAAD system that could function as an informational 
system  in vivo   
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 Backbone and leaving - group diversification thus appear more perti-
nent than base diversification for establishing XNA  in vivo . Once estab-
lished  in vivo , XNA replicons will provide an opportunity to recruit 
alternative base pairs for protein coding or biocatalytic purposes.  

   9.6    DIVERSIFICATION OF NUCLEIC 
ACID POLYMERASES 

 Enzymatic activities that should be considered for propagating XNA 
 in vivo  following the various scenarios of Table  9.1  can be listed as 
follows: 

   •      a DNA - dependent XNA polymerase, or XNA transliterase, would 
be needed for conveniently synthesizing XNA strands;  

   •      an XNA - dependent DNA polymerase, or reverse XNA 
transliterase;  

   •      an XNA - dependent XNA polymerase or XNA replicase;  
   •      an XNA - dependent RNA polymerase or XNA transcriptase to 

copy XNA into mRNA, tRNA, or rRNA that can be used by the 
ribosome for protein synthesis;  

   •      an RNA - dependent XNA polymerase to copy RNA information 
into XNA strands.    

 The XNA polymerase activities, whether templated by XNA itself, 
RNA, or DNA, could have the additional capability of condensing pre-
cursors with a leaving group other than pyrophosphate and to reject 
nucleoside triphosphates. 

 DNA polymerases perform a feat of molecular recognition, incorpo-
rating the correct four different nucleotide substrates as specified by the 
template base with minimal error rates. As a result of this high fidelity 
and tight geometric control within the polymerase active site, catalysis 
becomes very sensitive to distortions in the primer – template – dNTP 
tertiary complex. This precludes or diminishes the replication of modi-
fied DNA templates and restricts the enzymatic incorporation or replica-
tion of synthetic nucleic acids. 

 The majority of synthetic nucleic acids are poor substrates for enzy-
matic polymerization and studies with unnatural nucleic acids are 
limited to short oligomers accessible by solid - phase synthesis. 
Construction of artificial genetic systems, both  in vitro  and  in vivo , 
implies the development of an efficient enzymatic synthesis of the nucleic 
acid analogues. The efficiency and selectivity of modified nucleoside 
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triphosphate incorporation are usually low. To facilitate the develop-
ment of XNA - based replicons and episomes, it will be necessary to 
develop mutant polymerases able to synthesize the new polymers 
and to use them as templates for the propagation of information. These 
mutants could be obtained by rational design, mutant - by - mutant 
construction, activity - based library screening, and enrichment  [52 – 54] . 
Activity - based selection, such as compartmentalized self - replication 
 [55, 56]  and phage display  [57 – 59] , could also be exploited for this 
purpose. Indeed, incomplete understanding of the detailed mechanism 
of polymerization makes rational design approaches difficult; therefore, 
selection approaches and directed evolution methods have been devel-
oped  [60] . 

 Loeb and co - workers pioneered the genetic complementation approach 
for polymerase selection  [53] . Using a similar approach, Ellington and 
co - workers have selected variants of T7 RNA polymerase with an 
increased ability to synthesize transcripts from 2 ′  - substituted ribonucle-
otides  [61] . Along this experimental line, one could attempt to evolve 
a DNA - dependent XNA polymerase responding to promoters and ter-
minators specified by DNA, and also enzyme variants specific for leaving 
groups different from pyrophosphate that can be recycled in metabo-
lism. Phage display has been used for the selection of a polymerase 
function by proximal display of both primer – template duplex and 
polymerase on the same phage particle  [57]  and allowed the selection 
of a variant of the Stoffel fragment that incorporates  ribonucleoside 
triphosphate s ( rNTP s) with efficiencies approaching those of the wild -
 type enzyme for dNTP substrates. 

 A different assay for the evolution of polymerases is compartmental-
ized self - replication  [56] . Polymerases and substrates are encapsulated 
in discrete noncommunicating compartments akin to artificial cells. 
Individual polymerase variants are isolated in separate compartments. 
Each polymerase replicates only its own encoding gene to the exclusion 
of those in other compartments. Consequently, only genes encoding 
active polymerases are replicated, while inactive variants disappear from 
the gene pool. The more active will make proportionally more copies 
of their own encoding gene. This method has been shown to be a pow-
erful method for the directed evolution of polymerases. The first step 
towards the generation of polymerases capable of replication of unnatu-
ral nucleic acids has already been taken using this approach  [62] . 
Unfortunately, the molecular type synthesized in this way, aS - DNA, is 
not sufficiently different from DNA to be treated as an orthogonal 
entity. 
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 It is mandatory for an artificial genetic system to become fully and 
not partially disconnected from DNA replication and RNA transcrip-
tion of the host cell in order to sever links of information transmission 
by mistemplating and misincorporation of activated monomers. 

 An additional feature that would need to be evolved in an XNA 
polymerase would be the initiation step using a tRNA primer as for 
reverse transcriptases, or a protein primer as for DNA polymerase from 
phage phi29. Another very helpful enzyme for diversifying nucleic acids 
 in vivo  would be an XNA ligase; that is, a ligase that accepts XNA as 
substrate to produce long stretches of XNA for making whole genes 
and episomes.  

   9.7    CONCLUSIONS 

 Propagating a third type of nucleic acid in a microbial cell will require 
the molecular alliance of several entities (metabolic precursors, tem-
plates, and enzymes), each of which will require systematic efforts to 
elaborate individually. 

 The successful construction of at least an uptake and processing 
apparatus for exogenous activated precursors of minimally two XNA 
precursors, an XNA polymerase and either a xenozyme (XNA - aptamer) 
catalyzing an essential metabolic reaction or an XNA - dependent RNA 
polymerase, and an XNA complement for a tRNA, an rRNA, a short 
mRNA, or a metabolic ribozyme (RNA - aptamer) will have to be accom-
plished (Table  9.1 ). 

 Research in fields as different as organic chemistry, evolutionary bio-
technology, and microbiology will need to be coordinated for long 
periods before sustained proliferation of XNA becomes operational. 

 Once it is operational, an entirely new adaptive landscape will become 
accessible to experimental exploration through prolonged cultivation or 
successive selection steps for usage of deviant exogenous XNA precur-
sors and function of XNA - encoded sequences. 

 The persistent requirement of vast populations of reprogrammed 
microorganisms for exogenous XNA precursors will establish conclu-
sively the functional role of XNA polymers, as well as the inaccessibility 
of metabolic reactions for endogenously producing these XNA 
precursors. 

 Such experiments should be instrumental for estimating the risks 
of horizontal transfer and counteracting genetic pollution in next -
 generation GMOs. 
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 In the long run, we anticipate that XNA propagation  in vivo  will lend 
itself to evolutionary processes of exaptation unprecedented in natural 
history and the experimental record, by allowing the recruitment under 
selection of ever - different nucleic monomers deviating in nucleobase 
pairing, leaving groups, and backbone motifs within the limits of organic 
synthesis. 

 Forging the limited arsenal of molecular machinery needed to launch 
such an open - ended and safe evolutionary regime seems feasible by 
relying on the theoretical understanding and experimental procedures 
of current nucleic acids research.  
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 The chapter starts with a short description of the ribosomal structure and func-
tions. This is related to the origin of cells to evolution, since at the time of the 
first cells about 3.5 billion years ago the ribosome complexity could not have 
been as high as we see in recent organisms. It follows a consideration of the 
question of nonessential ribosome proteins, with a mutational approach. We 
then discuss these evolutionary aspects at the level of the last universal common 
ancestor, arriving at the surprising observation of the kasugamycin 61S particle. 
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This particle might mirror an ancient form of the small subunit present in 
proto - ribosomes before domain separation about 3 billion years ago. An impor-
tant observation is that a minimal core of the large ribosomal subunit is still 
active in peptide - bond formation. A subsequent section concerns the mitochon-
drial rRNAS. We conclude by discussing the difficulties of clarifying and pos-
sibly constructing a minimal ribosome form.    

     10.1    INTRODUCTION 

 Genetic information can be divided into three classes. Above all is the 
information about the protein structure, followed by that of the rRNAs 
and tRNAs of the translational apparatus, which translates the genetic 
information into protein structure, and finally the information of regula-
tory elements, usually small RNAs that regulate transcription, splicing, 
and translation. The ribosome is the center of the translational appara-
tus surrounded by hundreds of factors, like tRNAs and proteins, which 
are involved in the assembly of ribosomes, charging of tRNAs, and 
regulation of the ribosomal functions such as factors. Here, we will start 
with a short description of the ribosomal functions before we analyze 
the questions about a core ribosome, which should be still functional 
concerning the basic ribosomal activities for protein synthesis. This 
question is related to evolution, since at the time of the first cells about 
3.5 billion years ago and already containing a genetic code the ribosome 
could not be of the complexity that we see in recent organisms. Therefore, 
we will also consider aspects of evolutionary relics in the present - day 
translational apparatus.  

   10.2    A BRIEF DESCRIPTION OF THE RIBOSOMAL 
STRUCTURE AND FUNCTION 

 The ribosome is one of the most complex structures known in biology. 
For example, the 70S ribosome of the bacterial model organism 
 Escherichia coli  consists of 54 proteins and three rRNAs distributed 
over the two ribosomal subunits 50S and 30S (Figure  10.1 ). In spite of 
the small number of rRNA molecules the rRNA makes up two - thirds 
of the ribosome mass. All proteins are present in one copy per 70S with 
the exception of L7/L12 derived from the same gene (L7 is the acetylated 
form of L12), which is present in four copies and in some organisms 
even in six copies. Most proteins are located at or near the ribosomal 
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surface, with their globular domain(s) sending long extensions towards 
the center of the ribosomal subunit.   

 This structural complexity reflects a complicated net of functions, 
which fall into four phases, each of which has its own set of factors: (i) 
the start of protein synthesis (initiation, Figure  10.2 a and b), (ii) the 
prolongation of the nascent peptide chain (elongation cycle), which 
represents a cycle of reactions prolonging the nascent peptide chain by 
one amino acid (Figure  10.2 c – g), (iii) the termination, where the protein 
is released from the ribosome, and (iv) the recycling phase, where the 

     Figure 10.1     Components of the bacterial ribosome ( Escherichia coli ). The 21 
proteins of the small subunit carry the prefix  “ S ”  are numbered from S1 to S21 
roughly according to their molecular mass beginning with the largest and ending 
with the smallest protein. Accordingly, the 33 proteins of the large subunit carry 
the prefix  “ L ” . See plate section for a colour version of this figure  
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ribosome leaves the mRNA to start the next initiation event (Figure 
 10.2 h).   

 Recognition and deciphering of the codons of the mRNA by the 
complementary anticodon of the tRNA occurs at the  “ decoding site ”  
located on the small subunit. tRNAs can occupy three sites on the 
ribosome, the A, P, and E sites. According to the codon displayed at the 
A site, the corresponding  aminoacyl - tRNA  ( aa - tRNA ) binds to this site 
and brings the new amino acid to extend the growing polypeptide chain. 
The peptidyl - tRNA, which carries the nascent polypeptide chain, is 
bound at the P site before peptide - bond formation. The E site is the exit 
site for the deacylated or uncharged tRNA. During translation, tRNAs 
move through each of the sites sequentially, starting at the A site and 
passing through the P site to the E site, before leaving the ribosome. 
The exception is the binding of the very first tRNA, the initiator tRNA, 
which binds directly to the P site (Figure  10.2 a). 

 Initiator tRNAs decode the start codon, usually AUG, and carry the 
amino acid formyl - methionine in bacteria or methionine in eukaryotes 
(including Archaea). In the next step, aa - tRNAs are delivered to the A 
site according to the displayed codon (Figure  10.2 b). They enter the 

     Figure 10.2     Sketch of the functional phases of the ribosome. The termination and 
recycling phases are combined. See text for explanations. See plate section for a 
colour version of this figure  
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A site in the form of a ternary complex consisting of an elongation factor 
(EF - Tu in bacteria and EF1a in eukaryotes), GTP and the aa - tRNA. 
After GTP hydrolysis EF - Tu · GDP is released from the ribosome and the 
aa - tRNA docks into the A site (Figure  10.2 c). Peptide - bond formation 
occurs on the large subunit at the  peptidyl - transferase  ( PTF ) center and 
involves the transfer of the peptidyl moiety of the P - tRNA to the ami-
noacyl moiety of the A - tRNA; note that the whole polypeptide chain is 
added to the new amino acid rather than the addition of the new amino 
acid to the chain. Following peptide - bond formation, the tRNAs are in 
an equilibrium between the classical state with tRNAs at the A and P 
sites and the hybrid state with tRNAs at the A/P and P/E sites respec-
tively (P/E, for example, means that the deacylated tRNA is at the P site 
on the small subunit and at the E site on the large subunit; Figure  10.2 d). 
The A/P state is almost identical with the peptidyl - tRNA in the classical 
A site with the exception of the CCA3 ′  - end, which extends to the P - site 
region of the PTF center, whereas the position of the deacylated tRNA 
at the P/E state is dramatically different form the classical P site with a 
movement of the CCA3 ′  - end of about 50    Å   [1] . 

 Next, translocation of the A -  and P - tRNAs to the P and E sites res-
pectively is mediated by a second elongation factor (EF - G in bacteria 
and EF2 in eukaryotes; Figure  10.2 e). The elongation factors accelerate 
the elongation cycle to achieve the rate of up to 50   ms per elongation 
cycle. Without elongation factors the rate is about four orders of 
magnitude slower  [2]  due to the high energy barrier (120   kJ/mol) 
that separates the pre -  and post - translocational states (Figure  10.2 c 
and  f  respectively) in  E. coli  ribosomes  [3] . Translocation means a move-
ment of the tRNA2  ·  mRNA; therefore, the A site is now free for binding 
the next aa - tRNA (Figure  10.2 f), which leads to the release of the 
E - tRNA (Figure  10.2 g). This the cycle repeats (i.e. back to Figure  10.2 c) 
until a stop codon enters the A site. At this point protein termina-
tion factors release the completed polypeptide and dissociate the ribos-
ome into subunits in preparation for the next round of translation 
(Figure  10.2 h).  

   10.3    NON - ESSENTIAL RIBOSOMAL PROTEINS: 
MUTATIONAL APPROACH 

 Not all the ribosomal components are essential, about one - third of the 
ribosomal proteins can be deleted without affecting viability. In the 
late 1970s Eric Dabbs isolated  E. coli  mutants that lacked one or two 
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ribosomal proteins  [4]  (Table  10.1 ). Such a mutation is deleterious for 
the cell, since the growth rate is reduced seven to ten times compared 
with the wild type, and in some cases the mutation is even conditionally 
lethal; that is, the mutant is temperature sensitive and the non - permissive 
conditions could be higher or lower temperature (ts and cs respectively 
in Table  10.1 ). Consideration of a minimal ribosome should target these 
proteins first, although it is questionable whether all these proteins can 
be omitted simultaneously without threatening viability. Interestingly, 
the shortest rRNAs known are those of mitochondrial ribosomes from 
higher eukaryotes (not from yeast, which are similar in size to  E. coli ), 
which are  ∼ 30% shorter than the  E. coli  rRNAs. These mitochondrial 
ribosomes compensate for the lack of rRNA sequences by the presence 
of additional proteins  [6] , so that the overall size of a mitochondrial 
ribosome is even larger than the corresponding one from  E. coli . 
Therefore, it does not seem to be very likely that a ribosome could be 
derived from recent ribosomal structures, where both the number of 
ribosomal proteins is reduced according to the Dabbs study and the 
rRNA shortened according to the mitochondrial rRNAs. However, a 
recent surprising observation has changed our view significantly, as 
described in the next section.    

  Table 10.1    Mutants of  E. coli  lacking ribosomal proteins 

   Protein     Mutant designation     Phenotype  

  L1    RD19, MV17 - 10     –   
  L11    AM68, AM76, AM77     –   
  L15    AM16 – 98    cs  
  L19    AM149     –   
  L24    AM290    ts  
  L27    AM125    cs  
  L28    AM81, AM 108    cs  
  L29    AM111     –   
  L30    AM10     –   
  L33    AM90, AM 108    cs  
  S1    VTS03     –   
  S6    AM80     –  unpublished  
  S9    AM83    cs  
  S13    AM109 – 113     –  unpublished  
  S17    AM 111    ts  
  S20    VT514    ts  

   cs, cold sensitive; ts, temperature sensitive.  Data taken from Ref.  [5] .    
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   10.4    A SURPRISING OBSERVATION: 
THE KASUGAMYCIN PARTICLE 

 In this section we will discuss some features of a translational apparatus 
at early stages of life development. Chemical evolution leading to the 
first cells cannot have started before 4    ×    10 9  years ago, since at this time 
stage the Earth ’ s surface temperature fell below 1000    ° C, allowing the 
first rocks to form; for example, the gneiss in North Canada  [7] . At this 
or higher temperatures life cannot exist, since covalent energy - rich 
bonds start to break at 130    ° C, and ordinary covalent bonds of cellular 
molecules at  ∼ 180    ° C. The next important time point is the appearance 
of the first cells, which happened not before 3.75    ×    10 9  years ago, which 
was reported as the oldest mats of ancient cells, so - called  “ stromato-
lites ”  from rocks of the Isua Supracrustal Belt, Greenland. More solid 
data exist about formations that are 3.5    ×    10 9  years old containing 
remnants of ancient cells. (i) One is the Pilbara region of Western 
Australia with an age of 3.43    ×    10 9  years. A recent report supports the 
suggestion that these Pilbara - Craton structures might be of biotic 
origin  [8] . (ii) The other one, with about the same age, is seen in micro-
bial biomarkers in pillow lavas from the Baberton Greenstone Belt in 
South Africa  [9] . These cells must have had a translational apparatus 
governed by a genetic code, which might have carried the genetic infor-
mation in the form of RNA. 

 Today it is fashionable to speak about an  “ RNA world, ”  which means 
that information storage and the executing molecules all were RNA  [10] . 
Support of this view was gained by the detection of enzymatic activities 
detected in RNA molecules (for a review, see Ref.  [11] ) and, in particular, 
by the finding that two important centers of the ribosome, the decoding 
center on the small ribosomal subunit and the peptidyl transferase 
center on the large one, are dominated by ribosomal RNA  [12, 13] . But 
from the data mentioned in the preceding paragraph it is clear that an 
RNA world, if it existed at all, plus a chemical evolution, acquisition 
of a membrane, and development of the genetic code, all of which are 
important features, must have happened in the relative short time 
window of (250 – 500)    ×    10 6  years, namely between 4    ×    10 9  and 
3.5    ×    10 9  years ago. 

 Cells might have achieved a remarkable perfection before the cell lines 
separated into the three fundamental domains Bacteria, Archaea, and 
Eukarya accommodating all organisms in past and present  [14] . This 
separation happened about 3    ×    10 9  years ago  [15, 16] , and we will 
consider now the  last universal common ancestor  ( LUCA ) before domain 
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separation, since recently a new kind of ribosome was described, the 
61S ribosome, which might reflect the translational apparatus of LUCA. 

 There are good reasons to assume that tRNAs, synthetases, and ribos-
omes co - evolved. Two domains of recent tRNAs can be distinguished, 
the amino acid acceptor arm and the anticodon arm  [17]  (Figure  10.3 a). 

Minihelix Amino acid

Acceptor stem

D stem-loop

Anticodon stem-loop

Variable loop

A76
C
C
N73

A76
C
C
N73

T stem-loop

(a)

Class-De�ning Domain

Non conserved domain

tRNA

(b)

          Figure 10.3     Co - evolution of tRNAs, synthetases, and ribosomes. (a) The two 
domains of tRNAs. The older one is the amino acid arm (minihelix), which can be 
charged separately in the case tRNAAla, according to Ref.  [17] ; modified. (Reprinted 
from  [17]  with permission from Elsevier) (b) The two functional domains of a 
synthetase, the evolutionary old catalytic one and the younger recognition domain. 
(c) Different architecture of the small and the large ribosomal subunits according 
to Ref.  [18] . See plate section for a colour version of this figure  
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        Figure 10.3     (Continued)  
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Evolution might have started with the first one, and in the case of 
tRNAAla the corresponding so - called mini - helix can be charged specifi-
cally with  Ala by the alanine synthetase s ( AlaRS s). A similar and cor-
responding two - step evolution can also be stated with both the 
synthetases and the ribosome. The synthetases consist of two functional 
subunits/domains, the catalytic and the recognizing subunit, and they 
are ordered in two classes, each of which has 10 members that are para-
logs, namely the catalytic domains of either class have one common 
ancestor (Figure  10.3 b). Members of class I attach the amino acid to 
the 2 ′  - OH and those of class II to the 3 ′  - OH of the terminal ribose 
(Table  10.2 ). The catalytic domains are old; the recognition domains 
are evolutionarily younger. In contrast to the catalytic domain, the rec-
ognition domain does not have a common origin; each of them is dif-
ferent and has its own evolutionary history. Sixteen out of 20 synthetases 
contact the anticodon via the recognition domain and exploit it as a 
recognition feature (identity elements). This evolutionary dichotomy 
extends to the ribosome, where the large subunit contacts the amino 
acid arm and the small subunit the anticodon arm. Accordingly, the 
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  Table 10.2    Classification of synthetases 

   Class I     Class II  

   1a      2a   
  Leucin    Serine  
  Isoleucine    Threonine  
  Valine    Alanine  
  Arginine    Glycine  
  Cysteine    Proline  
  Methionine    Histidine  

   1b      2b   
  Glutamate    Aspartate  
  Glutamine    Asparagine  
  Lysine - I    Lysine - II  

   1c      2c   
  Tyrosine    Phenylalanine  
  Tryptophane      
   2 ′  Aa - attachment      3 ′  Aa - attachment   

large subunit is considered to be older and the small subunit younger. 
This view is also supported by the different architecture of the two 
subunits: the four domains of the secondary 16S - type structure also 
represent easily recognizable domains of the folded 30S subunit, an 
indication of a relative young age, whereas the domains of the 23S - type 
secondary structure are intermingled in a complicated fashion in the 
mature 50S subunit (Figure  10.3 c). Collectively, the evidence hints to a 
joint and co - evolving process beginning with the tRNA amino acid arm, 
the catalytic subunit of the synthetases, and the large ribosomal subunit 
(i.e. the ancient ribosome might have started with one subunit only), 
whereas the anticodon arm, the recognition subunit, and the small 
ribosomal subunit were added later.     

 The ribosome of LUCA was translating a simple mRNA, much simpler 
than the recent mRNAs with 5 ′  - UTR - containing recognition and regula-
tion elements, start signals, and termination signals of the decoding 
region and the decoding mRNA itself. In contrast, the mRNA for a 
LUCA ribosome was leaderless (Figure  10.4 ), lacking signals for initia-
tion and termination and started with just the 5 ′  - codon. This is indicated 
by the fact that the initiation and termination modes of Bacteria versus 
those of Archaea and Eukarya are quite different, requiring different 
factors that are usually evolutionarily nonrelated. For example, the two 
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     Figure 10.4     Structures of (a) recent and (b) leaderless mRNA. See plate section for 
a colour version of this figure  
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similar bacterial release factors RF1 and RF2 have nothing in common 
with the eukaryotic counterpart eRF1, except at the amino acid triplet 
GGQ interacting with the peptidyl transferase center, an example 
of convergent evolution. Likewise, bacterial IF2 and eukaryotic 
eIF2 have similar functions, in that they mediate the binding of the 
initiating (f)Met - tRNA but have a completely different structure: 
The bacterial is a monomer and the eukaryotic eIF2 is a hetero trimer 
(Figure  10.5 ).   

  Leaderless mRNA s ( lmRNA s) are found in all organisms of the 
three domains and can be considered as molecular fossils. In the 
early 1990 Gottesman and coworkers reported a strange observation, 
namely that cI lmRNA from the lambda phage was translated in the 
presence of initiation inhibitors including the antibiotic  kasugam-
ycin  ( Ksg )  [19] . Translation of lmRNA does not start with the canonical 
30S  de novo  initiation, but by 70S ribosomes, indicated by the observa-
tion that overexpression of the anti - association factor IF3 inhibits 
lmRNA initiation  [20]  and most convincingly shown by the fact 
that cross - linked 70S ribosomes unable to dissociate could initiate 
lmRNA  [21] . 

 Administering Ksg to growing  E. coli  cells shortly after strong expres-
sion of lmRNA led to an intriguing observation: a new type of ribosome 
was formed sedimenting with 61S  [22] . The formation was significant 
and allowed isolation of the 61S particles, the analysis of which revealed 
a number of surprising results: 



238 COMPLEX SYSTEMS

     Figure 10.5     Structures of (a) the bacterial fMet - tRNA  ·  IF2  ·  GTP complex and 
(b) the eukaryotic Met - tRNAi  ·    ·  eIF2  ·    ·  GTP. See plate section for a colour version of 
this figure  

bacterial IF2 (monomer) eukaryotic eIF2 (hetero trimer)

  1.     The small subunit completely lacked six and partially lacked five 
ribosomal proteins (Table  10.3 ). Among these are important ribos-
omal proteins such as S1 (important for mRNA catching), S2 
(which mediates S1 binding; S2 mutations can confer resistance 
against Ksg  [23]) , and S12 (which plays an important role in the 
decoding process). Mutations of S12 confer resistance against 
streptomycin (for a review, see Ref.  [24] ). The 50S subunit was 
unaltered.    

  2.     Undermethylation of the universally conserved residues A1518 
and A1519 of the 16S rRNA mediates Ksg resistance. However, 
these residues in the 16S rRNA of the 61S ribosome were fully 
methylated, so that the Ksg resistance of the 61S particle is prob-
ably due to the absence of S2.  

  3.     The absence of S12 made the translating 61S particle also resistant 
against streptomycin  in vivo .  

  4.     The 61S ribosomes hardly dissociated into subunits under condi-
tions where 70S are fully dissociated. This is reminiscent of the 
one - subunit ancient ribosome.  

  5.     Ksg binds at the junction of a ring of helices consisting of h28, 
h2, h27, and h24 (Figure  10.6 ). Binding of the drug changes the 
conformation of the platform ring. This might trigger the release 
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  Table 10.3    Protein content of the small ribosomal 
subunit of 61S ribosomes 

   Protein     QI     MS  

  S1     −      −   
  S2     −      −   
  S3     ↓      ↓   
  S4     +      +   
  S5     ↓      ↓   
  S6     −      −   
  S7     +      +   
  S8     +      +   
  S9     +      +   
  S10     +      +   
  S11     ↓      ↓   
  S12     −      −   
  S13     +      +   
  S14     +      ↓   
  S15     +     n.d.  
  S16     ↓      ↓   
  S17     ↓     n.d.  
  S18     −     n.d.  
  S19    n.d.     +   
  S20     +      ↓   
  S21     −      −   

   QI, quantitative immuno detection; MS, mass spectroscopy;  ↓ , 
present in reduced amounts; n.d., not determined.   

of some S - proteins, since all lacking proteins are bound directly 
or indirectly to this ring structure.      

 In summary, translation of lmRNA requires ribosomes that master 
the elongation phase of protein synthesis rather than initiation and 
termination, as seen still today in efficient translation of poly(U) mRNA 
in the absence of initiation and termination factors. As mentio-
ned above, essential features of the initiation and termination 
phases developed after domain separation  [27] . One can thus speculate 
that the 61S - particles mirror an ancient form of the small subunit 
present in proto - ribosomes before domain separation about 3 billion 
years ago. 
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 The severely reduced small subunit in the 61S particle still allowing 
efficient protein synthesis is, therefore, a welcome starting point for the 
construction of the minimal ribosome. But what can be said about 
reducing the components of the large ribosomal subunit?  

   10.5    A MINIMAL CORE OF THE LARGE 
RIBOSOMAL SUBUNIT STILL ACTIVE 
IN PEPTIDE - BOND FORMATION 

 Peptide - bond formation is the essential catalytic activity of the large 
subunit of all ribosomes. A combined approach of single omission tests 
and mass reductions of groups of  l  - proteins has been used applying 
total reconstitution of the large ribosomal subunit  [28, 29] . The result 
was that 16 out of 34 distinct ribosomal proteins could be omitted, 
including the 5S rRNA (Table  10.4 ). To reconstitute this core, a more 
subtle reconstitution technique had to be applied. Instead of the stand-

     Figure 10.6     The platform of the 30S subunit is made of a ring of four helices; Ksg 
binds at the junction of h24 and h28. (a) The 30S subunit as seen from the subunit 
interface and enlargement of the region affected by Ksg  in vivo . The helices which 
are affected by Ksg are highlighted. h26 has been omitted for clarity. Binding of Ksg 
(sphere model) between the G926 of h28 and the 790 loop of h24 is shown  [25]  
 [26] . The r - proteins S2 (blue), S6 (purple), S12 (green), S18 (pink), and S21 (yellow) 
are absent in 61S particles. Nucleotides A1518/A1519 in h45 are shown as light -
 blue spheres. (b) The 30S subunit shown from the solvent side. h26 (cyan) is located 
on the platform interacting with proteins S18 (pink) and S1 (not shown).  Taken 
from Ref.  [22] . See plate section for a colour version of this figure (Reptinted from 
 [22]  with permission from Elsevier)   
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  Table 10.4    A minimal set of ribosomal  l  - proteins and 
the 23S  r  RNA  forming a core of the large ribosomal 
subunit still active in peptide - bond formation 

  L2    L10    L16    L21  
  L3    L11    L17    L22  
  L4    L13    L18    L25  
  L6    L15    L20    L27  

   5S rRNA is not required.   

ard procedure with two incubations at 42    ° C and 50    ° C for 20   min and 
50   min respectively  [30] , the incubation temperatures had to be lowered 
to 36    ° C and 40    ° C at the first and second incubations, whereas there 
was no need to change the ionic conditions.    

   10.6    CUTTING DOWN THE  R  RNA  S  

 The shortest rRNAs can be found in mitochondria of animals, in par-
ticular of worms such as the nematode  Caenorhabditis elegans . 
Therefore, a comparison of mitochondrial rRNAs with those of bacteria 
gives a first hint of rRNA regions which are not essential and, thus, are 
candidates for removal. Figure  10.7 a shows, for example, the secondary 
structure of the rRNA of the small ribosomal subunit (16S rRNA type). 
On the right side the mitochondrial nucleotides in red are aligned with 
those from the bacteria  Thermus thermophilus ; those nucleotides, which 
could not be aligned are shown in yellow. Similarly, the mitochondrial 
rRNA is projected onto the crystal structures of small and large ribos-
omal subunits from  T. thermophilus  and the archaeon  Haloarcula 
marismortui .   

 Although the rRNA of mitochondrial ribosomes is the shortest known, 
the ribosome itself is not smaller than that of bacterial origin but rather 
is larger. The reason is that the lack of rRNA regions is even overcom-
pensated by ribosomal proteins: the individual protein is larger than the 
corresponding one from bacteria, and the total number of proteins is 
also larger due to proteins specific for this organelle. For example, an 
 E. coli  ribosome has 54 ribosomal proteins; the respective number for 
mitochondrial ribosomes is greater than 70. Therefore, it cannot be 
predicted to what extent the rRNA can be shortened after the number 
of ribosomal proteins has been minimized.  
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     Figure 10.7     Comparison of rRNAs from mitochondria ( C. elegans ) and bacteria. 
(a) Secondary structure of the 16S rRNA - type (small ribosomal subunit) from mito-
chondria of  C. elegans  (left) and  T. thermophilus  (right). (b and c) Alignment of the 
 C. elegans  rRNA on the crystal structure of the small subunit from  T. thermophilus  
and the large one from  H. marismortui  respectively. Red:  C. elegans  nucleotides that 
align with the bacterial rRNAs; yellow:  C. elegans  nucleotides that do not align. 
 Taken from Ref.  [31] . See plate section for a colour version of this figure (Reprinted 
from  [30]  2002 with permission from Elsevier)   
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   10.7    CONCLUSIONS 

 The construction of a minimal ribosome, which still should be func-
tional in the translation of mRNAs or lmRNAs, is a challenging and 
ambitious enterprise. One has to consider and explore all different kinds 
of information. We mention here mutants lacking a single protein, 
which altogether comprise one - third of the ribosomal proteins of a 
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bacterial ribosome (Table  10.1 ). The problem here is that practically all 
the mutations severely affect cell growth, which makes it prohibitively 
difficult to omit all in one step. A better situation is seen with the recon-
stitution of a minimal core of the large ribosomal subunit, where 16 
 l  - proteins and 5S rRNA could successfully be omitted and still yield a 
particle with significant activity for peptide - bond formation (Table 
 10.4 ). A very elegant way is seen with the recently detected and special 
61S ribosome, which might have opened a window to a protein synthe-
sis machinery of ancient times. The 61S ribosome admittedly contains 
a normal large ribosomal subunit; however, the small subunit lacks six 
proteins completely and a further five proteins partially and still is active 
in translating lmRNA efficiently. If it turns out that the partially lacking 
five S - proteins also can still be removed and the activity preserved, a 
particle will be obtained containing only 10 proteins and 16S rRNA, a 
surprising situation. After the number of the ribosomal proteins has 
been reduced, the next step would be cutting down the ribosomal 
rRNAs. Here, a comparison of the  E. coli  rRNAs with those of the 
mitochondrial rRNA could work as a guideline: mitochondrial ribos-
omes of higher animals contain rRNAs that are shorter than the bacte-
rial ones by one - third.  
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 In this chapter we aim to introduce the reader to the issue of minimal living 
cells, defined as semi - synthetic cells having the minimal and sufficient number 
of components/functions to be considered alive. Semi - synthetic cells are built 
by a synthetic procedure that functionally combines nonliving components 
(DNAs, RNAs, enzymes) into a multimolecular confined system, enclosed 
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within a semipermeable membrane (the lipid bilayer). Describing the concepts 
and experiments at the basis of these constructions, we will point out that an 
operational definition of minimal cell does not define a single species, but rather 
a broad family of interrelated cell - like structures. The relevance of this research 
is explained and discussed, also taking into account that minimal cells may 
functionally resemble early simple cells (i.e. protocells); therefore, emphasis will 
be given to the significance of these studies in the origins of life and evolution 
contexts. From this point of view, the bioengineering of minimal living cells, 
typical of a synthetic biology approach, complements the more fundamental 
aspects of the origins of early cells, driven by self - organization and selection. 

 In addition, we discuss the minimal genome and the minimal size of living 
cells. Although several authors agree on setting the theoretical, full - fledged 
minimal genome to a figure between 200 and 300 genes, further assumptions 
may significantly reduce this number; that is, by eliminating ribosomal proteins 
and limiting the DNA and RNA polymerases to only a few, less - specific molecu-
lar species. These considerations can be pertinent from the evolutive viewpoint, 
by considering the increase of complexity as an outcome of function refinements 
instead of the introduction of an essentially new pattern. Although hypothetic, 
such a  “ reduced ”  minimal genome represents a theoretical basis for under-
standing minimal and perhaps  “ limping ”  life. Together with the genome 
reduction, minimal life also implies minimal size, since it is conceivable that 
smaller genomes and minimal metabolism do not require large physical cell 
extension. 

 To date, the experimental approach to minimal cells consists in designing 
liposome - based bioreactors composed of genes/enzymes corresponding to the 
minimal cellular functions. Recent developments indicate that functional pro-
teins can be successfully synthesized inside liposomes, paving the way to more 
complex minimal cells, which will ultimately lead to minimal living cells. The 
present constructs are still rather far from a minimal cell, and experimental as 
well as theoretical difficulties opposing further reduction of complexity are 
discussed. While most of these minimal cell constructions may represent rela-
tively poor imitations of a modern full - fledged cell, further studies will begin 
precisely from these constructs. In conclusion, we give a brief outline of the 
next possible steps on the road map to a minimal cell.    

           11.1    THE NOTION OF MINIMAL CELL 

 The simplest living cells existing on our Earth have several hundred 
genes, with hundreds of expressed proteins, which, more or less simul-
taneously, catalyze hundreds of reactions within the same tiny compart-
ment  –  a maze of enormous complexity. 

 This picture elicits the question of whether or not such complexity is 
really essential for life  –  or if cellular life might be possible with a much 
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smaller number of components and functions. In fact, the enormous 
complexity of modern cells is probably the result of billions of years of 
evolution in which a series of feedback mechanisms, redundancies, and 
metabolic loops were developed. Clearly, early cells could not have been 
as complex as modern ones. In addition to this consideration, we must 
point out that under highly permissive conditions many of such mecha-
nisms might not be necessary. These considerations led to the notion of 
a minimal cell, here broadly defined here as a cell having the minimal 
and sufficient number of components to be considered alive. This auto-
matically precedes the next fundamental question: what does  “ alive ”  
mean? A complex question. One may choose quite a general definition, 
defining life at a cellular level as the concomitance of three basic proper-
ties: self - maintenance (metabolism), self - reproduction, and evolvability. 

 Notice, however, that self - maintenance and self - reproduction are 
properties of individual cells, whereas evolvability is a Darwinian 
notion. As such, it refers to populations rather than individual cells. 
Consequently, one should take into consideration an entire family of 
minimal cells in the stream of environmental pressure and correspond-
ing genetic evolution. 

 The trilogy defining cellular life may not be perfectly implemented, 
particularly in synthetic constructs, and several approximations to cel-
lular life can be envisaged. For example, we may have protocells capable 
of self - maintenance but not self - reproduction, or vice versa. Or we 
might have protocells in which self - reproduction is active for only a few 
generations, or systems that are not capable of evolvability. In any given 
type of minimal cell  –  for example, one with all three attributes  –  there 
may be quite different ways of implementation and sophistication. So, 
clearly the term  “ minimal cell ”  depicts large families of possibilities, not 
simply one particular construct. The idea that the minimal forms of life 
are not univocally defined, and correspond rather to a large family, is 
not new in the field of the origin of life and early evolution. However, it 
is important to keep in mind that we are not simply considering theoreti-
cal possibilities, but something new: a synthetic biology approach and 
the particular methodology of experimental implementation. 

 Harold J. Morowitz  [1] , in his book  Beginning of Cellular Life , 
presents a systematic discussion on minimal cells and on the origin of 
cellular life,  “ from the above ”  and  “ from the bottom. ”  In the approach 
 “ from the above, ”  the search for primitiveness stems from the analysis 
of modern living systems and goes backward in time (and complexity) 
to define or to clarify the nature of early cells. In the approach  “ from 
the bottom, ”  the fundamental laws of physics and chemistry are used 
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to depict a scenario for the origins of cellular life. Additional significant 
insights in the field are those by Jay and Gilbert  [2] , as well as by Woese 
 [3]  and Dyson  [4] . More recently, the reviews by Pohorille and Deamer 
 [5] , Szathm á ry  et al.   [6] , Forster and Church  [7] , and LeDuc amd cow-
orkers  [8]  have discussed the issue of minimal cells, also revealing the 
possible role of minimal synthetic cells in biotechnology. Our group has 
been interested in minimal cells from the early 1990s, by carrying out 
experimental research focused on reaction in compartments (reverse 
micelles, water - in - oil emulsion, and liposomes). Reviews on this work 
and on our approach were already published before the advent of syn-
thetic biology  [9, 10] . In recent years, however, there has been a signifi-
cant revival of interest in the field of the minimal cell; it probably 
witnesses a sort of paradigm change in experimental biology, due to the 
affirmation of systems biology and synthetic biology. 

 Great interest has been focused on the semi - synthetic minimal cells, 
a concept that was present in our seminal work at the ETH in 
Zurich  [9, 10] , and further developed in recent studies  [11 – 16] . In this 
chapter, which is largely based on the discussion published in  Naturwissen-
schaften   [12] , we wish to review the recent theoretical and experimental 
approaches for the construction of such semi - synthetic minimal cells. 
The issue of  “ minimal genome ”  will be introduced first, followed by a 
short discussion on the issue of minimal cellular size. Greater emphasis 
will be given to experimental approaches for synthesizing cells, sum-
marizing successful achievements, and envisaging future developments, 
also discussing the complications that must be faced before attaining 
the first man - made living cell. Our approach is now considered within 
the mainstream of synthetic biology as one at the side of  “ total recon-
struction, ”  namely not based on manipulation of already - existing organ-
isms. Its dual relevance as a conceptual tool and as a generator of 
potential biotechnological devices is well recognized. The minimal cell 
of Craig Venter and collaborators, in contrast, stems from the combina-
tion of a minimal genome, realized by chemical synthesis, with an exist-
ing cell deprived of its own  “ natural ”  genome. We will not discuss this 
approach here; the interested reader should refer to original publications 
 [17 – 19]   [100] .  

   11.2    THE MINIMAL GENOME 

 The issue of the minimal genome is the first aspect we would like to 
discuss within the framework of minimal cells. In order to put this discus-



SEMI-SYNTHETIC MINIMAL LIVING CELLS  251

sion into a more concrete perspective, we will follow the classical view, 
which originates from a comparative genomics approach focused at the 
smallest unicellular organisms. Then, we will evaluate if further reduc-
tions are possible  –  at least in principle  –  introducing hypotheses that are 
more oriented towards the origin and developments of primitive cells. 

 Figure  11.1  compares the genome size distribution calculated under 
a series of assumptions  [20] , of free - living prokaryotes, obligate para-
sites, thermophiles, and endosymbionts. The values of DNA content of 
free - living prokaryotes can vary over a tenfold range, from the 1450   kb 
of  Halomonas halmophila  to the 9700   kb genome of  Azospirillum lipof-
erum  Sp59b. In comparison, consider that  Escherichia coli  K - 12 has a 
genome size of approximately 4640   kb and  Bacillus subtilis  is 4200   kb.   

 Classification of endosymbionts as a separate group shows that their 
DNA content may be significantly smaller; the smallest sizes are then 
those of  Mycoplasma genitalium  (580   kb) and  Buchnera aphidicola BCc  
(420   kb), with values that confirm the predictions of Shimkets  [21] , 
according to whom the minimum genome size for a living organism 
should be approximately 600   kb. It is argued that these two organisms 
have undergone massive gene losses and that their limited encoding 
capacities are due to their adaptation to the highly permissive intracel-
lular environments provided by the hosts  [20] . 

     Figure 11.1     Prokaryotic genome size distribution ( n     =    641). Genome sizes, com-
plete proteomes, and the number of open reading frames were all retrieved from the 
National Center for Biotechnology Information ( http://www.ncbi.nlm.nih.gov )  [20]  
 (Reprinted from  [12]  with kind permission from Springer Science + Business Media)   
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 What do these figures mean in terms of minimal gene numbers? Table 
 11.1 , also taken from Islas  et al.   [20] , reports the number of coding 
regions in some small genomes. The table also gives an account of the 
redundant genes, amounting to an average of 6 – 20% of the whole 
genome. How is it then possible to define a  “ universal ”  minimal cellular 
genome from current genomic knowledge? We will follow here a recent 
review of Moya  et al.   [22]  that discusses in detail the theoretical aspects 
of defining a minimal genome. The first attempt was made by compara-
tive genomics  [23] , soon after the first two bacterial genomes, from 
 Haemophilus influenzae  and  M. genitalium , were sequenced. According 
to their analysis, a minimal genome of 256 genes was considered as 
 “ essential ”  to cellular life. However, as the authors pointed out, since 

  Table 11.1    Genetic redundancies in small genomes of endosymbionts and obligate 
parasites  a   

   Proteome     Genome size 
(kb)  

   No. of 
ORFs  

   No. of 
redundant 
sequences  

   Redundancy 
(%)  

   Mycoplasma 
genitalium   

  580    480    52    10.83  

   Mycoplasma 
pneumoniae   

  816    688    134    19.48  

   Buchnera  sp. 
APS  

  640    574    67    11.67  

   Ureaplasma 
urealyticum   

  751    611    105    17.18  

   Chlamydia 
trachomatis   

  1000    895    60    6.70  

   Chlamydia 
muridarum   

  1000    920    60    6.52  

   Chlamydophila 
pneumoniae  
J138  

  1200    1070    148    13.83  

   Rickettsia 
prowazekii   

  1100    834    49    5.88  

   Rickettsia 
conorii   

  1200    1366    189    13.84  

   Treponema 
pallidum   

  1100    1031    78    7.57  

     a    Genome sizes, complete proteomes, and the number of ORFs (open reading frames) were all 
retrieved from NCBI ( http://www.ncbi.nlm.nih.gov ).  Reprinted from  [12]  with kind permission 
from Springer Science + Business Media.    
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many essential functions may be carried out by nonorthologous pro-
teins, the comparative approach may not be sufficient to determine the 
minimal genome correctly. Three different experimental approaches 
have been used to identify genes that are essential under particular 
growth conditions: massive transposon mutagenesis strategies (the most 
widely used approach), the use of antisense RNA to inhibit gene expres-
sion, and the systematic inactivation of each individual gene present in 
a genome (a summary of such work, which does not pretend to be 
complete, is shown in Table  11.2 . Further reference to original work 
can be found in  [33] ).   

 By the combination of all published results using computational and 
experimental methods, including reduced genomes from insect endo-
symbionts, Moya and coworkers defined the minimal gene set of 206 
genes for a free - living bacterium thriving in a chemically rich environ-
ment  [33, 34] ; see Table  11.3  and Figure  11.2 .     

  Table 11.2    Works on the minimal genome 

   Description of the system     Main goal and results     Ref.  

  The complete nucleotide 
sequence (580   070 base pairs) 
of the  Mycoplasma 
genitalium  genome has been 
determined by whole - genome 
random sequencing and 
assembly.  

  Only 470 predicted coding 
regions were identified (genes 
required for DNA replication, 
transcription and translation, 
DNA repair, cellular transport, 
and energy metabolism).  

   [24]   

  Site - directed gene disruption in 
 Bacillus subtilis   

  The values of viable minimal 
genome size were inferred  

   [25]   

  The 468 predicted  M. 
genitalium  protein sequences 
were compared with the 1703 
protein sequences encoded by 
the other completely 
sequenced small bacterial 
genome, that of  Haemophilus 
influenzae   

  A minimal self - sufficient gene 
set: the 256 genes that are 
conserved in these two 
bacteria, Gram - positive and 
Gram - negative respectively, are 
almost certainly essential for 
cellular function  

   [23]   

  Computational analysis 
(quantification of gene 
content, of gene family 
expansion, of orthologous 
gene conservation, as well as 
their displacement)  

  A set close to 300 genes was 
estimated as the minimal set 
sufficient for cellular life  

   [26]   

(Continued)
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   Description of the system     Main goal and results     Ref.  

  Global transposon mutagenesis 
was used to identify 
nonessential genes in 
 Mycoplasma  genome  

  265 to 350 of the 480 protein -
 coding genes of  M. genitalium  
are essential under laboratory 
growth conditions, including 
about 100 genes of unknown 
function  

   [27]   

  Several theoretical and 
experimental studies are 
reviewed  

  The minimal - gene - set concept     [28]   

  The article focuses on the 
notion of a DNA minimal cell  

  The conceptual background of 
the minimal genome is 
discussed  

   [29]   

  A technique for precise genomic 
surgery was developed and 
applied them to deleting the 
largest K - islands of 
 Escherichia coli , identified by 
comparative genomics as 
recent horizontal acquisitions 
to the genome  

  12 K - islands were successfully 
deleted, resulting in an 8.1% 
reduced genome size, a 9.3% 
reduction of gene count, and 
elimination of 24 of the 44 
transposable elements of  E. 
coli . The goal was to construct 
a maximally reduced  E. coli  
strain to serve as a better 
model organism  

   [30]   

  Physical mapping of  Buchnera  
genomes obtained from five 
aphid lineages  

  They suggest that the  Buchnera  
genome is still experiencing a 
reductive process toward a 
minimum set of genes 
necessary for its symbiotic 
lifestyle  

   [31]   

  Computational and 
experimental methods on 
comparative genomics  

  60 proteins are common to all 
cellular life. A core of 500 –
 600 genes should represent the 
gene set of the last universal 
common ancestor  

   [32]   

   Buchnera  and other organism 
genomes were compared  

  206 genes were identified as the 
core of a minimal bacterial 
gene set  

   [33]   

  Comparative genomics    Estimates of the size of minimal 
gene complement were done 
to infer the primary biological 
functions required for a 
sustainable, reproducing cell 
nowadays and throughout 
evolutionary times  

   [20]   

 Reproduced, with permission, from Luisi  et al.   [12]. Reprinted from  [12]  with kind permission 
from Springer Science + Business Media.  

Table 11.2 (Continued)
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     Figure 11.2     Pie chart representing the functions of the 206 genes composing the 
minimal genome as defined by Gil  et al.   [33]   

poorly characterized

protein processing,
folding, secretion

cellular processes

RNA metabolism

DNA metabolism

energetics
and intermediary
metabolism

  Table 11.3    Core of a minimal bacterial gene set  a   

  DNA metabolism        16  
     Basic replication machinery    13      
     DNA repair, restriction, and modification    3      
  RNA metabolism        106  
     Basic transcription machinery    8      
     Translation: aminoacyl - tRNA synthesis    21      
     Translation: tRNA maturation and modification    6      
     Translation: ribosomal proteins    50      
     Translation: ribosome function, maturation, and modification    7      
     Translation factors    12      
     RNA degradation    2      
  Protein processing, folding, and secretion        15  
     Protein post - translational modification    2      
     Protein folding    5      
     Protein translocation and secretion    5      
     Protein turnover    3      
  Cellular processes        5  
  Energetic and intermediary metabolism        56  
  Poorly characterized        8  
  Total        206  

     a     From Gil  et al.   [33] . Reprinted from  [12]  with kind permission from Springer Science + Business 
Media.    

 This rather low number of genes is already a considerable simpli fica-
tion of the gene number in existing cells. How would a cell behave with 
such a minimal genome? By the analysis of the genes present in the 
minimal set  [33] , we can derive a set of minimal functions implemented 
by the corresponding (hypothetical) minimal cell. It is clear from the 
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beginning that such minimal metabolic complexity is not  “ absolute, ”  
but is a function of the chemical compounds and the primary energy 
source(s) available to the living system in a given environment  [1] . 
According to these hypotheses  [33] , then, the min imal genome includes: 
(i) a virtually complete DNA replication machinery (13 genes); (ii) a 
rudimentary DNA repair system (three genes); (iii) a virtually complete 
transcription machinery (eight genes), not regulated; (iv) a nearly com-
plete translational system (98 genes, 50 of which are ribosomal pro-
teins); (v) genes for protein processing, folding, secretion, and degradation 
(15 genes); (vi) one gene for cell division; (vii) a basic (although incom-
plete) substrate transport machinery (four genes); (viii) genes for ener-
getic metabolism  –  that is, glycolysis and ATP synthesis (19 genes); (ix) 
the nonoxidative branch of the pentose pathway (three genes); (x) lipid, 
nucleotides, and cofactors biosynthesis (7, 15, and 12 genes respec-
tively), whereas amino acids, fatty acids, adenine, guanine, uracil, and 
cofactors precursors are supposed as provided by the environment; (xi) 
eight genes of unknown function. 

 Clearly, the theoretical discussion of minimal self - maintenance does 
not furnish details on the number of elements required to accomplish 
such a function. It very much depends on the nature of biopolymers 
used by the cell and by the  “ richness ”  of the environment in terms of 
biochemicals. In other words, the minimal genome (and, therefore, the 
definition of the components/functions required to implement cellular 
life) depends strongly on the definition of  “ available ”  substances and 
on the material implementation of a minimal cell. The reader will see 
some examples that clarify this point. In the next section we discuss a 
possible further reduction to the already low number of 206 genes, from 
the point of view of primitiveness, an aspect that cannot be derived from 
comparative genomics. A radically different case will be presented later, 
the RNA (ribozyme) - based minimal cell, where the properties of RNA 
(in terms of a combination of replicator and enzyme - like catalyst) are 
exploited to design a minimal chemical machine that obeys autopoietic 
logic and can be considered alive according to the three criteria men-
tioned above. 

   11.2.1    Further Reductions 

 In this section we would like to speculate on further reductions to the 
minimal gene set (206 genes) defined by Moya and coworkers  [33] . 
Imagine a kind of theoretical knock down of the genome, reducing, 
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at the same time, cellular complexity and part of the nonessential func-
tions  [29] . 

 The first pit stop of this intellectual game is to imagine that low 
molecular weight compounds, including nucleotides, amino acids, fatty 
acids, cofactors, etc., were available in the surrounding medium and 
able to permeate into the cell membrane, even if at a low rate. This 
would be a semipermeable minimal cell, where low molecular weight 
compounds are able to enter/exit the cell according to chemical gradi-
ents, whereas (and this is important) high molecular weight compounds 
(which carry function and information) are not. This finally brings us 
to a cell able to perform protein and lipid biosynthesis by a modern 
ribosomal system, but limited to a rather restricted number of enzymes 
 –  see Table  11.4   [29] . This cell would have approximately 25 genes for 
the entire DNA/RNA synthetic machinery, approximately 120 genes for 
the entire protein synthesis (including RNA synthesis and the 55 ribos-
omal proteins), and four genes for the synthesis of the membrane. Which 
brings us to a total of about 150 genes.   

 Thanks to the outside supply of substrates, such a cell should be 
capable of self - maintenance and of self - reproduction, including replica-
tion of the membrane ’ s components. However, it would neither synthe-
size low molecular weight compounds nor have redundancies for its 
own defense and security (in fact, all self - repair mechanisms are missing). 
Also, cell division would simply be due to a physically based statistical 
process. 

 There is, of course, no proof that this theoretical construct would be 
viable  –  but this also goes for Moya ’ s 206 genes. It is, nevertheless, 
instructive to take these theoretical knock - down experiments further, 
the next victims being ribosomal proteins. Can we take them out? Some 
indications suggest that ribosomal proteins may not be essential for 
protein synthesis  [35] , and there are other suggestions about an ancient 
and simpler translation system  [36, 37] . 

 Of course, this sort of discussion takes us directly into the scenario of 
early cells at the origin of life, and, in fact, there are some claims that 
the first ribosomes consisted of rRNAs associated simply with basic pep-
tides  [38] . If we accept this, and take out the 55 genes for ribosomal 
proteins and some other enzymes, we would then land at a number of 
around 110 genes. 

 A large portion of the foreseen genes correspond to RNA and DNA 
polymerases. A number of data  [39 – 42]  suggest that a simplified repli-
cating enzymatic repertoire  –  as well as a simplified version of protein 
synthesis  –  might be possible. In particular, there is the idea that it is 
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conceivable that a single polymerase could play multiple roles as a DNA 
polymerase, transcriptase, and primase in very early cells  [29] . 

 The game could go on by assuming that, at the time of the early cells, 
not all  “ our ”  20 amino acids were involved  –  and a lower number of 
amino acids would reduce the number of amino acyl - tRNA - synthetases 
and the number of t - RNA genes. 

 All these considerations may help to decrease the number of genes 
down to a happy number of, say, 45 – 50 genes (see Table  11.4 ) for a 
living, although certainly limping, minimal cell  [29] . 

 This number is significantly lower than the one proposed by Moya 
in Table  11.3 , but is, of course, based on a higher degree of speculation. 
Many authors would doubt that a cell with only 45 – 50 genes would be 
able to work. But again, the consideration goes on to the early cells, 
and to the consideration that the first cells could have not started with 
dozens of genes from the very beginning in the same compartment. 

 This last consideration permits a logical link with the notion of com-
partments, and on their role in the origins of functional cells. 

 Suppose that these 45 – 50 macromolecules (or their precursors) devel-
oped first in solution. Then, in order to start cellular life, compartmenta-
tion would have come later on, and one would then have to assume the 
simultaneous entrapment of all these different genes in the same vesicle. 
This could indeed be regarded as highly improbable; in fact, a scenario 
in which the complexity of cellular life evolved from within the compart-
ment is more reasonable  –  a situation namely where the 45 (or 206) 
macromolecules were produced and evolved from a much smaller group 
of components from the inside the protocell. 

 Until now we have speculated on  “ normal ”  protein/DNA/RNA cells, 
the ones we know in nature. In a further speculative leap we could ask 
the question: what about a theoretical RNA cell? Let us briefly consider 
this question before proceeding further with the discussion on the 
minimal size of cells.   

   11.3    THE MINIMAL  RNA  CELL 

 One of the simplest constructs that responds to the criteria of evolvabil-
ity, self - maintenance, and reproduction is the so - called  “ RNA cell ”  
(Figure  11.3 ). This object, not yet observed or realized in the laboratory, 
was developed in a landmark paper by Szostak  et al.   [43] . It represents 
an attempt to furnish a synthesis of the RNA - world and the compartment -
 world models.   
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 In this case, the combined  “ genetic ”  and catalytic properties of 
ribozymes play a central role. The RNA cell consists of a vesicle con-
taining two idealized ribozymes: a replicase and a lipid synthase. The 
first ribozyme is capable of replicating a copy of itself, producing a 
complementary RNA strand that is replicated again (as in the mecha-
nism of RNA replication catalyzed by Q β  replicase, an RNA - dependent 
RNA polymerase). The second ribozyme is replicated by the first one 
by a similar mechanism. The second ribozyme, however, being a lipid 

     Figure 11.3     The RNA cell, containing two ribozymes. Rib - 1 is an RNA replicase 
capable of reproducing itself and making copies of Rib - 2. Rib - 2 is capable of syn-
thesizing the cell membrane by converting precursor A to membrane - forming S. All 
necessary low molecular weight components required for macromolecular synthesis 
are provided from the surrounding medium and are capable of permeating the 
membrane. For the sake of simplicity, an ideal cell division is represented in this 
figure, where all core components are equally shared between new vesicles ( Reprinted 
from  [12]  with kind permission from Springer Science + Business Media)   

nucleotides

nucleotides

nucleotides

rib-1

rib-1

rib-1

rib-2

rib-1

rib-1

rib-2

rib-2

rib-2

rib-2

AA

A

A

A

S

S S S S
S

S S

S S

S
SS

SS

S

S

S

S

S

S

SSS S

S

S

S

S

A



262 COMPLEX SYSTEMS

synthase, is able to transform lipid precursors into the membrane -
 forming compound, allowing the growth and the subsequent division 
of the parent vesicle. In this way, a concerted core - and - shell reproduc-
tion of the entire construct could be obtained. 

 As mentioned previously, this is a hypothetical scheme, based on not -
 yet - existing ribozymes and a series of additional assumptions; for 
example, the full permeability of the membrane to the precursor A and 
nucleotides, both present in large excesses in the environment, or the 
assumption that the cell divides distributing both kinds of ribozyme in 
the daughters (so that in each cell there are always first and second 
ribozyme types). Moreover, it is not clear how the cell may manage the 
increase of concentration of complementary RNA strands, which accu-
mulate at each cycle. 

 The construct of Figure  11.3 , though quite exciting for its simplicity 
(only two genes!), remains a theoretical model; also, bearing in mind 
that the two ribozymes required for this construction are still nonexist-
ent. Clearly, the RNA cell  –  in a historical scenario  –  must eventually 
evolve into the DNA/protein cell. Nevertheless, if we focus on the pos-
sibility of realizing a synthetic cell, RNA - based cells are simpler than 
the corresponding DNA/proteins - based ones, and it will be certainly 
possible (in the near future) to design and implement simple ribozyme -
 based compartmentalized systems capable of reproducing interesting 
cellular patterns.  

   11.4    THE MINIMAL SIZE OF CELLS 

 The other side of cell minimization concerns the minimal physical 
dimension of the cell  –  namely, the dimension that still permits cellular 
life. These two aspects, minimal genome and minimal size, are obviously 
connected to one another, being also related to evolutionary paths and 
to the environment conditions. 

 The issue of size limits of very small microorganisms has recently been 
discussed by focusing on the complexity of modern and early cells, its 
relation to viability, biochemical requirements, as well as physical and 
evolutionary constraints  [44] . As we have seen, microorganisms that 
receive many basic nutrients and metabolites from their  “ environment ”  
need fewer genes, as observed in intracellular mutualists, or host -
 associated parasites. The sizes of such microorganisms range from about 
0.3 to 0.5    μ m. 

 Together with a reduction of number of molecular species, a reduction 
in size is possible only if the number of copies of each species is reduced. 
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It follows that the efficiency and the reproduction rate of hypothetical 
small cells should decrease. According to stringent assumptions (e.g. one 
ribosome, one t - RNA set, one m - RNA for each of 100 non - ribosomal 
proteins, each present in 10 copies), the diameter of a spherical cell 
compatible with a modern system of genome expression would be 
between 200 and 300   nm  [44] . Small cells may be favored in diffusion -
 limited growth conditions, thanks to their high surface - to - volume ratio, 
and also by the fact that (at a given membrane composition) small cells 
can sustain typical values of bacterial osmotic pressure and, therefore, 
avoid the construction of cell walls (this, in turn, would reduce the 
amount of DNA, i.e., the sequences that codify for the construction of 
the cell walls)  [45] . 

 In addition to these theoretical considerations, we should mention the 
controversial reports on  “ nanobacteria ”   [46] , which are particles found 
in human and cow blood, with dimensions around 200   nm (diameter). 
It has recently been pointed out that the bacterial status of nanobacteria 
is still lacking satisfactory evidence, and the term  “ calcifying nanopar-
ticles ”  has recently been adopted to describe such bodies  [47] . Other 
authors have reported on similar tiny corpuscles, but generally it is 
not clear whether they are  “ living ”  in the common sense of bacterial 
life  [48] . 

 It is clear from this analysis that the question about the minimal size 
of a cell is still open  –  and that is a relevant question. The clarification 
of such a question would be important in the field of the origin of life, 
as it is conceivable that the origin of cells started with minimal protocells 
( < 200   nm?) along the pathway of evolution  –  and it is then interesting 
to assess whether and to what extent small compartments may permit 
life. The question becomes particularly timely in the present era of syn-
thetic biology, as it has become possible to construct molecular systems 
in the laboratory which display living (or living - like) properties, as in 
the case of the semi - synthetic minimal cells. In fact, a recent published 
experimental study (see below) was specifically designed in order to 
address the question of minimal size of cells.  

   11.5    CURRENT EXPERIMENTAL APPROACHES FOR 
THE CONSTRUCTION OF MINIMAL CELLS 

 Although the complexity of a minimal cell based on protein synth-
esis inside liposomes is certainly higher and probably less historically 
realistic than RNA (ribozyme) - based minimal cells (see previous section), 
it has the great advantage of being experimentally accessible. In fact, 
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genes, ribosomes, enzymes, and all the molecular components needed 
are available to the experimenter, whereas the ribozymes indicated in 
the previous section are not. In other words, a scientist may design and 
construct in the laboratory a semi - synthetic cell based on the encapsula-
tion of genes, ribosomes, and enzymes within lipid vesicles. 

 From the theoretical point of view, a DNA/protein cell cannot be 
considered  “ prebiotic. ”  In fact, it is not. It must be clarified from the 
beginning within which framework the research on semi - synthetic 
minimal cells is placed. 

 Traditionally, people working in the area of prebiotic chemistry have 
been interested in reproducing, in the laboratory, all the steps that led 
to the origins of the first living cell by pursuing the so - called  “ bottom -
 up ”  approach, based on the notion that a continuous and spontaneous 
increase of molecular complexity transformed inanimate matter into the 
first self - reproducing cellular entities. The impressive work on recon-
struction of such paths, done in the last 60 years, was aimed at achieving 
such a result, in a stepwise and allegedly prebiotic fashion. For a number 
of reasons, this approach has not yet been successful, and several experi-
mental and conceptual problems (i.e. the historical nature of such path, 
more related to contingency than to strictly deterministic routes) 
somehow hinder this research. Nevertheless, a large number of scientists 
are actively involved in such an approach. There is, however, another 
way of looking at the same problem (i.e. the emergence of living cells) 
that has been proposed in the last few years, as indicated in Figure  11.4 . 
This corresponds to a different approach that starts conceptually from 
modern cells and reduces their complexity in order to arrive at a  minimal  

     Figure 11.4     The semi - synthetic approach to the construction of the minimal cell. 
Reproduced, with permission from Luisi et al.  [12]   

enzymes

DNARNA

LIPIDS



SEMI-SYNTHETIC MINIMAL LIVING CELLS  265

living cell. From the practical viewpoint, extant nucleic acids, ribos-
omes, and enzymes are encapsulated in a suitable compartment (gener-
ally liposomes) so that a minimal cell is, therefore,  constructed.  The 
term  “ top - down ”  was initially used to define the engineering idea behind 
this approach. However, it should be noted that, from the experimental 
point of view, the construction of minimal cells starting from molecules 
(even if these are modern, complex molecules) goes from a lower com-
plexity level (i.e. the molecules) to a higher one (i.e. the cell). In order 
to avoid confusion with other common uses of the term  “ top - down, ”  
the term  “ reconstruction ”  is perhaps more appropriate, making it clear 
that in this procedure one does not necessarily reach the construction 
of an extant cell or something that exists (or has existed) on Earth. The 
minimal cells obtained according to this strategy may be correctly called 
semi - synthetic, since natural macromolecules are used (modern genes, 
ribosomes, enzymes) that are synthetically/artificially assembled in a 
compartment such as a lipid or fatty acid vesicle (Figure  11.4 ).To date, 
studies on semi - synthetic minimal cells have a threefold relevance: (i) in 
the origins of life, they represent cell models and serve to demonstrate 
that life indeed emerges as a system property when a certain organiza-
tion pattern is reached  [49] ; (ii) in the field of autopoietic systems, being 
designed and constructed in order to behave according to an autopoietic 
organizational scheme  [50] ; (iii) in synthetic biology, since the bioengi-
neering approach ultimately aims to construct cells in order to accom-
plish specific functions  [51] . It must finally remarked that the construction 
process is itself a source of biological knowledge; therefore, epistemo-
logical considerations are often associated with the goal of synthesizing 
living cells  [52] .   

   11.5.1    Reactivity in Vesicles 

 Liposomes have been used for many years as cellular models. Possible 
analogies between vesicles and cellular membranes have often been 
considered in terms of physico - chemical properties, such as stability, 
permeability, self - reproduction, and so on, to see whether (and to what 
extent) vesicles are close to cellular structures. The second area of 
inquiry considers the use of vesicles as hosts for complex molecular 
biological reactions, to see if the biochemistry of cellular life can be 
reconstructed inside vesicles. 

 Concerning the first area of study, it has been shown that vesicles 
are capable of multiplying themselves at the expense of surfactant 
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precursors  [53, 55, 74] ; and under certain conditions this may happen 
with the retention of the original size distribution (the so - called matrix 
effect; see Refs  [56 – 59] ). It is not the aim of this chapter to review all 
these data, but it is important here to keep in mind that one of the most 
critical mechanisms of living cells can be simulated by vesicles based 
only on physical and chemical properties; that is, without the use of 
sophisticated biochemical machineries. This consideration is relevant if 
one focuses on the prebiotic scenario. 

 Another important, preliminary physico - chemical property is the 
membrane permeability to solutes. Here, things are more complicated, 
as lipid vesicles (liposomes) offer a considerable resistance to the uptake 
of simple biochemicals in their water pool. This is particularly true 
with phospholipid membranes, which are commonly used as models 
for the bilayer of modern membranes. Note, however, that phospholi-
pids should be considered  “ modern ”  compounds in the evolutive scale, 
and most likely the first membranes and vesicles were constituted 
by other surfactants, such as fatty acids, which could offer higher 
permeability (although possibly less stability) by virtue of their diffe-
rent chemical structure and also presumable chemically heterog-
eneous composition. It is reasonable, in fact, that early cells might 
have been somehow more  “ permissive ”  in terms of boundary properties 
and functions. In a recent study, Szostak and coworkers investigated 
the permeability of nucleotides in mixed fatty acid vesicles  [60] . It was 
shown that (i) myristoleate   :   glycerol monomyristoleate (2   :   1) vesicles, 
(ii) decanoate   :   1 - decanol   :   glycerol monodecanoate (4   :   1   :   1), and (iii) 
myristoleate   :   farnesol (2   :   1) allowed the entrance of an activated nucle-
otide into the vesicles. Template - directed (polymerase - free) oligomeriza-
tion inside the vesicle followed the uptake. The use of membrane 
channels is an alternative. Alpha - hemolysis  [61]  and porines  [62 – 65]  
have recently been used for this aim, but this method has not been 
standardized, although it can be considered successful. Within the 
framework of primitive cells, however, the effect of simple peptides on 
the membrane permeability appears much more interesting. The main 
conceptual problem is how to bring together several components into 
a lipid vesicles, so that the required concentration and compo sition 
can be achieved. It has been suggested that this difficulty might be par-
tially circumvented if two or more liposomes, each containing 
a given substrate, could fuse together so as to produce liposomes 
containing all reagents  [11] . In fact, fusion of vesicles is becoming 
an active area of research, and interesting results have already been 
obtained  [66 – 69] . 
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 Let us now focus on compartmentalized biochemical reactions in 
liposomes. A significant amount of experimental work has paved the 
way to more recent and complex developments. Such initial research 
has been collected in Table  11.5 , under the heading of  “ molecular 
biology reactions inside liposomes. ”    

 For example, the biosynthesis of poly(A)  –  a model for RNA  –  was 
reported independently by two groups  [54, 70] . In both cases a polynu-
cleotide phosphorylase (PNPase) was entrapped into vesicles, and the 
synthesis of poly(A), which remained in the aqueous core of such vesi-
cles, was observed. In one case  [54]  the internal poly(A) synthesis 

  Table 11.5    Molecular biology reactions into liposomes 

   Description of the system     Main goal and results     Ref.  

  Enzymatic poly(A) synthesis    Poly(A) is produced inside 
simultaneously with the 
(uncoupled) self - reproduction 
of vesicles  

   [54]   

  Enzymatic poly(A) synthesis    Polynucleotides phosphorylase 
producing poly(A) from ADP  

   [70]   

  Oleate vesicles containing the 
enzyme Q β  replicase, an 
RNA template, and 
ribonucleotides. The 
water - insoluble oleic 
anhydride was added 
externally  

  A first approach to a synthetic 
minimal cell: the replication 
of a RNA template proceeded 
simultaneously with the 
self - replication of the vesicles  

   [71]   

  POPC liposomes containing 
all different reagents 
necessary to carry out a 
PCR reaction  

  DNA amplification by the PCR 
inside the liposomes; a 
significant amount of DNA 
was produced  

   [75]   

  T7 DNA within cell - sized 
giant vesicles formed by 
natural swelling of 
phospholipid films  

  Transcription of DNA and 
transportation by laser 
tweezers; vesicles behaved as 
a barrier preventing the attack 
of Rnase  

   [72]   

  DNA template and the 
enzyme T7 RNA 
polymerase microinjected 
into a selected giant 
vesicle; nucleotide 
triphosphates added from 
the external medium  

  The permeability of giant 
vesicles increased in an 
alternating electric field; 
mRNA synthesis occurred  

   [73]   

 Reprinted from  [12]  with kind permission from Springer Science + Business Media. 
  POPC: 1 - palmitoyl - 2 - oleoyl - sn - glycero - 3 - phosphatidylcholine.  
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proceeded simultaneously by the reproduction of the vesicle shell, due 
to external addition of a membranogenic precursor (oleic anhydride). 

 A more suggestive example was provided shortly after  [71]  with the 
use of Q β  replicase, an enzyme that replicates an RNA template. Also 
in this case, the replication of a core component was coupled with a 
replication of the vesicle shell. With an excess of Q β  replicase/RNA 
template, the replication of RNA could proceed for a few generations. 

 This system, as well as the previous one by Walde  et al.   [54] , is inter-
esting because it represents a case of  “ core and shell replication, ”  in 
which both the inside of the core and the shell itself undergo duplica-
tion. However, the limitations of this analogy should be clear; in fact, 
a real core - and - shell reproduction should be synchronous, which was 
not the case. 

 In particular, even if the RNA template and vesicle shell are both 
replicating, the Q β  replicase is not continuously produced in the process; 
thus, the system undergoes a  “ death by dilution. ”  After a while the new 
vesicles will not contain either enzyme or template; therefore, the con-
struct cannot reproduce itself completely. 

 A more recent example of exploitation of Q β  replicase has been pro-
vided by the group of Yomo  [76] . The system is composed of an RNA -
 containing vesicle that behaves as follows. The first messenger RNA 
strand (sense sequence) codifies for the Q β  replicase, which is synthe-
sized in situ by ribosomes. Once formed, Q β  replicase replicates the 
sense RNA strand, to give the antisense strand, and, in the next cycle, 
a new sense RNA chain. In this way, a genetic polymer (the RNA) pro-
duces an enzyme (Q β  replicase) that produces the polymer, and so on. 
Clearly, antisense RNA strands accumulate in the vesicle. Yomo and 
coworkers took advantage of this fact to produce a second enzyme ( β  -
 galactosidase), coded by the antisense strand. This elegant work shows 
that genetic polymers and their products may replicate together (in a 
coordinated way) inside a synthetic cell. 

 Another complex biochemical reaction implemented in liposomes is 
the  polymerase chain reaction  ( PCR )  [75] . Liposomes were able to 
endure the hardship of the PCR conditions, with several temperature 
cycles up to 90    ° C (liposomes were practically unchanged at the end of 
the reaction). In addition, nine different chemicals had to be encapsu-
lated in each liposome for the reaction to occur. Depending on the 
liposome formation mechanism and on the concentration of the chemi-
cals, the entrapment efficiency can be different from what is expected 
on a statistical basis. In particular, it is not obvious that all nine chemi-
cals are simultaneously trapped within one liposome. A more recent, 
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and prebiotically oriented, study on template - directed DNA elongation 
is the above - mentioned work by Szostak and coworkers  [60] . 

 Table  11.5  also reports the work of Fischer  et al.   [73]  on mRNA 
synthesis inside giant vesicles utilizing a DNA template and T7 RNA 
polymerase, and the transcription of DNA by Tsumoto  et al.   [72] . 
Further considerations on polymerase activity inside vesicles have been 
reported by Monnard  [77] . 

 Apart from the above - mentioned studies, there are not many other 
data on the formation of biooligomers or biopolymers inside vesicles. 
Clearly, such studies have great relevance in origin - of - life scenarioes, 
since the formation of the first biopolymers inside vesicles may have 
some functional advantage when compared with the formation in bulk 
solution. In fact, vesicles may protect the newly formed biopolymer 
from chemical attack by all those compounds which are present in the 
external medium, as well as maybe furnishing a compartmentalized 
milieu for the occurrence of otherwise difficult reactions. 

 An important additional aspect of the systems described in this chapter 
is that these studies were a prelude to more advanced cell models, 
explicitly pointing toward the laboratory construction of minimal  living  
cells. With this goal being very ambitious and probably approachable 
only by a stepwise strategy, many of the current approaches focus on 
the synthesis of liposome - based bioreactors which are able to express 
functional proteins and carry out some simple function.  

   11.5.2    Protein Expression in Liposomes 

 In the previous section we reviewed the occurrence of rather complex 
biochemical reactions in liposomes. Where the construction of a minimal 
cell is concerned, however, it is easily recognized that the machinery of 
protein synthesis represents the main challenging function to be recon-
structed within liposomes. In fact, according to the composition of a 
minimal genome, protein synthesis plays a key role in the metabolism 
of a hypothetical minimal cell based on about 200 genes. Proteins, 
which are synthesized by the ribosomal machinery, may then accomplish 
all other minimal functions such as replicating DNA, synthesizing RNA 
(messenger, transfer, ribosomal), and creating channels in the lipid 
membrane. Moreover, proteins may translate electrochemical gradients 
into biochemical energy (ATP) and synthesize or degrade chemical 
messengers. From the point of view of cell organization, protein synthe-
sis recursively stems from earlier protein synthesis, and it is really a core 
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function of minimal cells that can be synthesized in the laboratory; that 
is, minimal cells based on modern biochemical mechanisms. 

 How many genes are conceptually involved in a minimal DNA/protein 
cell that performs protein synthesis? Well, this question is also not easy 
to elicit from current data, as a calculation of the genes/enzymes involved 
has not been fully discussed in the literature. Often, commercial cell 
extracts are used for protein expression, and these are notoriously black 
boxes where the number of enzymes is not made known. Quite recently, 
however, Takuya Ueda (Tokyo University) reported on the first totally 
reconstituted cell - free protein - expression system, called the  PURE  
( protein synthesis using reconstituted elements ) system  [78] , which is 
now considered the standard for the constructive/synthetic biology of 
minimal cells  [79, 80] . The system, now commercially available with 
the trade name PURESYSTEM ® , consists of a mixture of enzymes, 
translation factors, ribosomes, t - RNAa, and other energy - recycling 
enzymes, plus (of course) low molecular weight compounds. The com-
position of the PURESYSTEM is give in Table  11.6 . When we focus 
only on proteins, we count 36 different components, which correspond 
to 36 genes. However, if the 55 prokaryotic ribosomal proteins are 
considered, this number becomes 91. When three rRNAs and 46 tRNAs 
are included  [81] , the overall number of independent genes that codify 
for the whole PURESYSTEM reaches 140. An up - to - date overview of 
the work done, limited to the expression of proteins in liposomes, is 
presented in Table  11.7 . The common strategy adopted in these studies 
consists in the entrapment of all ingredients required for the  in vitro  
protein expression in the aqueous core of liposomes.   

 The first work dates back to 1999, at the ETH in Zurich, where 
Oberholzer  et al.   [82]  demonstrated the production of the polypeptide 
poly(Phe) starting from poly(U) as RNA template. By co - entrapping 
poly(U), phenylalanine, ribosomes, tRNA Phe , and translational factors 
inside lecithin vesicles, it was shown that poly(Phe) was synthesized with 
an efficiency only 20 times lower than the control experiment in bulk 
solution (without liposomes). The authors argued that the yield was 
actually surprisingly high, considering that the liposomes occupy only 
a very small fraction of the total volume, and that only a very few of 
them would contain all the ingredients by the statistical entrapment. 

 Two years later, Yomo, Urabe and coworkers  [83]  reported for the 
first time the expression of a  functional  protein ( green fluorescent 
protein ,  GFP ) inside lecithin liposomes. The synthesis of fluorescent, 
well - folded GFP inside large vesicles was proved by flow cytometry and 
confocal laser microscopy. 
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  Table 11.6    Composition of the PURESYSTEM  [78]  

   No. of different 
macromolecules  

   Type     Specification     Source  

  1    RNA 
polymerase  

  T7 RNA polymerase    Recombinant   a     

  10    Translation 
factors  

  IF1; IF2; IF3; EF - G; 
EF - Tu; EF - Ts; RF1; 
RF2; RF3; RRF.  

  Recombinant   a     

  20    aa - t - RNA 
synthetases  

  AlaRS; ArgRS; 
AsnRS; AspRS; 
CysRS; GlnRS; 
GluRS; GlyRS; 
HisRS; IleRS; 
LeuRS; LysRS; 
MetRS; PheRS; 
ProRS; SerRS; 
ThrRS; TrpRS; 
TyrRS; ValRS  

  Recombinant   a     

  1    Others    Methionyl - tRNA 
formyltransferase  

  Recombinant   a     

  4    Energy 
recycling 
enzymes  

  creatine kinase; 
myokinase; 
nucleoside 
diphosphate 
kinase; 
pyrophosphatase  

  Recombinant   a     

  46   b       t - RNAs        56 AU 260 /mL 
t - RNA mix 
(Roche)  

  3 r - RNA and 
55 proteins  

  Ribosomes        Purified from 
 E. coli   

      Low 
molecular 
weight 
compounds  

  20 amino acids; ATP; 
GTP; CTP; UTP; 
creatine phosphate; 
potassium 
glutamate; 
magnesium 
acetate; 
spermidine; DTT; 
10 - formyl - 5,6,7,8 -
 tetrahydrofolic 
acid; HEPES 
potassium salt  

    

     a    His 6  - tagged recombinant proteins.  
    b    Calculated on the basis of Dong  et al.   [81] .   
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  Table 11.7    Protein expression in vesicles 

   Description of the system     Main goal and results     Ref.  

  POPC liposomes incorporating 
the ribosomal complex 
together with the other 
components necessary for 
protein expression  

  Ribosomal synthesis of 
polypeptides can be carried 
out in liposomes; synthesis 
of poly(Phe) was monitored 
via trifluoroacetic acid 
precipitation of the 
(14)C - labelled products  

   [82]   

  Liposomes from EggPC, 
cholesterol, DSPE - PEG5000 
used to entrap cell - free protein 
synthesis  

  Expression of a mutant GFP, 
determined with flow 
cytometric analysis  

   [83]   

  Small liposomes prepared by the 
ethanol injection method  

  Expression of EGFP evidenced 
by spectrofluorimetry  

   [10]   

  Gene - expression system within 
cell - sized lipid vesicles  

  Encapsulation of a gene -
 expression system; high 
expression yield of GFP 
inside giant vesicles  

   [84]   

  A two - stage genetic network 
encapsulated in liposomes  

  A genetic network in which 
the protein product of the 
first stage (T7 RNA 
polymerase) is required to 
drive the protein synthesis 
of the second stage (GFP)  

   [85]   

   E. coli  cell - free expression 
system encapsulated in a 
phospholipid vesicle, which 
was transferred into a feeding 
solution containing 
ribonucleotides and amino 
acids  

  The expression of the 
 α  - hemolysin inside the 
vesicle solved the energy 
and material limitations; 
the reactor could sustain 
expression for up to 4 ays  

   [61]   

  PURESYSTEM was encapsulated 
within lecithin vesicles and 
analyzed by flow cytometry  

  First example of 
PURESYSTEM usage for 
expressing proteins inside 
liposomes  

   [86]   

  PURESYSTEM was encapsulated 
within lecithin vesicles and 
analyzed by laser scanning 
microscopy  

  An explicit attempt to apply 
synthetic biology concepts 
to minimal cell construction  

   [79]   

  GFP was synthesized inside giant 
vesicles by entrapped 
PURESYSTEM. Vesicles were 
prepared by centrifugation of 
a pre - formed w/o emulsion  

  Further example of 
PURESYSTEM - based 
bioreactor based on giant 
vesicles  

   [87]   
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 In the procedure utilized by Oberholzer and Luisi  [10] , all ingredients 
required for protein expression were first mixed in water solution, and 
then liposomes were formed by the ethanol injection method. The 
increase of the fluorescence signal over time indicated that  enhanced 
GFP  ( EGFP ) was properly synthesized inside liposomes. 

 The direct observation of protein expression was accomplished by the 
procedure utilized by Nakatani and Yoshikawa ’ s team  [84] , by using 
giant vesicles. The progress of the reaction, observed by laser - scanning 
microscopy, indicates that the synthesis of rsGFP (red - shifted GFP) takes 
place inside giant vesicles with higher efficiency than in the bulk water 
reaction. The authors could also show that vesicles protect entrapped 
enzymes from proteinase   K, added externally. 

 More recently, based on their earlier report  [83] , Yomo and cowork-
ers were able to design and produce experimentally a two - level cascad-
ing protein expression  [85] . A plasmid containing the T7 RNA 
polymerase (with SP6 promoter) and a mutant GFP (with T7 promoter) 

   Description of the system     Main goal and results     Ref.  

   β  - Glucuronidase was expressed 
within multilamellar and 
multivesicular vesicles 
prepared by dehydration –
 rehydration method  

  A quantitative study of 
protein expression, carried 
out by flow - cytometric 
analysis  

   [88]   

  A minimal system for enzymatic 
lipid production inside 
liposomes was designed and 
realized by entrapping 
PURESYSTEMS inside lipid 
vesicles of proper composition. 
The reaction under study was 
the synthesis of phosphatidic 
acid from glycerol - 3 -
 phosphate and acyl - CoAs  

  G3PAT and LPAAT, two 
membrane proteins 
(membrane enzymes) can be 
expressed in functional way 
inside lipid vesicles. Proper 
substrates were converted 
into products by the two 
freshly synthesized enzymes, 
although in low yields  

   [89]   

  Vesicles of minimal size (radius 
100   nm) were used as cell 
model in order to assess the 
minimal cell size  

  EGFP was synthesized in lipid 
vesicles. Results can be 
explained by considering 
special entrapment 
mechanism and a 
corresponding enhanced 
concentration and activities 
within small lipid vesicles  

   [90]   

Table 11.7 (Continued)
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genes was constructed and entrapped into liposomes, together with an 
 in vitro  protein expression mixture  –  including SP6 RNA polymerase. 
Under these conditions, SP6 RNA polymerase drives the production 
of T7 RNA polymerase, which in turn induces the expression of the 
detectable GFP. 

 Of particular interest is the work by Noireaux and Libchaber  [61] . 
A plasmid encoding for two proteins was entrapped inside giant vesicles, 
together with the transcription – translation machinery. The plasmid 
sequence coded for EGFP and  α  - hemolysin genes. In contrast to the 
cascading network described above, now the second protein ( α  -
 hemolysin) does not have a direct role in the protein expression, but is 
involved in a different task. In fact, although  α  - hemolysin is a water -
 soluble protein, it is able to self - assemble as heptamer in the bilayer, 
generating a pore of 1.4   nm in diameter (cut - off  ∼ 3   kDa). It follows that 
externally added low molecular weight compounds may enter in the 
liposome, whereas enzymes, ribosomes, and genes could not escape 
from it. In this way, it was possible to feed the inner aqueous core of 
the vesicles, realizing a long - lived bioreactor, where the expression of 
the reported EGFP was prolonged up to 4 days. This work certainly 
represents an important milestone in the road map to the minimal cell, 
because the  α  - hemolysin pore permitted the uptake of small metabolites 
from the external medium and thus solved the energy and material 
limitations typical of the impermeable liposomes. 

 The next generation of systems based on cell - free protein expression 
machinery entrapped within liposomes utilizes the PURESYSTEM 
kit  [78, 91] . In 2006, Yomo and coworkers first reported on the entrap-
ment of PURESYSTEM inside liposomes, which were able to express 
functional (fluorescent) GFP  [86] . Similar results were reported by 
Murtas  et al.   [79] , who also greatly emphasized the principle of protein 
expression with a minimal number of  known  components, a concept 
that is proper to synthetic biology. It is, in fact, very important to remark 
that the use of reconstituted kits (instead of cell - extracts) is not a mere 
technical advancement. It represent a novel approach to the construc-
tion of semi - synthetic cells, by foreseeing that the investigator use a 
known mixture of biochemical elements, such as enzymes, ribosomes, 
tRNA, lipids, DNA, and small molecule in order to  “ build ”  a cell. This 
approach represents a paradigm shift from discovery - driven to 
hypothesis - driven biology. In the latter case, the experimenter formu-
lates hypotheses about a molecular system and tests/verifies/refutes them 
directly by constructing the system (assembling the parts). It is notewor-
thy that the creation of a Registry of Standard Biologial Parts ( http://
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parts.mit.edu ) by synthetic biologists, who adopt the parallelism between 
metabolic and genetic circuits with electrical/electronic ones. 

 Saito  et al.   [87]  did similar work on the expression of GFP by 
PURESYSTEM, but giant vesicles were used instead. A quantitative 
study of protein expression in multilamellar and multivesicular vesicles 
has been recently reported, again from Yomo and coworkers  [88] . 

 To conclude this part on protein expression inside liposomes, we must 
mention a very recent study done by us  [90] , and aimed to assess experi-
mentally the minimal cell size by employing the complex protein expres-
sion network as a paradigm of cell metabolism. In particular, we 
demonstrated that 200   nm (diameter) liposomes were surprisingly able 
to express a fluorescent protein (EGFP) in functional form. The study 
was done by using  E. coli  extracts as well as the PURESYSTEM kit. In 
addition to this important primary outcome, the experiments on protein 
synthesis in very small compartments gave a clue on a possible self -
 organizing mechanism operating during the formation of liposomes. In 
fact, although the expected probability for the formation of a small 
liposome containing all macromolecular elements of the PURESYSTEM 
is negligibly small ( ∼ 10  − 26 ), the observation of functional liposomes chal-
lenges the classical view of stochastic entrapment, by suggesting that 
solutes may be entrapped within liposomes at a concentration that is 
one order of magnitude greater than their nominal concentration in the 
bulk. Studies are currently devoted to investigating the mechanism of 
such an effect (similar aspects on entrapment of solutes in giant vesicles 
have been reported by Keating and coworkers  [92, 93] ). 

 Summarizing, in the last few years a handful of pioneering studies 
have appeared on protein expression within liposomes, and some of 
these reports evidenced the effect of  “ compartmentation ” ; that is, a 
higher yield of protein expression in the vesicles compared with the bulk 
buffer  [84, 90]   –  a very interesting fact deserving further investigation.  

   11.5.3    Future Developments towards Minimal Cells 

 Keeping in mind the notion of a minimal cell, analysis of the data pre-
sented in this chapter reveals what is still missing in order to proceed 
in this field. 

 For example, protein expression, as outlined in most salient experi-
ments of Table  11.7 , has been carried out without checking the number 
of enzymes/genes utilized in the work. Only recent developments, made 
possible by the use of PURESYSTEM, have explicitly considered the 
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number of (DNA - coded) macromolecules involved in a minimal cell 
model. Another essential element that is still missing to reach the ideal 
case of a minimal living cell is self - reproduction. In fact, none of the 
systems of Table  11.6  after having produced GFP is capable of repro-
ducing itself and giving rise to a new population of minimal cells. 

 A very interesting goal would be the achievement of vesicles self -
 reproduction by the endogenous synthesis of vesicle lipids. Two 
strategies can in principle be pursued: (i) incorporating first the enzymes 
that synthesize the lipids or (ii) starting from the corresponding genes; 
that is, expressing those enzymes within the vesicles. 

 Early attempts have been focused on the enzymatic production of 
lecithin in lecithin liposomes  [94] . The metabolic pathway was the so -
 called salvage pathway, which converts glycerol - 3 - phosphate to phos-
phatidic acid, then diacylglycerol, and finally phosphatidylcholine. The 
four enzymes needed to accomplish these reactions were simultaneously 
inserted in liposomes by the detergent depletion method, and the syn-
thesis of new phosphatidylcholine (10% yield) was followed by radioac-
tive labeling. Liposome transformation, followed by dynamic light 
scattering, showed that vesicles changed their size distribution during 
the process. 

 This was indeed a complex system, and it was realized later that one 
could theoretically stop at the synthesis of phosphatidic acid, as this 
compound also forms stable liposomes. Further studies  [95]  were ori-
ented to characterizing the process by means of overexpression in 
 E. coli  and reconstitution in liposomes of the first two enzymes of the 
phospholipid salvage pathway, in order to obtain self - reproducing vesi-
cles with only two enzymes. 

 Production of the cell boundary (as depicted in Figure  11.5 ) from 
within corresponds to the notion of autopoiesis  [50, 96, 97] .   

 The internal synthesis of lecithin in lecithin - liposomes would be a 
significant step forwards. In particular, it will be very interesting to see, 
given a certain excess of the two enzymes, how many generations the 
cell self - reproduction could go on for. 

 First of all, clearly, a lipid - synthesizing liposome is needed. A very 
recent study, carried out in our laboratory, shows that the first two 
enzymes of the above - mentioned lipid - salvage pathway can be synthe-
sized in functional form within liposomes  [89] . Glycerol - 3 - phosphate 
acyltransferase and lysophosphatidic acid acyltransferases have been 
successfully synthesized in functional (catalytically active) form. The 
significance of this study concerns two aspects. The first is technical: for 
the first time, integral membrane enzymes have been produced in active 
form  inside  lipid vesicles. Second, the two enzymes could work together 
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     Figure 11.5     A cell that makes its own boundary. The complete set of biomacro-
molecules needed to perform protein synthesis (genes, RNA polymerases, and ribos-
omes) is indicated as Rib. The product of this synthesis (indicated as E) is the 
complete set of enzymes for lipid (L) synthesis. After some growth and division 
cycles, some of the  “ new ”  vesicles might undergo  “ death by dilution. ”  ( Reprinted 
from  [12]  with kind permission from Springer Science + Business Media)   

amino acids, ATP, ...
amino acids, ATP, ...

Rib

Rib

Rib

A

A

A

A

L L L
LLL

L

E

E

L

L

L

L

L L

LL

L

L

L

LL

L

L

L

L

L

LL

L

 –  although in different redox conditions  –  to convert the precursors 
glycerol - 3 - phosphate and palmitoyl/oleoyl - CoAs, into 1 - palmitoyl - 2 -
 oleoyl -  sn  - glycerol - 3 - phosphate, a compound that forms bilayer mem-
branes  [98, 99] . 

 Suppose now we create a lipid - synthesizing minimal cell and that 
such a system synthesizes enough lipid molecules to allow membrane 
growth and division. Cleary, this cell is not yet  “ alive, ”  since the shell 
is reproduced by an internal mechanism, but all the components of 
the internalized core are not. Clearly, after a certain number of genera-
tions, the system would undergo  “ death by dilution, ”  because new 
 “ daughter ”  cells will form without all the required components to 
perform protein synthesis, for example. Moreover, since there is no way 
to control the division of solutes among the daughter cells during the 
act of division, it is possible that optimal core composition can be lost 
very early. 

 Finally, in order to get closer to the real minimal cell, there is the 
problem of further reduction of the number of genes. In all the systems 
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of Table  11.7  we are still dealing with ribosomal protein biosynthesis, 
and this implies 100 – 200 genes. We are still far from our ideal picture 
of a minimal cell and we can pose, once more, the question of how to 
devise actual experiments so as to reduce this complexity. 

 As a way of thinking, we must resort to the conceptual knock - down 
experiments; for example, those outlined in the work by Islas  et al.   [20]  
and Luisi  et al.   [29]   –  a simplification that also corresponds to a move-
ment towards the early cell. Simplification of the ribosomal machinery 
and of the enzyme battery devoted to RNA and DNA synthesis have 
been seen as the necessary steps. 

 Is this experimentally feasible? For example, can simple forms of rigid 
support for reactions and in particular protein biosynthesis be developed 
that are operative  in vitro  as ribosomes? Think of protein - free ribosomal 
RNA first. Can one operate, at costs of specificity, with only a very few 
polymerases? Similarly, it might not be necessary, at first, to have all 
possible specific tRNAs, but a few nonnspecific ones instead. One might 
even conceive experiments with a limited number of amino acids. 

 It is also possible to imagine a hierarchy of  “ minimal cells. ”  Some 
members of this hierarchy might require extensive resources from the 
environment, such as high - energy compounds. Others might be able to 
survive in a nutrient - poor environment, presumably more compatible 
with the  “ primordial soup. ”  In fact, it would be quite interesting and 
revealing to analyze the differences between different members.   

   11.6    CONCLUDING REMARKS 

 The definition of a minimal cell, as given at the beginning of this review, 
appears simple and provided with its own elegance. Conversely, the 
experimental implementations of minimal cells may not appear equally 
satisfactory and elegant. We have outlined the main difficulties possibly 
encountered in the construction of an ideal minimal cell and pointed 
out, for example, that, in the best of the hypotheses, death by dilution 
is one limitation; and self - reproduction is already one target that has 
not yet been accomplished. 

 One problem with the present literature on minimal cells is that the 
link between a  “ minimal genome ”  and the minimal cell is rather weak. 
It would, of course, be advisable for researchers working on minimal 
cells to  “ count ”  the genes that are active under their conditions and 
compare the figures with the figures given by researchers on the minimal 
genome. Even within these limitations, experimental attempts to build 
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a minimal cell are of great value in order to evaluate the specific 
simplification of the minimal genome. But not only this, the use of 
liposomes as a sophisticated  “ reaction vessel ”  is certainly instrumental 
in the technical realization of the minimal cell, but also has the added 
value of representing a possible route to the origin of early cells, 
emphasizing the manifold consequences of compartmentation as a pos-
sible role in self - organizing solutes so that functional cells can spontane-
ously form. 

 Constructs produced in the laboratory still represent poor models of  
full - fledged biological cells. This distance from fully biologically active 
cells makes it indeed premature to question possible hazards and bio -
 ethical issues in the field of minimal cells. 

 But there is still another very important topic that has not yet been 
discussed in due light by workers studying the minimal cell: the interac-
tion with the environment. Of course, the feeding of the minimal cell is 
taken somehow into consideration, but only as a passive reservoir of 
nutrients and/or energy. In fact, we believe that the next generation of 
studies on the minimal cell should incorporate more actively such inter-
actions with the surroundings, questioning, in particular, under which 
environmental conditions the minimal cell is able to perform its three 
basic functions. 

 Yet, these forms of  “ limping life, ”  in our opinion, represent a very 
interesting part of this ongoing research. In fact, these approximations 
to life, such as a cell that produces proteins and does not reproduce 
itself, or one that does reproduce for a few generations and then dies 
out of dilution, or a cell that reproduces only parts of itself, and/or one 
characterized by a very poor specificity and metabolic rate. 

 All these constructs are important because, most probably, similar 
constructs were intermediates experimented with by nature to arrive at 
the final goal: the full - fledged biological cell. Thus, the creation of these 
partially living minimal cells in the laboratory may be of fundamental 
importance to understanding the real essence of cellular life, as well as 
the historical evolutionary pathway by which this target may have been 
reached. In addition, the construction of semi - synthetic living cells in 
the laboratory would be a demonstration  –  if still needed  –  that life is 
indeed an emergent property. In fact, in this case, cellular life would be 
created from non - life, since single genes and or single enzymes are non-
living per se. 

 Generally, whereas the minimal cell can teach us a lot about early 
cellular life and evolution, it may not necessarily shed light on the origin 
of life. The reasons for this have already been expressed, and lie mostly 
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in the fact that for the approach to the minimal cell we start with extant 
enzymes and genes  –  where life is already in full expression. 

 All this is very challenging, and perhaps for this reason, as already 
mentioned, there has been an abrupt rise of interest in the minimal cell. 
It appears that one additional reason for this rise of interest lies in a 
diffused sense of confidence, that the minimal cell is indeed an experi-
mentally accessible target.  
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system biology and synthetic biology in particular, with keywords such as 
supramolecular self - organization, autocatalysis, molecular information process-
ing, and possibly nano -  to meso - systems. Then we examine the challenges 
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endogenous compounds and those originating from astrobiology. The question 
of homochirality is particularly emphasized. Generally, the art of synthesizing 
coupled autocatalytic systems points to the future of chemical research inspired 
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by the origin of life problem. Coupling will necessarily involve not only one 
class of molecules, but at least two  –  for example, nucleotides  and  peptides, 
nucleotides  and  lipids, sugars  and  peptides, etc. The chapter then dwells on 
chemical replicators, with a historical overview of the work carried out by dif-
ferent schools on the subject, and discussing in particular a few examples of 
chemical reactions displaying self - replication capability. There is then a theoreti-
cal section on minimal replicators, discussing various types of autocatalytic 
growth, then artificial replicators, to pass to networks of replicators. Here again 
some examples are discussed in detail based on current literature. In the last 
part of this review we dwell on the tools for system chemistry, from online 
kinetic measurements to nuclear magnetic resonance titration techniques, ter-
minating with an analysis of the SimFit fitting program.            

   12.1    THE NEED FOR SYSTEMS CHEMISTRY 

 At the beginning of the twenty - first century biology has matured to 
become a leading science, in the sense that it generates questions, fron-
tiers, and challenges to many different fields. But in spite of the formi-
dable success of the Human Genome Project, biology itself has not been 
able so far to answer the most fundamental question concerning the 
origin of its subject. Biologists today have a wealth of information 
dealing with the parts making up a living system. The nature of this 
knowledge does not, however, allow one to draw any good conclusion 
about how life originated on this planet from simpler chemical precursor 
systems, or how life may have originated elsewhere in the universe, or 
whether new forms of life can be synthesized  de novo  in the laboratory. 
A new approach is required that needs to combine the  “ classical ”  
knowledge of chemistry, namely the language of molecules, their struc-
tures, their reactions and interactions, together with the  “ classical ”  
knowledge derived from existing forms of life. One key component of 
this approach, acting both as a translator and abstractor between these 
languages should come from the fields of theoretical biology and complex 
systems research; the other key component should come from a chem-
istry that is the offspring of both, supramolecular and prebiotic chem-
istry, and adds a new dimension that has not been sufficiently addressed 
so far. Over the past decades more and more chemists have learned to 
design and implement simple self - replicating and self - reproducing 
systems, and today we even have the first examples on the issue of chiral 
symmetry breaking in autocatalytic reactions. What seems to be missing 
is a kind of generalization of  “ synthetic methods ”  based on the princi-
ples of supramolecular self - organization, autocatalysis, molecular infor-
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mation processing, and, moreover, ranging to be applicable from small 
molecules via nano -  to meso - systems. Systems chemistry is the name of 
a field in which chemists, theoretical biologists, and complex systems 
researchers interact to find the chemical roots of biological organization 
 [1 – 3] . 

 This approach complements the emerging field of  “ synthetic biology. ”  
Whereas the latter aims at the utilization of intracellular regulatory 
networks as biological building blocks to construct synthetic cells, the 
former aims to find the chemical roots of such regulation in nonevolved 
systems.  “ Protocells, ”   “ chemotons, ”  and  “ minimal cells ”  are just dif-
ferent words for the same issue of research that may be biology driven 
as a top - down approach or chemistry driven as a bottom - up approach. 
In any case, the disassembly and reconstruction approach of synthetic 
biology means the existence of biological building blocks as the products 
of biological evolution. Even if synthetic biology will be able to generate 
a more primitive form of cellular life, this does not necessarily answer 
the question of how such a thing could emerge when starting from 
scratch. Unfortunately, the same fundamental problem underlies our 
current vision that directed evolution will help to reconstruct a preced-
ing biochemistry such as the RNA world. Finding a set of self - replicating 
RNA molecules that cooperate in a vesicle to constitute a minimal cell 
will be a remarkable scientific achievement of the twent - first century. 
Nevertheless, one will stay puzzled by the question of how such things 
could have developed in the absence of evolved  “ tools ”  such as 
polymerases. 

 The origin of Darwinian evolvability is one of the central challenges. 
The other, equally challenging frontier is the origin of a sufficiently 
complex chemically organized system embodying a minimal living, 
namely a self - containing and self - sustaining entity. All life as we know 
it today is based on cells as the unit of life. The distinction between a 
unit of life and a unit of evolution may be made for present - day life; 
however, it is questionable whether any reasonable definition on the 
origin of life can be made without equating the living state of matter 
with an evolvable state of matter. If so, the task is to find answers to 
what sets of molecular structures, reactions, and interactions are required 
to arrive, finally, at a system that fulfills both the criteria of minimal life 
and minimal evolvability. The transition from limited to unlimited 
heredity may, however, be a later issue of research dealing with life ’ s 
origin. 

 Life today is based on proteins and nucleic acids, lipids, sugars, amino 
acids, and other molecular building blocks, where almost all molecular 
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components are in a homochiral (i.e. enantiomerically pure) state. The 
creation of minimal life and evolvability is thus necessarily connected 
to the question at which level in the transition from small molecules to 
minimal living and evolving systems the amplification of homochirality 
took place. From today ’ s perspective it seems very likely that this process 
might be deeply linked to the emergence of self - replication and was even 
indistinguishable from this in the beginning. Whether an autocatalytic 
transformation of racemizing building blocks, a mutual annihilation of 
autocatalytic products of opposite handedness, or a process in which 
chiral templating proceeds as a higher order autocatalytic process played 
a leading role, or whether the building blocks were racemic (like in the 
formose reaction) or prochiral is an open question to which chemistry 
must find more answers in the future. 

 A primary problem here is that we do not even know the repertoire 
of organic molecules delivered from space or endogeneous sources and 
what was the initial set of chemical reactions that started the long trans-
formation from space molecules to the first living systems. So long as 
this question is not fully answered by astrobiological research, any 
 “ primitive ”  organic or inorganic chemicals may be employed in the 
design and exploration of chemical systems that hopefully express 
dynamic signatures of the living. The good news is that research in 
autocatalytic systems currently gains much attention in various areas of 
chemistry and that the acceptance to work with  “ complex mixtures ”  of 
molecules has increased since the advent of combinatorial chemistry. 
What is still a challenge for present - day chemistry is to filter out the 
signal of self - organization in the noise of lots of side reactions. Gaining 
chemical control to a whole network of reactions having an autocata-
lytic  “ core ”  at a low level of information content but otherwise just 
producing  “ diversity, ”  namely a rich mixture of constitutional and ster-
eoisomers, is clearly a challenge. 

 Generally, the art of synthesizing coupled autocatalytic systems points 
to the future of chemical research inspired by the origin of life problem. 
Coupling will necessarily involve not only one class of molecules, but 
at least two. So, not only nucleotides or peptides or sugars or lipids, but 
nucleotides  and  peptides, nucleotides  and  lipids, sugars  and  peptides, 
peptides  and  lipids, to name only a few possible combinations here. The 
exploration of couplings between an autocatalytic core like the formose 
reaction, a self - reproducing micelle, or a self - replicating template does 
not necessarily require that the set of reactions  “ talking with the core ”  
are autocatalytic by themselves, namely constituting an independently 
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running autocatalytic cycle. Theory gives the insight that any reaction 
triggered by the core autocatalyst (e.g. in the sense of heterocatalysis) 
will also cause multiplication and growth of those compounds generated 
due to the presence of the autocatalyst. Thus, the outcome of such 
coupling manifests in a stoichiometric relationship between the number 
of  “ core autocatalysts ”  and the number of molecules coming up in the 
 “ periphery ”  of the reaction network. If the whole process is now selec-
tively generating a specific set of molecules, different from the mixture 
in the absence of coupling, then informational  “ harvesting ”  takes place. 
As self - replication can be defined as autocatalysis  plus  information 
transfer, selecting specific products from an autocatalytic network means 
self - replication. Of course, templating is one of the best proven ways 
for establishing a mechanism for information transfer, but the term 
 “ template ”  may have a much broader meaning in the future than it has 
had in the past. The same extrapolation may be foreseeable to the issues 
of evolvability and  “ cellular compartimentation. ”   

   12.2    SELF - REPLICATING REACTIONS 

 Self - replication is one of the basic characteristics of the living system. 
In chemistry, self - replication means autocatalysis with information 
transfer. Chemical self - replicating systems have been designed in order 
to identify the minimal requirements for molecular replication, to trans-
late the principle into synthetic supramolecular systems and to derive a 
better understanding of the scope and limitation of self - organization 
processes which, among others, are believed to be relevant to the origin 
of life on Earth. 

 In the simplest case of a self - replicating system a product works as a 
template for its own formation. The general reaction equation can be 
seen as follows:

    A B C C+ + → +n n( )1     (12.1)   

 The reaction mechanism can be visualized as a simple three - step process 
(Figure  12.1 ). Here, a template molecule C is self - complementary and 
thus able to catalyze its own formation from corresponding building 
blocks A and B. In the first step, the precursors A and B bind reversibly 
to the template C and form the termolecular complex ABC. Reactive 
ends of A and B molecules are brought in close spatial proximity to 
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each other, which facilitates the formation of a covalent bond between 
them. After an irreversible covalent ligation reaction the termolecu-
lar complex ABC is transformed to the duplex C 2 . The duplex can 
reversibly dissociate in order to give two template molecules C that both 
can start new replication cycles.   

 This minimal scheme has served as a successful aid for the develop-
ment of nonenzymatic self - replicating systems. Current implementations 
make use of oligonucleotide analogues, peptides  [4] , and other mole-
cules  [5]  as templates and are based on autocatalytic, cross - catalytic, or 
collectively autocatalytic pathways for template formation. 

   12.2.1    First Self - Replicating Systems 

 Nucleic acids carry the inherent ability for complementary base - pairing 
and replication. Probably, they were the first reproducing molecules 
under primitive Earth conditions. K ü hn and Waser  [6]  and others 
(Crick  [7] , Orgel  [8] , Eigen and Schuster 1979  [9] ; for a review, see 
Joyce  [10] ) have drawn the picture of an  “ RNA world ”  that might have 
existed before mechanisms of translation had evolved. The hypothesis 
of the  “ RNA - world ”  states that, before formation of the first cells, sets 
of catalytic RNA molecules capable of performing replication or self -
 replication existed. This theory was supported by discovery of RNA 
(and also DNA) that can act as an enzyme - like catalyst  [11 – 14] . A set 

     Figure 12.1     A schematic representation of a self - replicating system  
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of cross - catalytic ribozymes that can undergo self - sustained exponential 
replication in the absence of any enzyme were described by Lincoln and 
Joyce in 2009  [14b] . This system presents not only exponential growth, 
but also a Darwinian selection, when serial transfer experiments are 
realized with the population of similar RNA strands. That type of selec-
tion promises opportunities of open - ended evolution in non - natural 
systems. 

 The search for minimal self - replicating reactions started from the 
study of templated ribonucleotide synthesis more than 40 years ago. 
Since 1968, condensation of the chemically activated nucleotides 
(monoribonucleoside - 5 ′  - phosphorimidazolide) on ribonucleotide tem-
plate have been studied by Orgel ’ s group  [8, 15, 16] . Pyrimidine - rich 
templates were found to be more efficient for the polycondensation than 
purine - rich oligonucleotides. Templates up to 14 base pairs long were 
successfully transcribed using monomeric building blocks to perform 
the reaction, but a complete catalytic cycle was not achieved. 
Regioisomers with a 2 ′  – 5 ′  bond between nucleotides have been observed 
as side products. Despite these problems, it was shown for the first time 
that transcription without enzyme participation is possible. 

 In 1986 von Kiedrowski  [17]  reported a first self - replicating system. 
Ribonucleotides were substituted by desoxyribonucleotides, which 
avoided regioselectivity problems of undesired 2 ′  – 5 ′  linkage formation 
between nucleotides. Instead of a condensation reaction with activated 
phosphorimidazolides, chemical ligation in the presence of the water -
 soluble carbodiimide  EDC  ( 1 - ethyl - 3 - (3 - dimethylaminopropyl)carbodi-
imide )  [18]  was applied. Mononucleotide building blocks on a long 
template were substituted for a restricted system of two trinucleotides 
that have to form one single bond on a hexanucleotide template. A 
5 ′  - terminally protected trideoxynucleotide 3 ′  - phosphate d(Me - CCG - p) 
( 1 ) and a complementary 3 ′  - protected trideoxynucleotide d(CGG - p ′ ) ( 2 ) 
react in the presence of EDC to yield the self - complementary hexade-
oxynucleotide (Me - CCG - CGG - p ′ ) ( 3 ) with natural phosphodiester 
linkage as well as the 3 ′  – 3 ′  - linked pyrophosphate of  1 . The chosen 
sequences were such that the product  3  could act as a template for its 
own formation (Figure  12.2 ).   

 The reaction was performed using milimolar concentrations of the 
reactants with initial template concentration varied from 0 to 8% of the 
concentration of trioligonucleoties. Formation of 3 ′  – 3 ′  product was 
not affected, but the rate of formation of hexanucleotide increased 
on template addition. The initial reaction rate was fitted to the 
empirical law:
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d
d

a b
c
t

k a b c k a bp= +0 0 0 0     (12.2)   

 Least - squares fitting showed the best results for  p     =    0.48. This finding 
was later explained by the formation of a nonreactive double - stranded 
complex of hexaoligonucleotide product and was called  “ the square -
 root law ”  of autocatalysis. Analysis of the initial reaction rates showed 
two pathways for the formation of hexanucleotide: non - autocatalytic 
and autocatalytic. Over the concentration range studied, the non -
 autocatalytic pathway is the dominant one. That is the reason why 
sigmoidal, or  “ S ”  - shaped, growth of the product, expected for autoca-
talysis, is not observed under experimental conditions. 

 In 1987 a replication of ribonucleotide analogues GNHpCNH2 and 
pGNHpCN3 in the presence of EDC was reported by Zielinsky and 
Orgel  [19] . It was the first case of replication of nucleotides with arti-
ficial backbone. The reaction also shows the square - root dependence of 

     Figure 12.2     First non - enzymatic self - replicating system  
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initial reaction rates on concentration of added template. The non -
 autocatalytic reaction is still predominant and again no sigmoidal 
growth is observed. 

 Further change in the backbone and substitution of a 3 ′  - amino - 5 ′  -
 phosphate bond to 5 ′  - amino - 3 ′  - phosphate bond elevated the ratio of 
autocatalytic pathway over the non - autocatalytic one  [20] . Two new 
systems that finally exhibit sigmoidal growth were found: von 
Kiedrowski ’ s system based on 5 ′  - amino - 3 ′  - phosphate oligonucleotide 
analogues  [20]  and Rebek ’ s  [21]  first artificial system that used amide 
bond formation instead of phosphorus chemistry. Rebek ’ s work led to 
the development of artificial replicators; that is, systems that use other 
organic molecules instead of RNA or DNA analogues.  

   12.2.2    Minimal Replicator Theory 

 Accumulated data needed a theoretical basis  [22] . Experimentally 
observed replicators were different from autocatalytic reactions described 
before  [23] . The initial reaction rates do not increase linearly with the 
concentration of a template added at the beginning of the reaction. 
Instead, the dependency presented on an initial template concentration 
is described by the following empirical equation:

    
d
d

a b
c
t

k a b c k a b cp p= + = +0 0 0 0 α β     (12.3)  

where  k  a  is the reaction rate constant of the autocatalytic reaction and 
 k  b  is the reaction rate constant of spontaneous ligation;  a  0 ,  b  0  and  c  are 
the initial concentrations of species A, B, and C respectively. The order 
of autocatalytic reaction is  p . For the real DNA - based reactions the 
value of  p , calculated from the dependence of initial rates on added 
template, was 0.5. In that particular case, Equation  (12.3)  becomes

    
d
d
c
t

c= +α β     (12.4)   

 This finding has been called  “ the square - root law ”  of autocatalysis. It 
is an empirical dependence, and actually replicators with a value of  p  
between 0.48 and 1 have been found. To understand how a product ’ s 
growth is affected by reaction order we can examine two border cases, 
namely when  p     =    1 or 0.5. Considering the case where the noncatalytic 
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pathway is negligible and integrating Equation  (12.3)  over time for both 
values of  p , the following change in concentration of C at the beginning 
of the reaction can be observed:

    p c c t= =1 0: eα     (12.5)  

    p c c t= = +



0 5

2
0

2

. :
α     (12.6)   

 Equation  (12.5)  corresponds to exponential growth. In the case when 
 c  0  is infinitesimally small, Equation  (12.6)  becomes

    c
t= α 2 2

4
    (12.7)   

 Equation  (12.7)  represents a parabola. For this reason, autocatalytic 
growth based on the square - root law has been termed parabolic. 
Parabolic replicators are expected to present sigmoidal growth of the 
product concentrations. Sigmoidal growth is an  “ S ”  - shaped curve, where 
the initial induction period corresponds to formation of the product C, 
which gradually elevates the reaction rate. The rate of the reaction 
achieves its maximum at the so - called inflection point, after which satu-
ration happens, either because of reagents consumption or inhibition 
by product (Figure  12.3 ). This type of growth was not observed in the 
first self - replicating reactions due to high non - autocatalytic reaction 

     Figure 12.3     (a) Sigmoidal growth presented by parabolic replicator. (b) Typical 
growth laws: linear, parabolic, exponential and hyperbolic for   α      =     c  0     =    1. In both 
pictures the time and concentration are given in arbitrary units  
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rate. In order to characterize experimental replicators, the autocatalytic 
efficiency   ε   has been defined as a relationship between autocatalytic rate 
constant  k  a  and non - catalytic rate constant  k  b :  

    ε = k
k

a

b

    (12.8)   

 Calculations have shown that sigmoidal behavior can be first observed 
if   ε      >    10 2  for parabolic replicators and  > 10 4  for the exponential. At 
larger values of   ε  , reactions presenting an autocatalytic pathway 
approach the growth curve of the pure autocatalytic synthesis. In the 
case of exponential replicators, with increasing value of   ε   the reaction 
induction times are constantly increased without coming to any limit 
case. 

 Exponential and parabolic growths are two special cases of kinetic 
behavior. Other types of initial reaction rates are known. One is a linear 
mode, where  p     =    0 (Equation  (12.9) ). This corresponds to an initial rate 
of any simple noncatalytic reaction. Another one is a hyperbolic growth 
when  p     =    2 (Equation  (12.10)  and Figure  12.3 b).

    p c c tt= = +0 0: α     (12.9)  

    p c
c
c t

t= =
−

2
1

0

0

:
α

    (12.10)   

 The ability of these systems to undergo Darwinian evolution has been 
explored theoretically under the constraint of constant organization 
(namely in a flow reactor in which the total concentration of the com-
peting template is kept constant)  [24] . A Darwinian selection in this case 
would be considered a situation when several species consisting of the 
same building blocks are produced in the solution. The  “ fittest ”  one (a 
molecule presenting a higher autocatalysis rate constant) could over-
grow and  “ win ”  over the less efficient ones. 

 All four growing modes have a different selection range when several 
competing replicators are present. Different types of distribution of 
product concentrations arise in those cases. It has been shown that if 
the growth is sub - exponential then a  “ survival of everybody ”  takes 
place. In a system with linear growth, a relationship between product 
concentrations will be maintained constant and defined by the ratio of 
the rate constants. In the case of parabolic replicators, the selectivity 
will be enhanced and depend on the squares of the rate constants. 
In the case of exponential growth, the most efficient replicator can 
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overgrow others. However, in the case of hyperbolic replicators, the 
species presented in higher concentration at the beginning of the reac-
tion will  “ win. ”  The inefficient selection problem of parabolic replica-
tors can be solved, at least theoretically, if the decay of products and 
template over time is taken into account  [25] . 

 For a better understanding of the factors that rule the order of the 
reaction, a minimal model has been proposed and a resulting set of dif-
ferential rate equations has been solved analytically. The minimal model 
is derived from the reaction mechanism from Figure  12.1 . The non -
 autocatalytic pathway is ignored here for the reason of simplicity. The 
model describes a system in terms of first - order rate constant  k  and two 
equilibrium constants:  K  1 , a constant for the formation of termolecular 
complex, and  K  2 , the dissociation constant of the inactive duplex.

    A B C ABC+ + K1� ⇀��↽ ���     (12.11)  

    ABC Ck → 2     (12.12)  

    C C2
2 2K� ⇀��↽ ���     (12.13)   

 In this case the mechanism of the formation of the termolecular complex 
was not considered in order to have the possibility of analytical solution 
for the proposed set of reactions. The reaction order can be derived 
from Equation  (12.3) :

    p
c t
c c

= =d d d
d

d ABC
d

ln( / )
ln( )

ln[ ]
ln( )

    (12.14)   

 Finding the ABC mass balance equation from a reaction mechanism 
plotted with Equations  (12.11) – (12.13)  and substituting it into Equation 
 (12.14)  gives the expression for the reaction order  p :

    p
K q c

q cK q q q cK q
=

+ + − + + +
4

1 8 1 1 8
2

2

2
2

2 2
2

2( ) ( ) ( )
    (12.15)  

    q
K ab

= 1

1

    (12.16)   

 Analysis of the growth of  c  in time as a function of  p  shows three 
different reaction types: with parabolic, strong exponential, and weak 
exponential growth (Figure  12.4  and Table  12.1 ). In systems with para-
bolic growth, the template mostly exists as a part of the inactive duplex 
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     Figure 12.4     (a) Surface plot for the reaction order  p  as a function of constants  K  1  
and  K  2 . (b) Triple logarithmic plot of the autocatalytic rate d c /d t  as a function of 
 K  1  and  K  2 . In both cases  a  0     =     b  0     =    10  − 3     m  and  c     =    10  − 4     m   
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  Table 12.1    Types of autocatalytic growth 

   Autocatalytic 
growth type  

   First 
condition  

   Second 
condition  

   Limit rate law     Description  

  Parabolic                         Most of the 
template exists 
as inactive 
duplex C 2   

  Weak 
exponential  

                       A template 
molecule 
exists as 
termolecular 
complex 
ABC or in a 
free - form C  

  Strong 
exponential  

                       Limiting case 
when all the 
template exists 
as termolecular 
complex ABC 
and thus is 
independent of 
equilibrium 
constants  

2 2 1K c K ab� 2 12K c � d
d
c
t

kK ab c

K
= 1

22

2 12K c � K ab1 1� d
d
c
t

kK abc= 1

2 2 1K c K ab� K ab1 1� d
d
c
t

kc=
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C 2 . The dissociation of the inactive duplex is the rate - limiting step. In 
cases where a termolecular complex is more stable than the duplex, most 
of the template would exist as part of the catalytically active ABC 
complex. Here, the rate - limiting step would be the catalytic activity of 
ABC. In this case, strong exponential growth should be observed. In 
conditions where both termolecular complex and duplex are not stable 
and most of the product is present in its free form C, a weak exponential 
growth can be observed with the rate - limiting step being the formation 
of ABC complex. Parabolic growth has already been described. As an 
analogue of weak and strong exponential growth, an enzyme reaction 
kinetics far from saturation and at saturation of the enzyme with sub-
strate respectively can be considered.     

 It can be seen (Equation  (12.15) ) that the order of the reaction is 
determined only by the relationship between the equilibrium constants 
of termolecular complex and duplex formation. The catalytic efficiency 
of the ABC complex does not alter the value of  p . On closer examina-
tion it can be also noticed that the replicator ’ s rate end efficiency will 
present a maximum with the change of the temperature. The ligation 
rate constant increases at higher temperatures. Values of  K  1  and  K  2  will 
change in opposite directions in this case. At low temperatures,  K  2  
decreases and inhibition by the product becomes stronger. At higher 
temperatures, the stability of the inactive product duplex decreases the 
same as the stability of the catalytically active termolecular complex. At 
some point, supramolecular interaction stops ruling the system and 
autocatalysis disappears. Thus, autocatalytic activity arrives at its 
maximum near the melting temperature of the duplex. 

 The minimal model of autocatalysis presented here usually provides 
necessary information for the characterization of the replicators. 
However, this reaction mechanism has several simplifications. In the 
studies of artificial replicators, more complex modeling is necessary. 
Complete modeling of all possible reactions was done first by Reinhoudt 
 et al.   [26]  in 1996, by analyzing Rebeck ’ s replicator  [21] .  

   12.2.3    Artificial Replicators 

 Another new field in bioorganic chemistry is the development of non -
 nucleotidic self - replicating molecules  –  so - called artificial replicators. 
Since supramolecular recognition and catalysis are common features 
among various organic molecules, it seems feasible to develop new rep-
licators based on totally synthetic precursors. The relative simplicity of 
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these molecules (compared with the oligonucleotides) makes them good 
candidates for theoretical studies that can help to understand better 
self - replicating reactions. The diverse geometries of molecules which 
organic chemistry can provide help in solving the square - root law 
problem, which seems unsolvable for oligonucleotide - based replicators, 
by designing a reaction with different conformations of reactive complex 
ABC and template dimer C 2 . This can lead to replicators with a pro-
grammable reaction order. Autocatalysis of small organic chiral mole-
cules can also be a key answer to the question of the origin of 
homochirality on the early Earth  [27] . In recent years several self -
 replicating organic reactions have been described and an extensive 
review has been published  [5] . 

 The first work in this area was done by Rebek and coworkers in 
1990  [21] . They designed a replicator consisting of an adenosine deriva-
tive as the natural component and a derivative of Kemp ’ s acid as 
the artificial part. As shown in Figure  12.5 , the replicator performs 
recognition via weak interaction of adenosine derivative and forms a 
new amide bond by nucleophilic attack of the amine that comes into 
close proximity with the activated carboxyl ester. Dissociation of the 
self - complementary template duplex closes the replication cycle.   

 Soon, it became clear that nucleic - acid - based recognition is not the 
only way to transmit information at the molecular level. In 1992, von 
Kedrowski presented replicators based on the condensation of amines 

     Figure 12.5     Rebek ’ s replicator  

C6F5

NH2

NH

N N

N

N

H
N

N
H

H

H2N

H2N

O

OO

O

O
O O O

O
O

O
O

O
O OO

O

O O O
O

O

O
O

O

O
O

O

OO
O

H
N

H
N

HN

HN

N

N

N
N

N

NN

H

H

N
H

N

N

O
O

NN

N

N

C2C

B

A



304 GENERAL PROBLEMS

with aldehydes with recognition realized by amidinium - carboxylate salt 
bridges  [28] . 

 Amide bond formation presents a high background reaction and is 
sensitive to acid – base catalysis. The ligation step was changed to Diels –
 Alder cycloaddition. It was used in a fully artificial replicator presented 
by Wang and Sutherland [29] in 1997, where the chemical ligation was 
based on a Diels – Alder reaction between a cyclohexadiene derivative 
and an  N  - substituted maleimide as dienophile  . Analysis revealed that 
the autocatalytic reaction order in this system lies between parabolic 
and exponential growth (reaction order of 0.8). This reaction presented 
a complicated mechanism not fully addressed in 1997. Among others, 
a stereogenic center on diene gives a racemic mixture as a product. 

 This system was simplified by Kindermann  et al.  in 2005  [1,30] . In 
their work,  R  -  and  S  - enantiomers are used as starting material that can 
produce enantiomeric products via autocatalytic or cross - catalytic 
cycles. The Diels – Alder reaction was analyzed by  nuclear magnetic reso-
nance  ( NMR ). This method not only gives integrals related to the con-
centrations of the species involved in reaction, but can provide complete 
information about possible side products or different configurations of 
the products. The background reaction was measured directly instead 
of extrapolating observed reaction rates to zero template concentration. 
To measure the background reaction a proton was substituted by CH 3 , 
destroying the hydrogen bond formation responsible for recognition. 
The proposed reaction mechanism involved full modeling with all the 
possible pre -  and post - equilibrium fitted to the reaction curves. Later, 
quantum chemical calculations of energies of reactants, products, and 
transition states at the B3LYP/6 - 31G *  level allowed one to explain high 
reaction order (with  p     =    0.9 this reaction gives an example of a strong 
exponential replicator) and showed no significant energy differences 
between autocatalytic and cross - catalytic reaction pathways. In these 
systems, the product inhibition seems to be reduced due to the fact that 
the association of the template molecules is sterically hindered, whereas 
the close spatial proximity in the termolecular complex is suitable for 
ligation. By this stabilization of the termolecular complex compared 
with the template duplex, the observed reaction order follows the theo-
retical requirements for near - exponential growth. This was a first 
attempt at a full characterization of a dynamic supramolecular system, 
which is now usually described as systems chemistry (Figure  12.1 ).   

 Philp and coworkers studied self - replication based on cycloaddition 
of maleimide and furan  [31] . They performed a systematic study of 
replicator efficiency and conformation selectivity based on different 
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positions of the substituent on the furan ring and the number of atoms 
between recognition and ligation units. 

 Philp and coworkers also explored other chemical systems: a 4 π  1,3 -
 dipole and a 2 π  dipolarophile addition, such as the reaction between 
maleimide and azide, with the recognition by amidopyridine and a car-
boxylic acid ( p     =    0.4,   ε      =    20, no turnover observed due to large duplex 
stability)  [32] . 1,3 - Dipolar cycloadition between maleimide and nitrone 
resulted in a more efficient self - replicating system ( p     =    0.9,   ε      =    5000)  [33] . 
An interesting feature of the system is the possibility for chiral amplifica-
tion. It presents the formation of two stereoisomers,  cis  and  trans . The 
 trans  stereoisomer is an efficient autocatalyst, whereas the  cis  product 
presents no catalytic activity at all. Optimization of the system by 
change of temperature and reactive concentrations gives a  trans  to  cis  
product ratio of 250   :   1. They also explored a combinatorial approach 
for the search of autocatalytic replicators in the reaction where 
maleimide reacts with a pool of reversibly formed nitrones  [34] . 
Self - replication and cross - catalysis in peptide - based systems were dis-
covered by Ghadiri in 1996  [4a] . These systems present high reaction 
orders ( p     =    0.63, reaction proceeds via quaternary template ABTT to 
give T 3  complex). Homochiral amplification of the products is possible 
 [4d] , and a rational design of large networks of 81 peptides intercon-
nected by autocatalytic and cross - catalytic reactions was also achieved 
recently  [4f] .  

     Figure 12.6     Kindermann ’ s replicator presents autocatalytic and cross - catalytic 
reaction pathways  [30]   
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   12.2.4    Networks of Replicators 

 The simple self - replicating system can be seen as a building block for 
the creation of a network of reactions with complex dynamical behavior. 
Significant progress in this area has been made so far, including self -
 replicating oligonucleotide analogues, peptides, and small organic mol-
ecules. An extensive review that covers the topic has recently been 
published  [35] . Here, we describe the systems formed by nucleotide 
analogue replicators. 

 The system described by Achilles and von Kiedrowski [36] was the 
first molecular network with a rudimentary information transfer by 
the feedback reaction pathways  . The network consisted of three build-
ing blocks: 5 ′  - methylthiomethyl - trideoxynucleotide - 3 ′  - phosphate A 
( MMT CCG p , MTM    =    methylthiomethyl), 5 ′  - aminodimer - 3 ′  - phosphate B 
( NH2 CG p ), and 5 ′  - amino - 2 ′ ,5 ′  - dideoxyguanosine - 3 ′  - ( o  - chlorophenyl) -
 phosphate C ( NH2 Gp * ). Five products, AC, AB, BB, BC, and ABC, were 
detected by  reverse - phase high - performance liquid chromatography  
( RP - HPLC ). The self - complementary tetramer AC is the major product, 
followed by tetramer BB. AB and BC present a maximum in concentra-
tion over the time curve, because they are also intermediates of the ABC 
product formation and are consumed over the course of the reaction. 
In order to find the major catalytic pathways in the network formed, 
template molecules were added at the beginning of the reaction. It was 
shown that externally added template with a phosphate diester bond 
has the same templating effect as the phosphoramidate - bonded template 
formed during the course of the reaction. The templates  HO CCGG (AC ″ ), 
 HO CCGCG (AB ″ ), and  M ′  CCGCGG p *   (ABC ″ ) used in this work have 
been synthesized separately, which greatly simplifies the experiments. 
Six different pathways with feedback have been identified: autocatalytic 
synthesis of AC, BB, and AB, autocatalytic formation of ABC either 
from AB and C or A and BC building blocks, and cross - catalytic reac-
tion between ABC and AB. In cases where different replicators are 
competing for the same building block, enhanced selectivity has been 
noticed when corresponding template is added at the beginning of the 
reaction. However, it is still not a Darwinian selection, due to square -
 root law limitations. 

 In 1994, Sievers presented a study where a network formed by four 
different building blocks was fully characterized  [37]  (Figure  12.7 ). In 
this system, the first complete cross - catalytic cycle was achieved. It can 
be considered as the simplest example of collective autocatalysis defined 
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by Kauffman as the basis of life  [38] . Trinucleotides Ap (CCG p ), nA 
( NH2 CCG), Bp (CGG p ), and nB ( NH2 CGG) react to give four different 
hexamers involved in two autocatalytic cycles and one cross - catalytic 
cycle. The effect of the four possible templates (autocatalytic AB and 
BA and mutually cross - catalytic AA and BB) was studied for every 
mixture of  X p and n Y  building blocks, as well as for the complete set 
of building blocks constituting the whole system. The network was 
modeled as follows:   

  background reactions 

    Ap nA AA+ →     (12.17)  

    Bp nB BB+ →     (12.18)  

    Ap nB AB+ →     (12.19)  

    Bp nA BA+ →     (12.20)   

     Figure 12.7     Overview of the Sievers network: starting materials are four trimers, 
two of them acting as nucleophilic aminotrimers (nA, nB) and two of them as elec-
trophilic trimer 3 ′  - phosphates (Ap, Bp). Black means A and gray means B. Reversible 
reactions are those with arrows in gray and irreversible reactions are those with 
arrows in black. The four products AA, AB, BA, and BB are formed in the presence 
of a water - soluble carbodiimide (not shown). Two of them (AB and BA) feed back 
into their synthesis as autocatalysts (left and right), while the other two (AA and 
BB) constitute a cross - catalytic replication system (center  [37] )  
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  template - directed reactions 

    Ap nA BB AA BB+ + → i     (12.21)  

    Bp nB AA AA BB+ + → i     (12.22)  

    Ap nB AB AB AB+ + → i     (12.23)  

    Bp nA BA BA BA+ + → i     (12.24)   

  reversible duplex formation 

    AA BB AA BB+ � i     (12.25)  

    AB AB AB AB+ � i     (12.26)  

    BA BA BA BA+ � i     (12.27)   

 For the sake of simplicity, the template - directed reactions were treated 
as pseudo third - order reactions, comprising the network of reversible 
association and dissociation steps leading to the respective termolecular 
complexes as well as the latter ’ s irreversible transformation into tem-
plate duplexes. The rationale behind this simplification was a lack of 
good estimates for the equilibria involved. Without this knowledge, a 
deconvolution of the third - order rate constants into ligation rate con-
stants and equilibria constants would have resulted in quantities with 
high negative covariance. 

 What happens, if more than four building blocks are allowed to react? 
Of course, more than two autocatalytic and two cross - catalytic cycles 
are expected to show up. While the increase of complexity is less inter-
esting in the case of short oligonucleotides, simply because the high 
selectivity of sequence – sequence interactions is expected to yield sets of 
independent replicators with a low level of cross - talk, peptide recogni-
tion based on hydrophobic contacts has more potential here. This is 
why the extension from cross - catalysis as in the Sievers example to 
larger networks of coupled replicators started to fly some years later in 
the peptide replicator world, today beautifully explored by the labora-
tories of Ghadiri, Chmielewski, and Ashkenasy  [4] . 

 In the oligonucleotide world, our approach of taking four pieces to 
create a cross - catalytic replicator nevertheless survived. The most recent 
example is a seminal piece of work from the Joyce laboratory  [14b] , 
which applied directed coevolution of four pieces of an RNA ligase -
 based cross - catalytic replicator to optimize the whole system for expo-
nential growth (Figure  12.8 ).   
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 Independently, another four - piece ribozyme - based replicator came 
from the Lehman laboratory. This work was based on the consideration 
that RNA not only has the templating option to express autocatalytic 
feedback, but also the option to express catalytic activity in a metabolic 
network leading to the ribozyme as product. A systems chemistry 
approach toward complex reaction mechanism analysis has been applied 
to the description of the autocatalytic network formed by self -
 reproducing ribozyme constructed from four RNA fragments of the 
Azoarcus group I intron  [39] . Unlike other four fragments, W, X, Y, and 
Z preassemble in a noncovalent structure WXYZ and within this struc-
ture three covalent bonds are reversibly formed in order to obtain the 

     Figure 12.8     Cross - catalytic four - piece replicator based on an RNA ligase as 
described by Lincoln and Joyce  [14]     
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final product   W X Y Zi i i , which is a catalyst for covalent bond formation 
within the preassambled ribozyme. It also works as an autocatalyst for 
its own formation in three different reactions:

    W X Y Z W X Y Z+ i i � i i i     (12.28)  

    W X Y Z W X Y Zi i � i i i+     (12.29)  

    W X Y Z W X Y Zi i � i i i+     (12.30)   

 When corresponding precursors have been synthesized it was noticed 
that the observed initial reaction rates of covalent product formation 
present a lineal increase when   W X Y Zi i i  is added at the beginning of 
the reaction. So, in this case, according to Equation  (12.3)   p is 1 and 
we have an example of an exponential growth. The autocatalytic effi-
ciency   ε   is in the range 10 5  – 10 6     m   − 1 , showing that this system belongs 
to the most efficient self - reproducing reactions known so far. 
Simplification of the network resulted in a set of 13 reversible reactions, 
including self - assembly of the initial four fragments to the noncovalent 
structure WXYZ, the set of the reactions catalyzed by the ribozyme 
  W X Y Zi i i  to form direct precursors of the ribozyme shown in Equations 
 (12.17) – (12.19) , and the set of autocatalytic reactions shown by the 
same equations. 

 Even the simplified model gave a good fit to product formation pro-
files for different species. The constants estimated by fitting with the 
SimFit program resulted in a good agreement with the experiment. 
Though most of the catalysis described was unspecific and with low 
informational transfer, the rybozyme proved the possibility of the trans-
fer from simple self - replicating templates to a formation of molecules 
of larger complexity via metabolic autocatalytic cycles. 

 Finally, beautiful examples for oligonucleotide replicator systems 
chemistry came from another completely different approach. The usual 
approach to a replication is a replication with a gain of information, 
where small molecules react to form larger ones. As more order is 
created, entropy is lost and a product inhibition happens. A rather crea-
tive way to fool this devil is to turn the whole machinery around: take 
large stuff of high complexity and cut it into smaller pieces, in this way 
winning entropy. In the protein world, Nature very often use this recipe 
to pulse (or shoot or fire) protease activity. Protease enzymes are very 
often formed from enzymogens, which are larger but inactive pre -
 proteases from which a short stretch has to be removed to activate the 
catalyst. Very often this process is autocatalytic. Some years ago the 
Ellington laboratory provided the first example that this picture is also 
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an operation principle to make autocatalysis with oligonucleotides  [40] . 
Ellington and Levy synthesized a cyclic single - stranded DNA as an inac-
tive deoxyribozymogen. The active deoxyribozyme was obtained by a 
single phosphordiester cut to the cycle  –  catalyzed by the docking and 
action of the product. One single deoxyribozyme strand is enough to 
start a cascade hydrolysis of inactive circular substrate. 

 Similar ingenious schemes employ strand displacement and toehold 
intermediates to encode autonomous autocatalytic growth without 
involving covalent transformations  [41, 42] .   

   12.3    TOOLS FOR SYSTEMS CHEMISTRY 

 The first kinetic experiments with replicators were performed using RP -
 HPLC analysis. Experiments with large fragments of oligonucleotides 
are done by gel electrophoresis. These methods are time consuming, 
require large sample quantities, and return small amounts of data with 
relatively high dispersion between measurements. Several methods have 
been developed lately and can be relevant in further systems chemistry 
studies. 

   12.3.1    Online Kinetic Measurement 

 Autocatalytic reactions of fluorescent - dye - labeled molecules open the 
door to online kinetic measurement and allow at the same time the use 
of very low concentrations of the reagents. Two different  FRET  ( fluo-
rescence resonance energy transfer ) approaches have been used in oli-
gonucleotide replication experiments. In the first case, Cy5 or Cy3 dyes 
are attached to nonreactive 5 ′  - ends of the otherwise identical building 
blocks  [43] . During the reaction, ligation products with a dye at the 
5 ′  - end are formed and stay in equilibrium with a nonactive double -
 stranded species. These duplexes will have a Cy5 at one end and Cy3 
at the other, in close enough proximity to enable energy transfer. 
Knowing the duplex dissociation equilibrium constant, a mass balance 
for every product can be found and the reaction rate calculated. 

 The second case is the Alexa - dabcyl quenching system  [44]  similar to 
the  quenched autoligation  ( QUAL ) probes described by Kool and cow-
orkers for RNA sensing inside living cells  [45] . The emerging fluores-
cence signal is caused by release of the quencher molecule and serves as 
probe for direct online monitoring of the ligation reaction (Figure  12.9 ). 
Here, the reaction rate can be measured directly without consideration 
of all the equilibria that are involved in the system.    
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   12.3.2     NMR  Kinetic Titrations 

 For the study of organic replicators based on Diels – Adler chemistry, 
NMR has been applied. That led us to the understanding of an NMR 
phenomenon, which resulted in a highly valuable source of kinetic and 
thermodynamic information (Figure  12.10 )  [46, 47] .   

     Figure 12.9     Two methods of fluorescence implementation for the online kinetic 
measurements: (a) FRET - based reaction monitoring and (b) a system with a 
quencher - labeled leaving group  
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 Briefly, if a reaction is monitored as a function of time, one observes 
just changes of NMR signal integrals. Growing signals are attributed to 
reaction products and decaying signals belong to the reaction precur-
sors. For self - replicating systems one observes not only integral changes, 
but also characteristic changes of the signal position, called chemical 
shift. The reason for this phenomenon is that such systems involve 
supramolecular complexes, namely noncovalent reaction intermediates, 
which form and decompose rapidly on the NMR time scale. Single -
 stranded template molecules are in rapid equilibrium with hydrogen -
 bridged complexes such as productive termolecular complexes, template 
duplexes, and others. An observable proton in the template senses a 
difference in the chemical environment, and its chemical shift reflects 
whether the template is free in solution, has docked to its building 
blocks, or has docked to another template molecule. If the process of 
sensing is slow compared with the life - time of such complexes, an 
average chemical shift is observed whose value depends on the concen-
trations of interacting molecules and, thus, the population structure of 
the system. Since the latter changes in the course of the reaction, shift -
 shifting reflects the process of complex repopulation. In the beginning 
of the reaction the shift of a template signal is close to that of a single 
template molecule free in solution. At the end of the reaction we have 
high template concentrations but no precursors anymore. High template 
concentrations lead to the dimerization of templates and the NMR shift 

     Figure 12.10     Stack plot of kinetic NMR titration. Temporal NMR shift - shifting 
of two observer protons in a self - replicating organic template  
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is now close to that for the template duplex. In the interim phase we 
have an involvement of complexes that are formed from both the tem-
plate precursors and the template itself. 

 Methods to extract information on the thermodynamic stability of 
supramolecular complexes from chemical shift information have been 
developed by Wilcox and others  [47] . They are known as NMR titra-
tions. In a typical NMR titration one fills a series of NMR tubes with 
various mixtures of two interacting molecules. One concentration is 
usually kept constant while the other is varied. An NMR titration curve 
plots the observable chemical shift as a function of the concentration 
ratio. Fitting this curve to an equation derivable from the respective 
equilibrium and mass - balance equations yields the dissociation constant 
of the complex as well as its unknown chemical shift as the fit param-
eters. Repeating such titrations at various temperatures finally allows 
the calculation of the free energy and entropy of complex formation. 

 We have coined the means to read and understand reaction - caused 
shift shifting as  “ kinetic NMR titration. ”  The term is, in a sense, both 
correct and misleading. It is correct because part of the underlying math 
is similar to that for classical NMR titrations. Also, both classical and 
kinetic NMR titrations are limited to exchange processes rapid enough 
for the NMR time scale and estimable from the Heisenberg uncertainty 
principle. The only difference is that the observable shift and the mole 
fractions are introduced as time - dependent quantities here, while they 
are time invariant in classical NMR titrations. It is misleading, however, 
because reaction - caused shift - shifting is not a titration. There is no 
experimental need to generate the various mixtures by pipetting. Instead, 
the system is able to produce these mixtures on its own. This, in turn, 
has the inherent advantage that kinetic titrations are in many cases much 
more accurate and reliable than classical NMR titrations. 

 We are confident that  “ kinetic NMR titrations ”  is an entry door to 
a whole field of applications in which advanced NMR techniques are 
combined with kinetic modeling to decipher complex dynamics in feed-
back networks. We are currently addressing the question how two -
 dimensional NMR techniques such as COSY or DOSY can provide both 
structural and colligative data for the analysis of complex systems in 
chemistry.  “ Systems NMR ”  may be on the doorstep soon.  

   12.3.3    SimFit Fitting Program 

 Kinetic data from self - replicating reactions are frequently analyzed using 
the SimFit program, written by GvK (1989 – 2008). Several other labo-
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ratories have also been using SimFit for complex kinetics analysis  [48] . 
This program starts from a set of reaction equations introduced by the 
user, transforms them to differential equations, integrates them numeri-
cally, and then fits the proposed model to the experimental data. 
Mechanism is introduced to the program as a set of reaction equations 
with user - defined rate constants. The program finds an analytical 
Jacobian for all rates and concentrations of species declared by the user. 
The equations derived from the user - introduced reactions are integrated 
using solver for stiff differential equations. Then, the fitting takes place. 
SimFit uses the observable quantities (e.g. spectroscopic or HPLC inte-
grals) that refer to concentrations or sum or differences of concentra-
tions of reaction species. Observables are defined and then assigned to 
species by means of string expressions encoding the relationship between 
observables and species at run time. Kinetic data are read from external 
tables during the run time. A first approximation is done by a simplex 
optimization with the possibility of posterior refinement by a Newton –
 Raphson optimization. For the case of knowing almost nothing on rate 
parameters, a simple stochastic optimizer is also available. Rate param-
eters can be fixed, variable, or coupled. Initial concentrations can be 
optimized for cases where the temperature equilibrium has not been 
settled initially. SimFit yields a multi - window MDI - type output where 
one window holds the plots of fitted observables, residuals, fitted shifts, 
and species concentrations as a function of time, while the other con-
tains all text - based output. The text - based output includes the encoded 
ordinary differential equation system, its Jacobian, the course of opti-
mized rate parameters, their standard errors, and covariance. In addi-
tion, SimFit allows one to visualize the error - hypersurface in all 
 N     ×    ( N     −    1)/2 possible two - dimensional projections of parameter pairs 
in another graphic window. 

 SimFitting of a whole temperature series of kinetic NMR titration 
data has allowed for the first time the construction of the energy profile 
for a parabolic replicator. At the level of an experimental energy profile, 
experimental and theoretical data derivable from quantum mechanics 
information become comparable.   
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   Home is where one starts from . T. S. Eliot. 

 The chapter starts by recalling the possible analogy between astrobiology and 
synthetic biology, in the sense that in both cases we may be facing the encounter 
with new types of microorganism  –  with the observation that we are more likely 
to see  “ alien ”  species here on Earth. A brief analysis is then made on the work 
carried out in the field of synthetic minimal cells, and of alternative DNA forms, 
to then consider the societal issues in synthetic biology, with questions arising 
in biosafety and biosecurity, as well as ethical issues and intellectual property 
questions. A discussion on these challenges is presented here. Problems arising 
with sample return missions from outer - space objects are considered, with 
observations made by NASA studies. Concerning biosecurity, one problem is 
then recognized in preventing hostile misuse of chemical synthetic biology, and 
the chapter dwells on measures that are or could be taken to face this challenge. 
Further, the ethical aspects of chemical synthetic biology creating new forms of 
life are considered and discussed. This brings to the question  “ what is life ”  and 
to  “ the value of life. ”  Finally, we discuss how chemical synthetic biology might 
challenge the current intellectual property rights regime.    

           13.1    INTRODUCTION 

 Many people will have heard media reports about the  Search for Extra -
 Terrestrial Intelligence  ( SETI ) project in the universe: the search for 
signals from extraterrestrial life - forms capable of sending them. 
Meanwhile, there is another lesser known aspect of astrobiology. In this 
second field of activity, called exobiology, the aim is to search the solar 
system for evidence of nonintelligent life - forms (such as microbes). 
Attention has been paid for some time to the question of what to do if 
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intelligent life - forms are detected  [1] , and similar consideration is now 
being given to the identical question in regard to nonintelligent life -
 forms  [2] . 

 The Outer Space Treaty of 1967 has provisions that require space -
 faring nations to conduct space exploration so as to avoid harmful 
contamination of the Earth and celestial bodies. The  Committee on 
Space Research  ( COSPAR ), a permanent committee of the  International 
Council of Scientific Union s ( ICSU ), provides recommendations on how 
these aims should be achieved. Then, for example, in the USA, NASA ’ s 
Planetary Protection Office is charged with assuring that missions are 
planned and carried out in accord with such laws and policies.   

  Box 13.1    PPO 

    Planetary protection is the term given to the practice of protecting 
solar - system bodies (i.e. planets, moons, comets, and asteroids) from 
contamination by Earth life, and protecting Earth from possible life 
forms that may be returned from other solar - system bodies. Planetary 
protection is essential for several important reasons: to preserve our 
ability to study other worlds as they exist in their natural states; to 
avoid contamination that would obscure our ability to find life else-
where  –  if it exists; and to ensure that we take prudent precautions 
to protect Earth ’ s biosphere in case it does.  (Source:  [3] ).   

 This it does after consultation with both international and internal 
bodies, such as the Space Studies Board of the National Academy of 
Sciences. Additionally, for the United States ’  planned 2014 sample 
return mission to Mars, NASA will have to prepare a detailed environ-
mental impact statement and this will be subject to public scrutiny. This 
tight regulation clearly indicates a cautious attitude towards the appear-
ance of novel forms of life on Earth. 

 Theoretically, a Mars sample might contain microbes similar in many 
ways to those found on Earth, and these might be dangerous to Earth 
life - forms. However, the samples could also be very different, and there 
is clearly a range of other chemical possibilities to maintain living 
systems  [4] . The amino acids in the alien life - form ’ s proteins, for 
example, could be different from those which have evolved on Earth. 
The structure or mechanism of operation of its information - storing 
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molecule could be different from our DNA. On some celestial bodies, 
even more  “ alien ”  life - forms may have developed, say through the use 
of a solvent other than water or the use of very different chemical ele-
ments  –  say silicon rather than carbon  [4] . Of course, there are other 
possibilities, such as variations in the tripartite DNA – RNA – protein 
architecture found in Earth life - forms. One such possibility would be a 
dual architecture with, say, just RNA and proteins. Again, some of these 
possibilities might be dangerous if they arrived on Earth. 

 Astrobiology is a science with an understanding of the principles and 
processes involved in the development of the universe and tools such as 
spacecraft and large budgets to put this understanding to use; for 
example, in sample return missions. But while there is every reason to 
avoid complacency about the possible dangers, at least there are the 
rudiments of an international control system in place. Such assurance 
cannot be given in regard to all aspects of synthetic biology, especially 
those working on the design of biological systems based on an alterna-
tive biochemistry. This, again, is a new science with an understanding 
of how life operates and the tools and money to put that understanding 
to use; for example, in the design and creation of new life forms. 

   13.1.1    Let ’ s Give Life a Second Chance 

  “ To understand life, it is necessary to build it from scratch, ”  is the motto 
of synthetic biologists. Those who think of naturally evolved DNA as 
an unalterable biological axiom will be surprised by recent efforts to 
release life (as we know it) from its evolutionary constraints. So far, 
perceptions of synthetic biology are often dominated by the idea that 
engineers have taken over this part of biology and are busy working on 
the production of a library of standardized biological parts of natural 
systems (biobricks) which they will then be able to combine in different 
ways for various design purposes  [5] . Such work is certainly being 
carried out by engineers, but synthetic biology is a diverse field of activ-
ity and also includes biologists and chemists who are trying to produce 
unnatural molecules and architectures  [6]  in order, eventually, to create 
artificial microbes of the kind of concern in the exobiology field of 
astrobiology. The most prominent research areas dealing with the 
creation of unnatural (alien) biological systems are protocells and xeno-
biology  [7]  (see Table  13.1 ).   

 Scientists working on protocells try to create life from the bottom up, 
by assembling relevant and necessary biochemical subunits. Many dif-
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ficulties accompany this endeavor, but step - by - step small successes have 
been achieved (e.g. see Ref.  [9] ). These protocells show some but not 
all of the characteristics of life, and they can be considered as  “ limping 
cells ”  (Luisi, 2006, personal communication). 

 Once life is built from scratch, why not try something new? Based on 
the idea that life could have evolved differently scientists are now trying 
to design xenobiological systems. The focus of their efforts has been 
to come up with alternative biomolecules to sustain living processes. 
Areas of research include the chemical modification of DNA, poly-
merases, amino acids and proteins. One area of research is the identifi-
cation of amino acid sequences (proteins) that have a stable architecture 
but do not occur in nature. Actually, there is only a tiny fraction of 
theoretical possible proteins occurring naturally, with many more 
theoretically possible but not - yet - assembled proteins. These so - called 
never - born proteins could provide a lot of useful novel functions for 
molecular biology  [8, 10, 11] . Changing the translational mechanism 
from mRNA to proteins via tRNA and the ribosome is another focus 
of interest. A mutant  Escherichia coli  aminoacyl - tRNA synthetase 
was evolved to selectively aminoacylate its tRNA with an unnatural 
amino acid and site - specifically incorporate the unnatural amino acid 
into a protein in mammalian cells in response to an amber nonsense 
codon  [7, 12] . 

  Table 13.1    Characteristics of the main research fields in chemical synthetic biology 
 [6, 7, 8, 59]  

        Protocells     Xenobiology  

  Aims    To construct viable 
approximations of cells; to 
understand biology and the 
origin of life  

  Using atypical biochemical 
systems for biological 
processes, creating a 
parallel form of life  

  Method    Theoretical modeling and 
experimental construction  

  Changing structurally 
conservative molecules such 
as the DNA  

  Techniques    Chemical production of 
cellular containers, insertion 
of metabolic components  

  Searching for alternative 
chemical systems with 
similar biological functions  

  Examples    Containers such as micelles 
and vesicles are filled up 
with genetic and metabolic 
components  

  DNA with different set of 
base pairs, nucleotides 
with different structural 
molecules  
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 Yet another area of work consists of modifying DNA by replacing its 
chemical building blocks, the (desoxy) ribose molecules, and the base 
pairs. The attempt to come up with an unnatural nucleic acd consisting 
of a different backbone was the more difficult one, but resulted in novel 
informational biopolymers such as: 

  TNA:   threose nucleic acid  [13, 14] ;  
  GNA:   glycol nucleic acid  [15] ;  
  HNA:   hexitol nucleic acid  [16, 17] ;  
  PNA:   peptide nucleic acid  [18, 19] ; and  
  LNA:   locked nucleic acid 1   [20, 21] .    

 On the other hand, experiments replacing or enlarging the genetic 
alphabet of DNA with unnatural base pairs lead to a genetic code that 
instead of four bases ATGC had six bases ATGCPZ  [22, 23, 58] . In a 
recent study, 60 candidate bases (resulting in 3600 base pairs) were 
tested for possible incorporation in the DNA  [24] . 

 In respect to these recent efforts and further possibilities, the activities 
of some in the outer reaches of synthetic biology need careful examina-
tion. It is early days, perhaps, but the literature on chemical synthetic 
biology contains examples with obvious signs of success and promise 
of further constructive developments. Indeed, it is not unreasonable to 
suggest that we are much more likely to see  “ alien ”  species produced 
here on Earth before we have to deal with those brought from outer 
space!   

   13.2    SOCIETAL ISSUES IN CHEMICAL 
SYNTHETIC BIOLOGY 

 The successful design of unnatural biological systems or even  “ alien ”  
species will definitely not go unnoticed outside the scientific community, 
and a number of societal issues might be triggered. On the one hand, 
the scientific results will be well received as a further important step 
towards understanding what life is and how it could have begun on 
Earth almost 4 billion years ago. It will also be seen as a powerful 
way to design new beneficial tools for molecular biology. The design of 

  1      The LNA is a nucleic acid analogue containing one or more LNA nucleotide monomers with 
a bicyclic furanose unit locked in an RNA - mimicking sugar conformation. 
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unnatural biochemical systems or even life forms, however, also raises 
several critical questions in the areas of: 

   •      biosafety  –  concerns regarding the prevention of unintended 
consequences;  

   •      biosecurity  –  dealing with potentially harmful misuse of unnatural 
biological systems;  

   •      ethical, philosophical and religious questions  –  reflecting the moral 
implications of creating life; and  

   •      intellectual property rights  –  whether this new form of life can be 
owned by someone.    

 A first discussion of these challenges is presented here. 

   13.2.1    Biosafety: Avoiding Unintended Consequences 

 The handling of (potentially dangerous) biological agents is regulated 
through existing guidelines and laws covering microorganisms and 
viruses (including those which have been genetically modified). The 
biological material is classified into four risk groups, and the risk assess-
ment that provides the basis for the classification depends on factors 
such as pathogenicity, severity of disease, individual worker and com-
munity risk, host range, availability of treatment or prophylaxis, and 
endemicity 2   [25 – 29] . The challenge of risk assessment, however, lies in 
those cases where a serious health risk is suspected and full information 
on these factors is not available. In such a case the material should be 
treated as potentially hazardous (application of standard universal 
precautions). 

   13.2.1.1    Dealing with Extraterrestrial/Unnatural Biological Agents 

 Precautions are also advised when sample - return missions from outer -
 space objects (e.g. Mars, Titan, asteroids) are carried out. As quoted in 
Rummel  et al .  [30] , the  Space Studies Board  ( SSB ) of US National 
Research Council concluded that: 

  2      Endemicity means if the biological agent is already present in the environment. 
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   samples returned from Mars by spacecraft should be contained and treated as 
potentially hazardous until proven otherwise   

 and further on:  

  rigorous physical, chemical, and biological analyses (should) confirm that there 
is no indication of the presence of any exogenous biological entity.   

 In the recommendations by NASA a distinction is made between life 
detection and biohazard testing, as nonliving samples could also pose a 
hazard to Earth - life. According to the SSB, the initial evaluation of 
samples returned (from Mars) will focus on whether they pose any 
threat to the Earth ’ s biosphere. The only potential threat posed by 
returned samples is the possibility of introducing a replicating biological 
entity of nonterrestrial origin into the biosphere. Only replicating enti-
ties (but not necessary living entities) pose a potential widespread threat, 
especially if they defy the natural, evolved defense mechanisms of Earth 
organisms. Nonreplicating entities can be considered a toxin and rep-
resent  “ only ”  a real threat to scientists or people who may be directly 
exposed to them, as the toxin would be diluted below a toxic concentra-
tion when released from the sample. 

 Similar considerations should be made with respect to unnatural 
biological systems (see Table  13.2 ). Non - self - replicating, rather simple 
agents can be considered and treated as new toxins (or pharmaceuti-
cals); for example, third - type nucleic acids (e.g. HNA, LNA) that can 
act as steric blockers by duplex formation with mRNA  [16, 20] . Greater 
caution, however, is necessary for self - replicating agents.   

 A (utopian?) worst - case scenario, for example, would be the design 
of a novel type of virus based on a different nucleic acid and using an 
unnatural reverse transcriptase. So far, however, unnatural nucleic acids 

  Table 13.2    Attempt to classify unnatural biochemical systems with respect to 
biosafety 

   Ability to self - replicate 
 Complexity  

   No     Yes  

  Low    Novel toxins; e.g. 
steric blocker  

  Unnatural virus  

  High    Unnatural biological 
system, protocells  

  Unnatural life 
forms  
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cannot be recognized by natural polymerases, and one of the challenges 
is to find/create novel types of polymerase that will be able to read the 
unnatural constructs. At least on one occasion a mutated variant of the 
HIV - reverse transcriptase was found to be able to PCR - amplify an oli-
gonucleotide containing a third - type base pair. Only two amino acids 
must be substituted in this natural polymerase optimized for the four 
standard nucleotides to create one that supports repeated PCR cycles 
for the amplification of an expanded genetic system. It is without doubt 
surprising to find a useful polymerase to be so close in  “ sequence space ”  
to that of the wild - type polymerase  [22] . Finding such altered but 
working polymerases in the evolutionary neighborhood clearly raises 
the necessity to ask what should be done once an unnatural replicating 
system has been created in the laboratory. 

 Sample return missions from non - Earth space objects must place their 
samples in special  sample receiving facilities  ( SRF s) that can manage to 
prevent contamination of terrestrial material from the sample and that 
can maintain a strict biological containment for the sample. Requirements 
for such an SRF are even higher than that for high - risk biosafety Level 
3 and 4 facilities, representing the strictest forms of biological contain-
ment. NASA concluded that a facility that meets the strict requirements 
of such an SRF is not available anywhere in the world  [30] . In other 
words, a sample - return mission with potential biological material would 
not have an adequate place to deposit and investigate its samples. But 
while the strictest containment rules are foreseen for extraterrestrial 
unnatural biological agents, this is not the case for terrestrial unnatural 
biological agents.  “ Sample - return missions from Earth, ”  such as synthe-
sis of third - type nucleic acid, for example, are carried out in BSL 1 or 
2 laboratories as current regulations do not foresee a stricter handling 
of this material. After all, unnatural biological systems are not men-
tioned by the approved list of biological agents/select agent list (e.g. see 
Refs  [26, 31] ).   

   13.2.2    Biosecurity: Preventing Hostile Misuse of Chemical 
Synthetic Biology 

 A major difference between astrobiology and chemical synthetic biology 
is that it is very unlikely that anyone involved in astrobiology would 
yet have in mind the hostile use of any life - forms found in space, but 
there is a long history of major state - level offensive biological weapons 
programs ever since the microbial nature of infectious diseases was 
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discovered by scientists like Koch and Pasteur towards the end of the 
nineteenth century  [32, 33] , and it is probable that some such programs 
persist today  [34] . In looking forward to a malign future in which there 
is an offensive – defensive arms race based on the new biotechnology, US 
military analysts envisaged three overlapping phases  [35] . The first 
would involve the classical agents, such as anthrax, used in previous 
programs. However, there are few such agents with ideal properties for 
biological warfare; thus, the defense would eventually be able to cope. 
For that reason, the offense would move to modify the agents; for 
example, by using genetic engineering to make them resistant to antibi-
otics or difficult to detect in standard tests. Again, however, there are 
only a limited number of modifications that can be made; so, theoreti-
cally, the defense would again catch up. 

 As this century progresses, however, more and more of life ’ s funda-
mental processes will become understood and then, these analysts 
suggest, the offense will turn its attention not to the agent but to the 
target that they wish to attack. The analysts envisage  “ an entirely new 
class of fully engineered agents  …   advanced biological warfare  ( ABW ) 
agents ”  and suggest that:  

   …  Emerging biotechnologies likely will lead to a paradigm shift in BW agent 
development; future biological agents could be rationally engineered to target 
specific human biological systems at the molecular level  …    

 As there are a very large number of physiological processes that 
could be targeted to cause incapacitation or death, and many ways in 
which each could be attacked, it seems probable that, if we allow such 
an arms race to proceed, there will be a long period of offensive 
supremacy. 

 Synthetic biologists involved in efforts to bring engineering disciplines 
into biology have not been ignorant of such dangers  [36]  and have sug-
gested a range of possible new controls, such as the systematic checking 
of orders for DNA sequences by manufacturing companies. It is also 
clear that the States Parties to the  Biological and Toxin Weapons 
Convention  ( BTWC ) have agreed that all biological entities, whatever 
their mode of production, are covered by the prohibitions in the conven-
tion  [37] . However, the situation may not be so clear if synthetic biolo-
gists create alien species that some might not regard as biological 
entities. 
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 Article I of the BTWC states that:  

  Each State Party to this Convention undertakes never in any circumstances to 
develop, produce, stockpile or other wise acquire or retain: 

 (1) Microbial or other biological agents, or toxins whatever their origin or 
methods of production, of types and in quantities that have no justification for 
prophylactic, protective or other peaceful purposes.   

 As J ü rgen Altmann argued in his analysis of the military implications 
of nanotechnology, while a fully artificial toxin (not known in nature) 
would not be covered by Article I of the BTWC, it would be captured 
by the provisions of the recent Chemical Weapons Convention  [38] . 
More seriously, he suggested that a fully or partially artificial microbe 
 –  for example, one not based on the usual biochemistry including the 
usual DNA coding system  –  might not be universally regarded as being 
covered by the BTWC because it was not a natural microbe. Such an 
artificial  “ microscopic ”  organism would also not be covered by the 
Chemical Weapons Convention, as it would be much more complex 
than a chemical. On this reading, an arms race in ABW would be uncon-
strained in regard to such artificial microscopic organisms. 

 Such differences of interpretation in regard to the prohibition of 
chemical and biological weapons would not be unique in the historical 
record. As Mark Wheelis has argued in regard to German biological 
sabotage in World War I  [39] , the German General Staff probably 
regarded the prohibition at that time as only covering anti - human bio-
logical warfare and their substantial anti - animal sabotage campaign as, 
therefore, being quite legal. Again, today, there are clearly differences 
of opinion as to the meaning of Article II.9(d) of the Chemical Weapons 
Convention and whether the peaceful exemption for  “ Law enforcement 
including domestic riot control ”  allows the development of new forms 
of incapacitating chemical weapons and, thus, provides a route by which 
the whole prohibition may be subverted  [40] .  

   13.2.3    New Forms of Life, Ethical Aspects of Chemical 
Synthetic Biology 

 Ethical issues in synthetic biology have been discussed at an unusually 
high rate, considering the early developmental stage of the technology 
 [41] . The discussion is very often led by topics in bioengineering or 
syn thetic genomics, resulting in debates on the methods applied, as well 
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as different applications and distributions of the technology. However, 
since synthetic biology is a multi - approach technology, it is important 
to make clear which branch is addressed in the assessment. In this 
chapter we focus on ethical issues related to chemical synthetic biology 
as it has been defined at the outset. The protocell approach and projects 
on unnatural biochemical systems have been used before they have been 
understood as a part of synthetic biology, and certainly the integration 
into this emerging technology should not serve as a reason to look for 
ethical issues where none has been detected before. However, the context 
of synthetic biology does shed a new light on these approaches. The 
idea of designing new forms of life comes to the fore and combination 
with other synthetic biology approaches seems to be obvious, or at least 
thinkable, and might lead to the development of new types of synthetic 
biology products. 

 The aim of none of the other synthetic biology approaches is as close 
to the idea of  “ creating life from the scratch ”  as is the case for the 
chemical synthetic biology approaches. Chemical synthetic biology can 
result in fundamentally novel forms of life based on new types of 
molecular biology. Therefore, it challenges our concept of life indeed, 
similar to the idea of extraterrestrial life, by raising the question about 
the basic features of life and whether life with a completely altered 
biochemistry should be regarded in the same way as traditional forms 
of life. In this article we address in more detail what protocells or 
unnatural genomes can tell us about life and what consequence the 
establishment of these products of chemical synthetic biology might 
have on our ethical and philosophical understanding of life. 

   13.2.3.1    What is life? 

 Before addressing the question of what chemical synthetic biology can 
tell us about life, it is necessary to clarify what we mean by the term 
 “ life. ”  Several interpretations are possible for instance from a biological, 
a philosophical or a religious point of view. 

 Even when restricted to its biological features, a definition of life is 
not easily established; questions such as whether the life of an individual 
or that of a population should be described and what features of life 
are the most important ones have been discussed extensively (e.g. as 
summarized in Ref.  [42] , pp. 17 – 23 and Ref.  [43] , pp. 197 – 205). Some 
authors doubt that it is possible to define life adequately because the 
conditions that are required to establish a definition of life, such as the 
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necessary and sufficient features, are not available at our current state 
of knowledge  [44] . Others point out that, on linguistic grounds, it is 
difficult to find a definition of life because there are different types of 
definitions that tend to, but should not be, mingled  –  for example, a 
lexical definition, which attempts to give the meaning of a word and an 
operational definition that sets out parameters to verify whether the 
term can be applied  [45] . 

 However, researchers working in the fields of synthetic biology or 
exobiology need to be able to decide under which conditions an object 
can be considered  “ alive. ”  As suggested by Oliver and Perry  [45] , we 
start, therefore, from different  “ working descriptions ”  which do not 
necessarily claim to be exhaustive definitions. NASA uses a characteriza-
tion of life which focuses on life as feature of a population: 

   “ Life is a self - sustained chemical system capable of undergoing Darwinian evolu-
tion ”   [46] .   

 This description has been refined by P.L. Luisi as follows: 

   “ Life is a system which is self - sustaining by utilizing external energy/nutrients 
owing to its internal process of component production and coupled to the medium 
via adaptive changes which persist during the time history of the system ”   [47] .    

 This understanding of life focuses on the individual organism and com-
prises the idea of autopoiesis, a notion that has been created by Maturana 
and Varela specially to describe life; it means self - production and self -
 organization  [48] . 
 Taken together, these working descriptions of life are based on empiri-
cally testable biological criteria that distinguish living from inert systems. 
However, are biological criteria sufficient to describe what we mean 
by the notion  “ life ” ? There is for instance a widespread notion that 
there are aspects of human life, such as human dignity, which cannot 
be explained in scientific terms  [49, 50] . Human dignity asks for a 
special form of respect in the contact with others. Every person has 
certain rights with corresponding duties and responsibilities to other 
people. However, descending the phylogenetic tree of life, such features 
get more and more questionable. Does the life of a cat have meaning? 
Does a rose have dignity? Do we owe any kind of respect to living beings 
in general? And if we do, what would this respect be based on? The 
answers to these questions are related to our concept of life. 

 In Western culture, the concept of life is, for example, influenced by 
ideas of an immortal soul in some types of living organism (such as 
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human beings). Furthermore, because life originally existed in parallel 
and not under control of human beings, it is very often directly related 
to  “ nature ”  and  “ environment. ”  Finally, life is the feature we share with 
all the other organisms, which gives this property even in microorgan-
isms a particular significance. In these meanings, the term  “ life ”  has a 
positive connotation; it is not purely descriptive, but comprises a norma-
tive aspect. Ethicists call such terms with a descriptive and a normative 
aspect  “ morally thick concepts ” ; 4   “ life ”  belongs to these concepts.  

   13.2.3.2    Value of life 

 The above - mentioned normative components are closely related to an 
intrinsic value in life. 3  There are many different theories of environmen-
tal ethics which argue for the assignment of intrinsic value at different 
phylogenetic levels of life. Many positions assign intrinsic value only 
to human beings (e.g. Kant) and others extend it to sentient beings 
(e.g. Bentham and Singer), but some do argue that all living organisms 
are carriers of intrinsic value (e.g. Schweitzer, Attfield, and Taylor). 
Interestingly, for some authors speaking of intrinsic value in lower 
forms of life, this value seems to be related to the naturalness of life. 
Paul Taylor, for example, distinguishes between life in the environment 
and life in bioculture. Whereas in the first category the intrinsic value 5  
of living organisms is the only value that needs to be considered, in 
the second type this value has to be balanced against the instrumental 
value that living organisms have for human beings. Paul Taylor states 
 [51] , pp. 57 – 58:

  It becomes a major responsibility of moral agents in this domain of ethics to work 
out a balance between effectiveness in producing human benefits, on the one 

  5      Paul Taylor speaks of  “ inherent worth ”  when he means what we are calling intrinsic value. 

  4      The term  “ morally thick concept ”  was introduced by Bernhard Williams; such terms describe 
a certain person or fact, but at the same time imply an evaluative or normative component; 
Williams gives coward, lie, brutality, and gratitude as examples of morally thick concepts  [57] , 
pp. 140 – 143. 

  3      The term  “ intrinsic value ”  is used in different meanings. In this context we understand it in 
a very broad sense as the claim that certain entities are morally considerable (have moral 
standing). This means that we cannot deal arbitrarily with any carrier of intrinsic value, but 
instead we should ask how we are allowed and required to treat it, because we owe moral 
respect to such an entity. 
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hand, and proper restraint in the control and manipulation of living things, on 
the other.   

 This constriction indicates that not even for a biocentrist 6  is the intrinsic 
value of microorganisms absolute.   

   13.2.4    Intellectual Property Rights 

 Little has been said about how current  intellectual property rights  ( IPRs ) 
will shape the development and use of unnatural biological systems, and 
how unnatural biological systems will shape the way IPR are applied. 
Articles 52 and 53 of the  European Patent Convention  ( EPC ) stipulate 
that European patents are granted for inventions that are new, involve 
an inventive step, and are susceptible of industrial application  [52] . In 
a similar way, the US Patent and Trademark Office only grants a patent 
if the invention is new, not obvious (that means it cannot exist in a 
natural state like a plant, animal), and must be useful  [53] . Different 
ownership regimes exist internationally when it comes to patenting frag-
ments of DNA. While it is not possible to own random pieces of DNA, 
a DNA with a useful function can be owned in some countries  [54] . 
While it is not possible to own random fragments of DNA without 
known function, we do not know if it would be possible to own random 
fragments of, let us say, TNA or HNA, or any other third - type nucleic 
acid. In other words, is it possible to  “ copy and paste ”  the complete 
genetic diversity of life from DNA onto a chemically different informa-
tional polymer and then patent it? Can artificial genetic alphabets under-
mine the exclusion of broad patents of life? 

 Going from DNA to species, the European Patent office states that 
plants and animal varieties are excluded from patentability; however, 
microbiological processes and products thereof are not excluded. It 
seems that a minimal life form, a bacterial chassis, can in principle be 
patented. In the USA the team of Craig Venter has already filed a patent 
application for a minimal bacterial genome (US Patent application 
number 20070122826). A similar treatment can be expected for simple 
protocells; in other words, they seem not to be excluded from patent-
ability as long as their invention is not contrary to  “ ordre public ”  or 
morality.   

  6       “ Biocentrism ”  considers all forms of life as having intrinsic value. 
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   13.3    CONCLUSIONS 

 In this chapter we have attempted to review some of the societal impacts 
and novel aspects of synthetic biology, particularly protocells and 
xenobiology. We have asked whether work in these fields is suffi-
ciently guarded by measures of biosafety and biosecurity, whether we 
have a sufficiently shared understanding of the ethics of the creation of 
life, and what IPR issues might arise as technology matures. Even this 
initial review leads to some interesting implications and questions 
for those working in the fields and those who might be affected by 
the work. 

   13.3.1    Biosafety 

 Currently, no living organisms based on an unnatural nucleic acid are 
known to exist. But the combination of an extended genetic code and 
an adequate novel polymerase could certainly lead to the next step 
towards implementing an artificial genetic system in, for example,  
E. coli   [22] . The creation of such unnatural organisms will be done in 
increments, giving us some, but not too much, time to find out how 
we could assess the potential risk that these alien organisms could 
bring and how we should contain them until they are understood 
well enough to release them to BSL 1 and 2 laboratories or even 
beyond. 

 Regulators and scientists are aware that the list and classification of 
the biological agents must be examined regularly and revised on the 
basis of new scientific data  [25] . The scope and impact of the ongoing 
research, however, would require a more proactive anticipatory 
approach, comparable to what NASA has done in anticipating a (pos-
sible) sample - return mission of extraterrestrial life. 

 The probable response to such a suggestion is likely to be, first, that 
 “ alien ”  species are unlikely to be competitive against the highly evolved 
natural species here on Earth. It will also be argued that nothing should 
be done to restrict work that has already produced major benefits, such 
as the Bayer VERSANT branched DNA diagnostic assay for HIV and 
hepatitis viruses  [6] . These are strong arguments, but they do not give 
enough weight to the possibility that these new species could well be 
able to survive on Earth, especially as very little information is available 
on them and scientific predictions on the fate of these organisms in the 
environment will hardly be possible.  
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   13.3.2    Biosecurity 

 At the very least, synthetic biologists should look carefully at whether 
the BTWC can be strengthened with their support through, for example, 
an agreed understanding at the 7th Review Conference in 2011 that 
Article I does indeed cover all such artificially created organisms, not 
just natural or modified natural organisms  [38] . 

 Of course, nobody is arguing that scientists have the sole responsibil-
ity for preventing the hostile misuse of modern biology. A web of pre-
ventive policies has to be constructed by many different actors in many 
different dimensions  [55] . Yet scientists do have a particular responsibil-
ity in regard to protecting what they are creating and need to be aware 
of their obligations under the BTWC and in particular the ongoing 
discussions among State Parties related to the generation of a culture of 
responsibility among scientists  [37] . 

 This will involve scientists becoming much more involved in discus-
sions of biosafety and biosecurity, but also to be aware of the elements 
of a new culture of responsibility, such as oversight, codes of conduct, 
and a much greater focus in education and professional training on the 
problem of dual use  –  that is, hostile applications of the results of 
benignly intended work.  

   13.3.3    Bioethics 

 Chemical synthetic biology brings bioethics into chemistry. Bioethics in 
its broader sense is 

   “ the study of the moral, social and political problems that arise out of biology 
and the life sciences generally and involve, either directly or indirectly, human 
wellbeing ”   [56] .   

 Independently of potential future applications of chemical synthetic 
biology in, for example, medicine, interesting bioethical discussions of 
this field concern the occurrence and meaning of  “ life ”  in products of 
chemical synthetic biology. The synthesis of living systems from scratch 
or the designing of fundamentally different forms of life raises questions 
about the meaning of the concept  “ life ”  in our society. It reveals that 
 “ life ”  is a multilayer concept implying descriptive, but also normative, 
aspects. It is an interesting question how and whether normative aspects 
of life, such as an intrinsic value in certain living organisms, is related 
to the biological criteria of life and whether or under which conditions 
such normative issues might apply to products of synthetic biology such 
as protocells. 
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 In chemical synthetic biology, human creativity, human purposes, and 
human priorities are the principles deciding about the existence of living 
organisms. Synthetic organisms resulting from these technologies may 
fulfill the biological criteria of life; however, this does not necessarily 
mean that they also fulfill its normative criteria. Some of these features, 
related, for example, to an intrinsic value or the fact that life is some-
thing that exists in parallel to and not because of human beings, may 
not be found in synthetic organisms. 

 Therefore, it would be sensible to clarify what type of life ethicists, 
philosophers, biologists, synthetic biologists, and the public are talking 
about. Do they understand  “ life ”  as something related to an intrinsic 
value, to naturalness or to biological criteria? If these different interpre-
tations of the term  “ life ”  are clearly separated, then a multi - stakeholder 
discussion of synthetic life might bypass several misunderstandings, 
which are currently part of the debate. On the one hand, representatives 
of positions arguing life was something special carrying intrinsic value 
that should or must  not  be  “ created ”  by humans might take into 
account that synthetic life may, per definition, belong to another cate-
gory exactly  because  it is designed by human beings. Therefore, it may 
ask for evaluation based on other standards than natural life, similar to 
the difference between environmental ethics and the ethics of bioculture 
suggested by Paul Taylor. Furthermore, synthetic life at a single - cell level 
should be distinguished from synthetic life in higher organisms. Synthetic 
biology in higher organisms may raise new types of ethical issue; 
however, at this stage chemical synthetic biology is not attempting to 
design or create higher organisms. On the other hand, those scientists 
who argue that life can be fully explained as soon as one is able to build 
it may consider that there might be aspects of life that cannot be 
explained scientifically. In summary, the term  “ life ”  is loaded with many 
different meanings. New scientific developments, such as synthetic 
biology or exobiology, are adding additional interest and signification 
to this list. However, not every application of this term necessarily refers 
to all its different meanings, this may lead to a complicated but fascinat-
ing diversification of our concept of life.  

   13.3.4    Intellectual Property Rights 

 Chemical synthetic biology deals with biological systems and simple life 
forms, not (yet) with multicellular organisms. But looking into a pos-
sible future, how would plants and animals that are based on a different 
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genetic alphabet be treated by the patent system? Would they be treated 
in a similar manner to natural life forms and excluded from patentabil-
ity, or would they not be considered animals and plants and, therefore, 
not be excluded from patentability? Which definition of life will be used 
in order to make the decision: the biological, ethical, or philosophical 
definition? 

 Clearly, the ethical, legal, and social implications of the outer reaches 
of synthetic biology will require a great deal more attention before we 
have even the level of assurance that we now have in regard to the 
implications of exobiology  –  and the situation in regard to that field can 
hardly be considered to be satisfactory.             
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 This chapter is an attempt to provide a framework of epistemology to the 
growing fi eld of synthetic biology (SB). It is fi rst argued that there are two kinds 
of SB: one (bioengineering SB) clearly and purposely directed towards one goal 
set from the start; the other being more concerned with basic science and 
responding to the basic question  “ why this and not that? ”  They need to be 
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 Some basic notions are necessary for this enterprise. One is the clarification 
between teleology and teleonomy; another is the clarification of the apparent 
dichotomy between reductionism and emergentism. Initially, one needs an oper-
ational definition of life, and the vision given here, based on system biology 
and autopoiesis in particular, is one in which life is seen as a dynamic integra-
tion of parts, which have all to interact with each other in order to give rise to 
an emergent whole  –  which is life. Within this framework, SB appears at first 
sight as reductionism, as most of its operations are based on assembly of bio -
 bricks, and  “ cut and paste ”  of genomic parts, seen often like the components 
of an electronic circuit. However, the necessary condition to arrive at a novel 
form of life (the goal of SB) is the integration of parts in the complete unity, 
which corresponds to life as an emergent property. Emergentism is then the real 
basis of SB, although the researchers in the field are not always conscious of 
that. It is also argued that emergence is somewhat linked to bio - ethical prob-
lems, since novel, unexpected and, in principle, harmful properties may arise 
from the genetic manipulations. This point is discussed, emphasizing that, 
in general, epistemic considerations should be brought more and more to 
the attention of students as an integral part of their understanding of life 
sciences.            

   14.1    INTRODUCTION 

  Synthetic biology  ( SB ) has been developing and spreading both in the 
academic world and in the applied industrial research at a rate which, 
in my opinion, few of us were capable of predicting. Just count the 
international meetings which are offered every year on the subject in all 
parts of the world. It is easy to foresee that a large part of the life sci-
ences and of pharmaceutical products  –  and, therefore, our daily life  –  
will be more and more influenced by SB. Therefore, it is right to propose 
at this stage some basic questions concerning the conceptual framework 
of this discipline. 

 The epistemological questions one wishes to tackle are many. Is there 
something new from the epistemological point of view with respect to 
the classic genetic engineering, where finally SB is coming from? And is 
SB a homogeneous field in terms of epistemology, or should one discern 
different working directions each with its own philosophical charge? Is 
it correct to view SB, with its gene cut - and - paste procedure, a pure 
reductionist science? Where is the notion of emergent properties in all 
this? And how is it with the relation with the classic old items of epis-
temology, say teleonomy and teleology, or contingency and determin-
ism? In addition, the question that comes to mind immediately with SB 
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is about bioethics: isn ’ t the claim of SB to pretend to synthesize new 
forms of life something highly arguable  –  and how to propose it to the 
mass media? And how is the idea of making life in the laboratory going 
to help us in understanding the old question: what is life? 

 There is another general and important consideration about the neces-
sity of offering a discussion platform for the epistemology of SB: the 
necessity that epistemological concepts should be seen right away by the 
young researchers who are beginning to work with a comprehensible 
enthusiasm within the SB field  –  so as to have scientists who at least 
partly know, when doing experiments, in which conceptual and episte-
mological setting they are moving themselves. 

 In setting the framework of SB, we keep clear from  artificial life  ( AL ). 
I have to mention this, because in some of the literature and minds of 
workers there is confusion about the two. Aside from the general direc-
tive of dealing with forms of life which are not extant in our nature, 
they are different sciences. SB is basically experimental genetic engineer-
ing, whereas AL is basically computational or modelistic or robotics. 
AL, generally, is not concerned with experimental molecular biology 
and genetics, and in fact in the classic books of AL as edited by Langton 
and coworkers  [1, 2]  one does not find any experimental genetic engi-
neering work; rather, the classic keywords of AL are computer simula-
tion, chaos theory, robotics, alternative chemistry; modeling in terms of 
electronic circuitry and other forms of metaphoric design of life, and so 
on. If we design a metabolism based on silicon instead of carbon, this 
will be an exercise of AL. If we construct in the laboratory a new bac-
terium by synthesizing its genes and other biochemical parts, this will 
be a work of SB, not of AL. Of course, this is all matter of definitions, 
and there will be gray zones in between, but it is important to keep the 
two things conceptually clear from each other. This chapter deals with 
SB, not with AL.  

   14.2    SETTING THE FRAMEWORK 

 There are by now a few definitions of SB, and the common denominator 
describes a science that aims at synthesizing alternative forms of life, or, 
more generally, biological structures which do not exist in nature. If we 
want a more official definition, we can refer to the expert panel at the 
SB3 in Zurich (2007), which formulated that:  SB aims to engineer and 
study biological systems that do not exist as such in nature, and use this 
approach for achieving better understanding of life processes, generating 
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and assembling functional modular components, or develop novel appli-
cations or processes . 

 The term  “ alternative forms of life ”  above should be further qualified 
by referring simply  –  for the moment at least  –  to bacteria; in fact, the 
most popular version of SB is the construction of bacteria which are 
supposed to perform novel  “ useful ”  tasks, like the production of fuels, 
hydrogen, and other forms of energy. Examples of typical titles are: 
 “ Engineering a synthetic dual organism system for hydrogen pro-
duction ”   [3] ;  “ Metabolic engineering of microorganisms for biofuels 
production ”   [4] ; and  “ Light - energy conversion in engineered microor-
ganisms ”   [5] . The notion of alternative forms of life is also emphasized; 
for example, see the paper in Craig Venter ’ s group titled  “ Genome 
transplantation in bacteria: Changing one species into another ”   [6] ; or 
 “ Engineering microbes with synthetic biology frameworks ”   [7] . 

 The term  “ bio - bricks ”  is used to indicate the genetic elements that 
can also be made available commercially and that can be used as ele-
ments for constructing the novel genetic circuits (e.g. see Ref.  [8] , and 
see also the Register of Standard Biological Parts at  http://parts.mit.edu ). 
In the same way as we used to buy chemicals to start the synthesis of 
more complex organic molecules, or electronic parts to make an elec-
tronic gadget, now there seems to be the possibility of buying genetic 
parts to build up synthetic life. Whereas the traditional approach to 
learn about life was to dissect the living and study the single parts one 
at a time, now, with SB, we can learn about life by way of synthesis. 
And this is, of course, an important conceptual difference  –  in the chemi-
cal sciences we used to say that we can fully understand only what we 
can synthesize. It is also interesting to notice that SB has been in full 
development in concomitance with system biology, namely with the 
capability of studying and in part conceiving the living in its entirety 
 –  actually even in its social context. 

 Also, the term  “ chassis ”  is used in the field of SB, like the naked 
chassis of an automobile on which you put all the parts  –  wheels, motor, 
brakes, and so on  –  in order to make the whole. And indeed, some of 
the research titles reflect this assembly endeavor, which sounds like 
the construction of electronic circuits; for example:  “ An integrated 
cell - free metabolic platform for protein production and synthetic 
biology ”   [9] ;  “ Toward scalable parts families for predictable design of 
biological circuits ”  [45]; and  “ Principles of cell - free genetic circuit 
assembly ”   [10] . 

 The notion of bio - bricks may give lay people the idea that, by buying 
all components, you can assemble a living organism. Is something like 
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that really possible? The answer really depends on what you mean by 
the question and by the term  “ life ” . We will come back to this later on 
in this chapter. 

 Aside from the big question of making life, the bioengineering appli-
cations of SB also cover the field of medicine; for example, see the work 
of Benner  et al.   [11] , or the work by Lee  et al.   [12] . Also, see the work 
by Fussenegger and coworkers  [13]  on the biotin - triggered genetic 
switch, which enabled dose - dependent vitamin H control in certain cell 
lines, the work by Chang and Keasling  [14]  on production of isoprenoid 
pharmaceuticals using engineered microbes, and that by Stephanopoulos 
and coworkers  [15]  on terpenoid synthesis from microorganisms.  

   14.3    THE TWO SOULS OF SYNTHETIC BIOLOGY 

 The statement given above from SB3 in Zurich emphasizes two different 
aspects of SB. One has to do with the engineering aspects  –  making new 
products; the other has to do with the development of basic science. 
This does not represent simply a generic description, but corresponds 
to two different ways of conceiving SB. 

 Let us deal first with the engineering aspect of SB. In fact, most of 
this work on SB follows a classic bioengineering approach, whereby a 
determined product is designed at the very beginning, and all routes and 
tools are bent and focused for obtaining that product  –  for example, 
bacteria to make hydrogen, or a particular drug. 

 Beginning with epistemic terminology, we can then say that we are 
dealing with a classic  teleological  enterprise, where teleology means that 
the purpose is defined at the very beginning  –  as engineers do when they 
have to construct a bridge or an airplane. It is worthwhile recalling that 
teleology is not the way by which nature and biological evolution in 
particular are supposed to proceed. The function (for example, sight, 
the spinning flagellum, wings, and so on) in nature ’ s evolution is never 
set a priori, but is the result, the consequence of the contingent struc-
ture ’ s development. There is no programmer or intelligent designer in 
the plans of nature :  the ameba, the bees, or the ants move about and 
do what they do, obeying more or less blindly a genetic program, borne 
out on them by the laws of natural evolution. Yes, it may look like 
finality, but it is  teleonomy  instead of teleology, namely the more or less 
blind working of an implemented genetic program. The function is a 
consequence of the structure ’ s development, and the structure is con-
structed according to the  “ bricolage ”  as described by the pioneers of 
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contingency, Monod and Jacob, up to more recent authors like Stephen 
Jay Gould. Teleonomy at work. 

 Teleonomy, then, is not the procedure of SB, which, by constructing 
its alternative forms of life, operates completely on the basis of teleology 
 –  at least the bioengineers do so. In this case, the intelligent designer is 
the synthetic biologist at work. Teleology instead of teleonomy. 

 Having clarified that, let us now consider the other aspect of SB men-
tioned. It is, in fact, proper to say that SB has a double soul. One cor-
responds to the bioengineering approach outlined above. The other is 
instead rooted into basic science. 

 In this second case, the basic, underlying question is: Why did nature 
do things in a certain way, and not in another one? Why 20 amino acids, 
and not 15 or 55? Why do nucleic acids contain ribose instead of 
glucose? Must hemoglobin be constituted by four chains, why not six 
or twelve? 

 From one general, philosophical point of view, this kind of question-
ing (why this and not that?) links to the dichotomy between  determinism 
and contingency : Are the things of nature the way they are simply 
because there was no other way to make them ( “ absolute determin-
ism ” )? Or are they the way they are due to contingency  –  something 
that some time ago, less properly and less fashionably, we used to call 
 “ chance ” ? 

 SB possesses the tools that may permit one to tackle this kind of 
philosophical question. The way is conceptually simple: let us synthesize 
the alternative form and see whether there are some reasons why this 
route may have not been chosen by natural selection. 

 Take the example of the work by Albert Eschenmoser and collabora-
tors at the Swiss Federal Institute of Technology (ETH - Z) on alternative 
DNA forms (a case of chemical SB  ante litteram ). He and his group 
synthesized DNA with pyranose instead of ribose in the chain  [16, 17] , 
arriving at important considerations about the working procedures 
of biological chemical evolution. And take the work in Yanagawa ’ s 
group  [18]  on proteins with a reduced alphabet of amino acids, showing 
that in certain instances enzymes  “ remade ”  with only 10 – 12 amino 
acids instead of 20 may work rather well. And there is the field of the 
alternative proteins, with the question  “ why these proteins and not 
others? ”  which leads to the synthesis of proteins which do not exist in 
nature, the so - called  “ never - born proteins ”   [19, 20] . Or take the work 
of Benner and collaborators on nucleic acids built with bases different 
from the four canonical ones  [46] . And why are unicellular organisms 
constituted by thousands of genes? Can ’ t they work with a much lower 
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complexity degree? And this is a question which leads the way to the 
field of the  “ minimal cell/minimal life, ”  which is now being pursued by 
several groups  [21 – 28] . 

 Several other examples could be given  –  which, by the way, are exam-
ples of  “ clean ”  SB, in the sense that they are being carried out without 
genetic manipulations of the living typical of most engineered SB. In 
fact, the term  “ chemical synthetic biology ”  has been coined to represent 
this field  [29] . In this case, the operation is also teleological, in the sense 
that we set a priori the construction of the new structure  –  for example, 
the DNA with pyranose. However, the function is not set a priori; actu-
ally, the functionality corresponding to this novel structure is not known 
 –  it is what we want to discover. In this sense, there is a significant dif-
ference with the bioengineering approach, where the function is the 
main prerequisite (e.g. production of hydrogen) set a priori at the very 
beginning. 

 However, it is the bioengineering approach that is more popular in 
SB, also because it is certainly the one which is more interesting from 
the applicative, and money - making, perspective. 

 It should also be noted, obviously, that the distinction between the 
two souls of SB is not always so clear, as you can spot in the literature 
examples of bioengineering work which bring important scientific 
advancements.  

   14.4    LIFE AS EMERGENCE, AND AS A PROCESS OF 
COLLECTIVE INTEGRATION 

 Since SB deals with the idea of making life in the laboratory, it is neces-
sary to briefly dwell on the question,  “ what is life? ” , limiting the inquiry 
to the simple cellular constructs that SB is concerned with. For that, 
consider the simple cartoon of Figure  14.1 . This represents the semi -
 permeable membrane, which identifies the compartment in which many 
reactions and the many corresponding transformations take place.   

 The phenomenology of a cell is actually the procedure followed 
by Maturana and Varela to derive their autopoiesis (autopoiesis from 
the Greek, meaning self - production). Actually, we could say, with them 
 [30 – 32] , that the cell ’ s main function is to maintain its own individuality 
despite the myriad of chemical transformations taking place in it. This 
apparent contradiction is explained by the fact that the cell regenerates 
from within those components which are consumed  –  be that ATP or 
glycogen, glucose,  α  - chymotrypsin, or t - RNA. 



350 GENERAL PROBLEMS

 Thus, the living cell is a system of processes which makes the com-
ponents that assemble in the systems themselves  –  we are witnessing 
cyclic logic, by which the system produces itself (of course, at the 
expense of nutrients and energy coming from the medium). Autopoiesis, 
then, is characterized by this particular organization, which is the invari-
ant property of life, whereas the structure may vary from cell to cell or 
within a cell depending on the actual function and metabolic changes. 

 Autopoiesis, then, according to the authors, is the blueprint of 
life, as all living cells and higher forms of life obey this principle of 
self - maintenance from within, due to a self - generating internal 
mechanism. 

 This we can simply learn from the phenomenology of a cell, and then 
give a first answer to the question  “ what is life? ”  

 But we can learn something more from the cartoon of Figure  14.1 . 
Consider the question: where is cellular life localized? There is an 
obvious and very important answer to this question: life is not localized, 
life is a global property, being given by the collective interactions of all 
molecular species, by the invariant self - organization mentioned above. 

     Figure 14.1     A cartoon representing the activity of a cell. Nutrients/energy (N) enter 
the cell, are integrated in the metabolism, which produces all its own components 
(A, B, M, P, W, DNA, RNA, proteins, organelles) as well as the membrane compo-
nent (C). Waste material (W) is then released into the environment  
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This is not true only for the cell, but for any other macroscopic form 
of life. The life of a large mammal is the organized, integrated interac-
tion of heart, kidneys, lungs, brain, arteries, and veins. And each of 
these organs can be seen as the integrated and self - organized ensemble 
of different tissues and organelles (they can be seen as autopoietic 
systems of higher order); and each tissue or organelle is the integrated 
ensemble of different cells; and each cell is the organized integration of 
the molecular species, as already discussed from Figure  14.1 . 

 There is another apparent contradiction in cellular life and life in 
general, which can be germane for our discourse here. This is the fact 
that a living cell, and by inference all living things (at least during the 
homeostasis period), must be a  thermodynamically open system , as this 
allows the input of energy and nutrients through a semi - permeable 
membrane; conversely, the living cell, from the epistemic point of view, 
is an  operationally closed  system, in the sense that the information for 
all life activity is contained within the structure ’ s self - organization. The 
aspect of being thermodynamically open links the living with the inter-
action with the environment, and we can say that the living is partici-
pating in a  cognitive interaction  with the environment. The terminology 
of cognition is taken again from the Maturana and Varela  [31, 32]  
autopoiesis theory and indicates the specific coupled interaction between 
the living and the environment with the consequent constitution of a 
mutual cooperativity, or co - emergence into a mutual unit. 

 Then, for the time being, let us see life as an integrated system which 
is capable of self - sustainment due to the activity from within, and which 
is operationally closed and thermodynamically open, capable then of 
interacting with the environment in a specific manner. There is, however, 
another aspect of life which must be taken into consideration, and which 
is particularly important for the field of SB. 

 To say that life is a global property that depends on the interaction 
of parts is tantamount to saying that  life is an emergent property . 

 It is important for our discourse here to briefly recall a few aspects 
of this notion, in particular those which may be important for SB, like, 
for example, the notion of downward causation. 

 First of all, emergence and emergent properties are notions that arise 
upon the formation of a higher hierarchic order starting from smaller 
parts or components, and indicate the arising of novel properties  –  novel 
in the sense that they are not present in the parts or components. 
Generally, it is accepted that the emergent properties cannot be predicted 
from, or reduced to, the properties of the components, and in the litera-
ture the notion of  “ strong emergence ”  is opposed to the notion of  “ weak 
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emergence. ”  The first term indicates that the prediction or interpretation 
from the parts is in principle (ontologically) impossible; the second term 
indicates that such prediction or interpretation is not in principle impos-
sible, but simply technically too difficult. In the case of bioengineering 
SB, the properties to be expected are set a priori, whereas in the case of 
basic science SB ( “ why this and not that ” ) the emergent properties, as 
we have already noted, are precisely the matter of investigation. There 
would be much to say about emergence, about predictability and deduc-
ibility, about the relation with reductionism, but we do not need all this 
here. However, there is another important element we should not miss 
for our present discussion on SB. This is the notion of  downward 
causation . 

 To deal with this concept in detail would strain the chapter into a 
high degree of specialization, for which the reader is referred to the 
literature (e.g. see Refs  [33, 34] ). For the purpose of this chapter, it is 
enough to recall that this notion has to do with the fact that there is 
always a mutual interaction between the parts and the whole, in the 
sense that the formation of the whole affects and modifies the parts. 
Clearly, the amino acids that form a protein are modified by their mutual 
covalent and noncovalent bonding with respect to their free state of 
amino acids; and a tribe, formed by the ensemble of several families, 
modifies the behavior and rules of the family, while the family, formed 
by the ensemble of single people, modifies the properties and behavior 
of these constituent persons. 

 This ties with the notion of bio - bricks discussed previously. To under-
stand this point better, consider that it does not make much sense to 
consider the heart by itself, as a separate abstract part. We may have it 
as a frozen organ, but it acquires its real meaning when it becomes an 
integrated part involved in the interactions with all other organs and 
parts of the body. It is, then, generally important to make clear that the 
 “ parts ”  of life cannot be considered as inert pieces as in a Lego - game 
or bricks that can be added mechanically; in reality, the parts (and, 
therefore, the bio - bricks also) should be seen as being substantially 
modified and functionalized by the making of the whole. Actually, and 
this is the important point, they will acquire a meaning only if they 
become a functional part of an integrated unity. 

 All this ties to the question we have raised in the introduction, 
whether by assembling all the appropriate bio - bricks you can build an 
organism in the laboratory. If by that we mean the construction of a 
living organism from scratch, it should first of all be pointed out that 
this has not been accomplished thus far by SB. The claim of some of 
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the media, that Craig Venter had accomplished  “ the synthesis of life ” , 
were simply wrong. As already mentioned, what Venter ’ s group had 
done was to substitute the original genome of a cellular organism with 
a synthetic one, a very remarkable job, but conceptually something like 
an organ transplant. The cell has not been synthesised, and the very 
idea that all that you need to make life is to make a genome, is simply 
fallacious: put that genome in a nutrient buffer solution and nothing 
would happen. Only if you put the genome in a cell, will things begin 
to move. 

 The idea of making an organism from scratch was not in the genetic 
SB agenda. But let us pursue for a short time the idea of trying to make 
an organism from scratch. In this respect, it is useful to recall the 
attempts to reconstitute living cells starting from their dismantled com-
ponents: nucleus, cytoplasm and cellular membrane. The first thing to 
say is that the re - assembling is not a simple, spontaneous process, as 
for example in the case of TMV  [35]  or some ribosomal forms  [36] . In 
the case of  Amoeba Proteus   [37] ,  Acetabularia Mediterranea   [38] , and 
some mammalian cells  [39] , the re - assemblage was partially obtained, 
but always with the assistance of an operator, who with micro syringes 
or by other mechanical manipulation, has helped the reconstitution 
by hand. 

 Why the case of the cell is different from the case of TMV? Basically, 
because the self - organization of TMV is under thermodynamic control, 
whereas the construction of a cell is not; we are dealing with a lot of 
kinetic control, and all construction plans depend on a series of events 
in a very precise sequential order. 

 These considerations are very important also for proceeding with SB. 
Even supposing that one can dispose of all possible bio - bricks to make 
the entire organism, which is per se a fantastic assumption, how many 
do you need to make an amoeba, or a worm? What can you do? In fact, 
only if the biological system to be constructed by SB is under thermo-
dynamic control can the simple mixing of the corresponding bio - bricks, 
in a mechanical or genetic way, bring about the complete structure and 
potentially all the corresponding functions. If, conversely, the system is 
under kinetic control, which means a lot of sequential order in the 
ontogenic pathway, then just mixing the various bio - bricks together 
would not work. The prerequisite to do something viable would then 
be to know a priori the exact construction order (the precise  “ cellular 
ontogenesis ” ), and simulate this ordered pathway. And even in this 
experiment, there would be problems. What to do with the cell mem-
brane? At which point would the compartment form? How would all 
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the components be put inside? More generally, what would be the 
experimental set - up to start this kind of experiment? 

 As we said, SB was not born to make organisms from scratch, but to 
modify the extant ones. Perhaps this will change in the near future: 
making organism from the scratch can really be seen as one of the chal-
lenges of future bio - engineering SB. 

 Things are somewhat easier with the  “ mechanical approach ” , namely 
starting from extant macromolecules(enzymes and genes) and basic bio -
 structures. Some progress in this direction has been made with the previ-
ously mentioned  “ minimal cell project ” , the mechanical approach of 
SB. In this project, one starts from already formed membrane models, 
the liposomes, into which single macromolecular components are intro-
duced. The idea is to add the minimal but sufficient number of compo-
nents to arrive at the first threshold of living cells. 

 From the above discussion, is also apparent that there are two ways 
of building up an organism by way of SB. One is to use the physical 
elements, the other is using the genetic bio - bricks, adding them to one 
another. Looking at these two ways, one could talk of a  “ mechanical 
SB ”  and of a  “ genetic SB ”  but there are already too many classifications 
and too much terminology. 

 Having clarified these general concepts, let us see more in detail how 
SB operates to reach its goals.  

   14.5   THE WAY OF OPERATION OF 
BIOENGINEERING    SB   

 One major operational scheme of SB is based on modularity, which 
implies a  “ cut and paste ”  of genetic parts from one organism to another. 
Some of these parts can be  “ bio - bricks ” , originally belonging to a living 
organism, and then made commercially available, or can be genetic parts 
synthesized in the laboratory. Let us schematize the major modes of 
modularity operation, and this with the help of Figure  14.2 .   

 Given a starting organism containing the four genetic elements A, B, 
C, and D, we can have the case in which one element (or more than 
one) is eliminated, as in the knock - out experiments carried out by 
Venter ’ s group on  Mycoplasma genitalium   [40]   –  see Figure  14.2 a. The 
result is a genetically simpler novel organism. And the question is, what 
is its performance? The goal of the investigators was to maintain the 
viability and  “ life ”  of the original organism, a goal that, according to 
the authors, was achieved. 
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 This procedure also epitomizes one possible way to the  “ minimal 
cell, ”  a cell consisting of the minimal and sufficient number of genes. It 
is a kind of top - down approach and is conceptually quite different from 
the other kind of approach, to be discussed later on in this section, 
which offers a successive addition of genes to an empty scaffold. 

 The figure on the left represents an organism composed by four 
genetic elements (A, B, C, and D). In procedure  “ a ”  one such element 
is deleted; in procedure  “ b ”  a new element (E) is added instead; and in 
procedure  “ c ”  one of the original genetic elements (C) is modified. 

 In contrast to the mood of operation of Figure  14.2 a, Figure  14.2 b 
illustrates the case in which one gene, or one entire bio - brick, is added 
to a pre - existing organism. This is a more complex case, as there is a 
genetic addition: the organism A is now supposed to perform all its 
previous functions, plus the new ones due to the added B element. 

 The simplest case of this second manipulation is classic bioengineer-
ing: if you want  E. coli  to fabricate insulin, you add to its genome the 
pig insulin gene, and the  E. coli  genome is thus enriched and does 
the job of making insulin. However, SB offers more complex and 
more interesting cases. For example, in the work by Weber  et al.   [13] , 

     Figure 14.2     Basic operations in synthetic biology leading to non - extant forms 
of life  
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simplifying somewhat, the  E. coli  repressor of the biotin biosynthesis 
operon was fused to the  Herpes simplex  transactivation domain to 
generate a biotin - dependent transactivator; biotin - inducible transgene 
expression was functional in a variety of rodent, monkey, and human 
cell lines. 

 Let us consider now the case illustrated in Figure  14.2 c. We have here 
 –  indicated with an asterisk  –  the replacement of a genomic part, in 
analogy with an organ transplant in humans. The new element added 
into A can also be synthetic; an example is the replacement of an entire 
gene of  M. genitalium  by the corresponding synthetic gene, a synthesis 
performed in Venter ’ s group  [41] . In all these cases we may obtain a 
more powerful functionality in the organism, and the integration and 
the consistency with the whole should be guaranteed by the fact that 
we have substituted similar or identical parts. And, more generally, this 
demonstrates that that life  –  at least at this level  –  can be seen in terms 
of a cut - and - paste of parts. A good example of this is the work by Lee 
and coworkers [12], who operate on the metabolic engineering for the 
production of drugs at the whole cell level (a notion germane to system 
biology) for enforcing or removing the existing metabolic pathways 
toward enhanced product formation. 

 Venter ’ s group experiment deserves a further comment. The original 
bacterium, once deprived of its own genome, was not alive; the synthetic 
genome obtained in Venter ’ s laboratory was also, obviously, per se, not 
alive. By putting these two non - alive parts together, a living organism 
came out. Actually, when this work was published, we all admired the 
labor endeavor, but nobody was surprised by the fact that life could be 
regained. Why not, if DNA is just a molecule? 

 Conceptually, this work reminds one of general cloning, where we 
have that the two parts (the enucleated ovocyte and the nucleus) each 
per se being not living, but once properly put together, the two nonliving 
things give rise to a living entity. This is a demonstration, then, that life 
is indeed an emergent property, as it can be obtained starting from 
nonliving parts? 

 Figure  14.2 c may also illustrate the case in which the new genetic 
element has been created in situ in the A organism by genetic manipula-
tion of the original organism. For example see the paper by Endy and 
coworkers  [42] , in which more than one single module has been geneti-
cally changed. Also in this case, as in the previous one, we are dealing 
at the end with a novel organism. 

 This is also in the example of the  iGEM  work by a young team from 
Peking University (2007) who modified the  E. coli  bacterium so that it 
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changes color when light is switched on/off  –  see  http://2009.igem.org/
Main_Page ). A novel operational unit is integrated in the original circuit, 
so that the final product (bacterium) is a new form of life. 

 What is missing in Figure  14.2  is the total synthesis from scratch, 
starting from the synthesis of the genome, as shown by Venter ’ s group, 
and then making one by one what we have called A, B, C, and D moduli. 
I believe this is still well out of reach. 

 Let us now turn to epistemology again. Based on the schemes of 
Figure  14.2 , life is seen in SB as a series of operational units, which are 
spatially and logically separated from each other and which can be 
added and taken away singularly. Under this viewpoint, we can say that 
there is a strong reductionism attitude. Do the SB schemes of Figure 
 14.2  point out a reductionism scenario? 

 Yes and no, we have to be careful. In fact, together with the cut - and -
 paste operation, even if implicitly, there is also the idea that all these 
operational units must be interconnected with each other to make pos-
sible the emergence of life. In other words, insofar as life is reduced to 
the sum of operational units, we are in reductionism. As soon as we say 
that life cannot be interpreted or explained with the sum of operational 
units, but we need their integration to form a novel emergent unit, then 
we abandon the narrow limits of reductionism. 

 In my opinion, this simple discriminating argument is not always clear 
in the mind of the workers in SB. Actually, the workers can be defined 
as reductionist or emergentists, depending upon the stand they take in 
the above discrimination. 

 Can these new forms of life be beautiful or monstrous, or be patented 
as a new gadget can? There is an ongoing discussion on that; fortunately, 
this is an issue which lies outside the scope of this chapter. 

 What about the other soul of SB, the basic science soul, that based 
on the question: why this and not that? 

 In this case, there is a structural design, set from the start  –  for 
example, the making of proteins with a reduced alphabet of amino 
acids, or of DNA having pyranose instead of ribose. The synthesis then 
follows a teleological perspective. However, contrary to the case of 
engineering SB, the function is not set a priori; namely, one does not 
know a priori what these novel proteins, or the DNA analogs, will be 
capable of doing. It is all open ended. The question, rather, is which 
kind of emergent properties are going to arise from such a novel biologi-
cal structure? The fact that we do not know what the emergent proper-
ties are going to be sets this kind of science in the realm of basic science, 
rather than in the bioengineering area.  
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   14.6    CONCLUDING REMARKS 

 The epistemology of SB can be highlighted in terms of a few keyword 
dichotomies. One is teleology versus teleonomy, and here things are 
relatively clear. The other is reductionism versus emergentism, and here 
things are subtler. We have seen that, according to a superficial point of 
view, SB appears as a reductionist science, as it is all based on inter-
changeable modules which can be assembled together, or dismantled. 
However, the underlying philosophy, even if it is not fully seen by all 
workers in the field, is one heavily based on a concept of life which is 
highly emergentist  –  life as an emergent property, as life emerges only 
from the dynamic integration of parts into a whole. More generally, one 
could say that these basic notions of epistemology help in giving a 
broader framework to the technical work of SB, and it would be good 
if the scientists in the field would foster more interest for philosophy of 
science, and possibly transmit this to their students. 

 The other thing that should be transmitted more clearly to students 
of SB and in the life science in general, is a first answer to the question 
 “ what is life? ”  I believe that the few common sense considerations 
outlined in this paper  –  based basically on system biology and autopoi-
esis  –  may be sufficient to see life in a broader perspective and perhaps 
dispel the confusing and partly false notion that all there is in life is 
DNA. 

 The notion of life as emergence might enjoy with SB its triumph, once 
SB succeeds in synthesizing life from scratch from nonliving parts. We 
have reasoned, however, that the synthesis of an entire organism is still 
far from reach. 

 The notion of emergence is worth a particular additional considera-
tion: with the genetic manipulation of the genome of living bacteria, 
and within the teleological design of engineering SB, emergence may 
play some unexpected trick, in the sense that a novel combination of 
modules into a novel organism configuration may well give rise, in 
principle, to unexpected properties. 

 This argument links with the bioethical problems, which is a sore 
aspect of SB, particularly if we consider the increasing power of the 
mass media. In general, it must be said that SB has shown from the very 
beginning a great attention to bio - ethics, as witnessed by the consider-
able amount of contributions dealing with ethical problems in the major 
SB international conferences. It is as if the workers in the field have 
learned from the older field of genetic engineering, and defend them-
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selves a priori from accusations of dealing too light heartedly with 
potentially socially scary items. Ethical problems are, of course, less of 
an issue for the second soul of SB, that of dealing with the basic science 
of chemical SB. 

 In the light of the present scientific production, the idea that by bio-
engineering SB one can produce novel and dangerous bacteria is far -
 fetched. Different might be the case in which somebody wants to produce 
purposely novel harmful bacteria  –  a consideration that may link with 
the suspicion that some military research agencies might precisely do 
that in their biowarfare programs. I believe SB scientists should be 
careful not to give a hand to such programs. 

 There is another level of the bioethical discourse that deals not with 
dangerous novel bacteria, but with the more subtle question of whether 
it is right to  “ play God ” , and produce in the laboratory forms of life 
which do not exist in nature  –  particularly when the enterprise may not 
stop at the level of bacteria, but has the ambition of creating new forms 
of life by mixing the genome of, say, worms with the genome of but-
terflies, or by screwing the homo - box during ontogeny so as to obtain 
monstrous living constructions. 

 I know that a few(?) colleagues see even this as a challenging enter-
prise and are not touched by the concern that the construction of bio-
logical monsters may be something unethical. Here, too, there is only 
the hope that the main substrate of all sciences, namely common sense, 
may prevail over all other ambitions. 

 A final consideration. I have purposely restricted the analysis to SB 
and avoided taking about AL, robotics, and the like. This does not 
mean, of course, that these fields do not necessitate an epistemological 
clearing. Actually, if one considers in general the  “ sciences of the artifi-
cial, ”  then there are insights showing a growing interest towards basic 
science aspects, those which have more to do with emergent properties 
rather than solely engineering applications (e.g. see Refs  [43, 44] ). 

 Clearly, all this necessitates a deeper and differentiated study, for 
which the present article may only represent a starting point.  
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