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t was Darwin who first taught us that evolution means survival of the fittest.  Darwin’s 

battle has been fought for billions of years and the survivors are intricate and well-honed 

biological machines, perfectly fit to their respective ecological niches, and armed to the 

teeth with the physical and chemical weaponry that got them this far.  In this tapestry of life, 

humanity is no different.  In every human body is a constant battle repelling the microorganisms 

and environmental toxins being inhaled with every breath. Our defenses are formidable.  A 

standing guard of defensive combatants numbering in the trillions rapidly attacks any foreign 

agents that enter the body.  Some combatants are designed to flag invaders as foreigners, others 

to rip the targets apart with tiny molecular scissors. Still others are charged with preserving the 

sanctum sanctorum of any living organism—the genetic material.  These single-minded scribes 

read and re-read our genetic blueprints to make sure no foreign instructions have penetrated our 

defenses.  As a result, the body is not a hospitable place for foreign biological material.  It is this 

feature that prevents the vast majority of bacterial and viral invaders from wreaking havoc on our 

bodies and constantly snuffs out potential cancers when they are little more than mistakes in a 

copy of our genetic instructions.  Yet, this same biological xenophobia is now standing in the 

way of science and medicine.   

 Medicine has recently made incredible leaps forward in biotechnology and synthetic 

biology. These fields began hundreds of years ago with the use of weakened cowpox virus as a 

vaccination for smallpox and the first purification of insulin from a dog’s pancreas to treat 

diabetes. Today, we can trace the molecular genesis of some cancers to a single mutation in our 

genetic code.  We know what HIV looks like at the molecular scale and can target our deadliest 

drugs against it.  We can even engineer and reprogram the soldiers of foreign immune systems to 

fight our battles for us.  But our bodies don’t look kindly on these man-made newcomers of 
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synthetic biology.  Our immune system, which otherwise serves us so well, rips apart our 

brilliant creations, destroying the drugs that might otherwise cure our ailments.  Our most 

advanced biological homing missiles for example, designed from the ground up to target potent 

chemotherapies against telltale signs of cancerous tumours, last mere minutes in the bloodstream.  

Their weakness lies in their origins. These homing missiles were designed from the building 

blocks of viruses, long-time enemies of most forms of life.  As a result, our body recognizes 

them as viral invaders, and activates simple, ancient and incredibly destructive enzymes to 

destroy them before they can deliver their life-saving payloads.  A similar fate affects nearly 

every synthetic biological tool at our disposal.  The same vicious enzymes employed by our 

bodies are also used by bacteria found nearly everywhere on earth.  Nowhere is safe, and our 

best creations are often destroyed even as they await use in a test tube or syringe.  In the field of 

synthetic biology, life is now the enemy.  Not an enemy to be destroyed, but one to be stealthily 

avoided.  

*** 

 One of the mainstays of synthetic biology commonly used in modern therapeutics and 

diagnostics is the antibody.  Antibodies are tiny soldiers which serve on the front lines of the 

body’s immune system and are used to identify and neutralize foreign agents such as bacteria 

and viruses.  Scientists have recruited these tools from the body’s defense forces for their ability 

to both identify useful molecules with high fidelity and inhibit certain diseases.  Antibodies 

function using a lock-and-key motif, with a pair of molecular “locks” on every antibody which 

match exactly with a molecular “key” on a foreign agent such as a particular bacterium or virus.  

This binding motif allows antibodies to grab hold of specific targets with high selectivity, to 

either flag invaders as targets for destruction by cell-eating white blood cells or to defeat a 
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foreign invader by blocking an important area, in much the same way that blocking a person’s 

throat can lead to death even though the rest of the body is untouched.  The usefulness of 

antibodies in designer medicine was enabled once we learned how to program antibodies which 

grab or inhibit the target of our choice. To accomplish this, we use higher mammals (mice, goats, 

and llamas) or human cells as antibody factories to evolve an antibody against a “key” of 

interest.  Once the animal or cell is exposed to a virus or bacteria, it will attempt to develop 

antibodies against it.  Then scientists can extract the corresponding antibody “locks” and test 

their usefulness.  Sometimes the antibodies recognize and grab the foreign agent at just the right 

spot to prevent multiplying or respiring, which allows their use as an effective and targeted 

therapeutic. Other times, evolved antibodies can be used in diagnostic tests to indicate the 

presence of a pathogen (such as anthrax) or an infection.  The pregnancy test is a particularly 

well-known implementation of this technology, and uses evolved antibodies to detect a 

molecular “key” known as hCG which is present in high quantities in human urine during 

pregnancy.   

 These programmed antibodies are one of our best synthetic biological tools, having been 

applied to a large variety of human ailments and used nearly universally for diagnosing diseases.  

However the burst of innovation which began with the development of the designer antibody is 

reaching a standstill.  The problem again lies in their fragility.  Our antibody-based drugs and 

diagnostics are simply being ripped apart. Compared to many biomolecules in the body, 

antibodies are massive.  At the smallest of scales, they look like a vast and carefully tangled web 

of chains held together by very weak forces.  Each antibody’s complex 3D structure is unique, 

and can be assembled only by the complex and fastidious cellular machinery involved in protein 

synthesis. Much like a house of cards, this shaky structure can be very easily ruined; slightly 
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elevated heat, the presence of aggressive enzymes or an absence of required stabilizing 

molecules rapidly leads to antibodies deteriorating and losing all function. When being handled, 

stored or transported, antibody-based diagnostics or therapeutics must be kept frozen to contain 

the ferocity of nearby enzymes and slow down the thermal break down of their delicate 

structures.  These stability requirements make the transport and use of diagnostics and 

therapeutics in developing countries very difficult and costly—out of every 100 HIV tests 

shipped to sub-Saharan Africa, 40 have antibodies degraded beyond functionality, which leads to 

many false negatives in these very important diagnoses.   

 Besides their fragile nature, antibodies are fundamentally limited in what types of “keys” 

they can recognize.  Since antibodies are such an important part of the body’s defense, this 

weakness is an important clue to the limits of the destructive biological machines working 

against our treatments. It has been found that the large size of antibodies prevents their 

effectively developing a “lock” against a target not readily exposed on the surface of a protein or 

microorganism of interest. This presents many problems in the development of antibodies 

against protected targets.  Take HIV, for example. Upon infection the human body rapidly 

attempts to create an effective cocktail of antibodies to recognize and inhibit the HIV virus, and 

since the protective exterior of the virus evolves so rapidly, the body goes into overdrive 

attempting to create antibodies which detect and “lock-on” to the virus’s exterior and knock it 

out of commission by blocking an important part or changing its shape.  However, the only truly 

important part of the HIV virus is its “spike”, used to penetrate human cells and deposit its 

genetic material.  HIV always keeps its spike sheathed under the protective exterior of the virus, 

only to be exposed briefly when the virus fuses with the host cells to reproduce. This is a 
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recurring theme in virology and infectious diseases, and it is currently not possible to develop an 

antibody to target and inhibit these types of vital, but carefully hidden targets.   

 There are also other natural limits on the potential targets of antibodies, which will prove 

even more useful in suggesting ways to create tools resistant to destructive enzymes.  Antibodies 

are used by the body to identify and attack biological invaders, and hence do not work at all 

against non-biological molecules.  You can’t evolve an antibody against a heavy-metal toxin or a 

synthetic poison, for example.  These limits exist because the process the body uses to evolve 

antibodies is itself an evolved feature. Naturally, it has been optimized over time for use against 

biologically relevant molecules and microorganisms, not manmade materials completely absent 

from biology for most of the last billion years.  Only very recently have synthetics been 

introduced into our bodies, and since they are not made from biologically identifiable building 

blocks, synthetics remain largely undetectable and inert to the human immune system. Since 

antibodies can’t detect synthetics, are these types of materials also invisible to the destructive 

enzymes devastating our best synthetic biology?  To understand the limits of chemical 

recognition employed by all biological systems including antibodies and enzymes, we must first 

understand the building blocks of life, and how they developed into the world we live in today.  

Every single biological machine extant is limited by the rules enforced by the evolutionary paths 

followed aeons ago in the development of life. 

*** 

 You may have heard that life on earth was all written with the same language.  This is not 

because we share a common author, but because we share a common ancestor.  The nature of 

this ancestor remains shrouded in the mists of time, but we can make some guesses about our 
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earliest evolutionary progenitors that might offer some insight into the nature and limits of 

modern life.   

 Our earliest evolutionary forerunners probably more closely resembled modern-day 

viruses than the bacterial and multicellular life we’re most familiar with.  They likely used a 

versatile biomolecule called RNA for nearly every task, including information storage (as a 

genetic material), structural units, and as primitive enzymes—the first tiny biological machines 

which consumed nutrients, attacked foreign invaders, and enabled proliferation of the organisms.  

We’ve all heard of DNA, the genetic material of all life on earth today.  RNA is a slightly 

different beast. More flexible than DNA and able to fold into complex structures much like 

proteins, RNA is also much less stable, and though it is capable of holding genetic information it 

is very susceptible to being chopped up by something as feeble as a passing water molecule.  

Still, in the ancient world, being both able to function as an information carrier and the 

machinery to reproduce that information, RNA was a reasonable substitute for both DNA and 

proteins which are used in modern organisms.  During this “RNA world” era, scientists suspect 

life on earth consisted only of extremely simple single-celled microorganisms which spread 

throughout the globe capable only of consuming available nutrients and making more of 

themselves.   

 RNA is made up of four different building blocks, called nucleotides.  Like many 

molecules, these nucleotides come in two different types; a left-handed and a right-handed type.  

These two molecular types have the same component atoms, but are mirror images of one 

another.  Human hands have the same two types, with the left hand being a mirror image of the 

right—you cannot turn or move one of your hands to look exactly the same as the other.  This is 

why you cannot put a left-handed glove on your right hand. Though RNA is made of long 
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variable sequences of the four different building blocks, it is notable that only the left-handed 

nucleotides are used by life today.  This presumably random choice of handedness could have 

gone either way, and there may have been a time when both left- and right-handed forms of life 

existed, with one variety fated to expire while the world was still young. 

 We’re not exactly sure how long this “RNA world” persisted, but we do know that at 

some point a specific RNA sequence evolved which was capable of using free nutrients known 

as amino acids to construct much larger and more chemically useful biomolecules now known as 

proteins.  Specifically, this new RNA-based machine was able to read other RNA used to store 

genetic information and use this data as a blueprint to create a protein that can perform a 

biological function that the original RNA could not.  The development of proteins vastly 

expanded the extent and complexity of life on earth, and over time proteins became a cornerstone 

of biology responsible for the development of DNA.  However, one important relic of the RNA 

world remains:  Just as left hands only fit into left gloves, the left-handed RNA-based machinery 

which assembles proteins to this day only fits left-handed amino acid building blocks.  Indeed, 

nearly every vital biological molecule used by life on earth is based on either nucleotides or 

amino acids and present in only the left-handed type.  Life, it seems, can only read a left-handed 

language.  This is one important hint for scientists looking to sidestep life’s defenses. 

 Another hint can be found in the evolutionary development of proteins, life’s replacement 

for RNA-based machines.  Arguably, this development occurred due to the myriad new functions 

made possible by the chemical diversity of proteins, which used the comparatively large library 

of available amino acids as building blocks.   But still, life limited itself.  RNA-based protein 

assembling machinery can recognize and use only 22 amino acids (all of the left-handed variety).  

Though this is a vast improvement over the limited functionality which could emerge with only 
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four different RNA building blocks, limiting the amino acid alphabet to 22 letters was arbitrary, 

and based on the availability of biological amino acids was certainly not necessary. Since this 

“decision” was enacted, biology has discovered a number of ways of bypassing this strict limit of 

22 building blocks by chemically modifying some amino acids after they’ve been assembled by 

the RNA machinery, enabling some of the most interesting and innovative proteins in nature 

such as spiders’ venoms, silks and adhesives.  These methods of post-assembly modification are 

inefficient and ad hoc compared to the smooth efficacy of protein assembly, and for the moment, 

only the 22 standard amino acids are easily recognizable by other proteins and enzymes. It 

appears that life remains limited by a choice one billion years old.   

 Evolutionary choices like this one are often long lasting, with seemingly random and 

unimportant evolutionary directions persisting until they become a fundamental limit of all life 

on earth.  Just as left-handed RNA begot left-handed proteins and DNA, left handed proteins fold 

and interact with each other in a fashion specifically dictated by their symmetry.  No matter how 

you move or rotate your hand, you will not be able to shake someone’s left hand with your right 

hand.  The symmetry simply does not match correctly.  In exactly the same fashion, enzymes, 

proteins and other biological machines are limited in what targets they can interact with based on 

their symmetry.  In this case, left-handed proteins have developed to fit only with other left-

handed proteins and biomolecule targets, making interactions with right-handed targets and 

proteins impossible.  

 Take for example the protein botulinum, used commonly as a wrinkle reducing treatment 

and generally regarded as the most potent neurotoxin ever discovered.  The target of this killer 

protein is called SNAP, a vital protein which allows neural signals to propagate from the brain to 

other parts of the body.  Though it would be a Herculean task with our current technology, we 
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could assemble SNAP entirely out of mirror image right-handed amino acids.  Left to their own 

devices, both the left and right-handed SNAP would be reasonably stable, happy to complete 

their important task and capable of functioning for many days without much trouble.  If we add 

botulinum proteins however, we find that the natural left-handed SNAP immediately loses all 

function and breaks into two useless pieces, an effect that leads to rapid paralysis and death in 

vertebrates. In contrast, the right-handed SNAP remains completely unaffected when exposed to 

the killer botulinum proteins.  This is because the naturally left-handed botulinum only has its 

deadly effect on a correspondingly left-handed target.  For the right-handed SNAP, the 

botulinum glove just doesn’t fit.  

 Just like botulinum, the destructive enzymes used by the human body to eradicate foreign 

agents and bacterial invaders act by fitting tightly with their target of interest.  Most proteases, 

the molecular scissors of the body designed to chop up any foreign proteins can only fit well 

with certain sequences of left-handed amino acids, and only these sequences are considered 

“chop-able”.  Likewise, enzymes known as nucleases can break up only left-handed RNA and 

DNA, and antibodies can generally only recognize and flag left-handed biomolecules 

recognizable as left-handed nucleotide or amino acid derivatives. 

 This self-imposed constraint on the interactions of biological systems provides a great 

opportunity for us to exploit.  Building our synthetic biological tools out of right-handed building 

blocks and other components unrecognizable by biological defenses is equivalent to equipping 

them with an invisibility cloak.  Using these techniques, it is possible to create our own breeds of 

antibodies and benevolent biological machines that can persist in the body and the world at large 

completely ignored by the trillions of microscopic combatants. Knowing what we do, our path is 
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laid out for us:  We must depart from our tools crafted from existing biology, and use materials 

completely unknown to life on earth.  What does that leave in our toolbox?   

*** 

 The line between “living” and “non-living” is a very clear one in our everyday life.  

Obviously a stone or a table isn’t alive, while most people would consider a person, a cat, or a 

carrot to be alive to some degree.  Over two thousand years ago Aristotle, one of the first great 

scientist-philosophers separated the world into three kingdoms:  vegetable, animal and mineral – 

with only the first two being endowed with the “vital” force of life.  Aristotle’s ideas persisted 

for many hundreds of years, until developments in the study of chemistry shook the foundations 

of this simple model of the world. 

 Back then, by “mineral” Aristotle was simply referring to all matter that isn’t a part of a 

living thing like a vegetable or an animal.  Since Aristotle’s time, scientists have begun to refer 

to these substances as “inorganic”, while using the term “organic” to refer to matter usually 

associated with life.  Even the word organic was chosen to refer to matter extracted from an 

organized system of life.  These substances were thought to contain Aristotle’s vital force which 

distinguished living things from non-living things.  But eventually our knowledge of chemistry 

advanced to the point that we could create simple “vital” organic substances like lactic acid (the 

acid excreted by your muscles when they work hard and cramp) and urea (a waste product of 

most living things) out of inorganic materials which could be extracted from the air, the water or 

from mineral sources.  This development overturned most scientists’ ideas of living and non-

living, and either disproved the existence of a vital force, or granted any clever chemist the god-

like ability to endow vitality onto non-living matter.  Naturally the latter option wasn’t a popular 
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one, and one of the chemists responsible for some of the groundbreaking work referred to this as 

a “great tragedy of science, the slaying of a beautiful hypothesis by an ugly fact”.   

 More recently, developments in synthetic chemistry have again shaken the distinction 

between living and non-living things.  Biological molecules like proteins and DNA were long 

thought to be too complex to be synthesized using traditional chemical techniques, and that the 

only reliable way to synthesize these incredibly intricate molecules was to enlist biological 

factories like cells, mice, or other animals.  Then Craig Ventor’s lab tossed this prejudice out the 

window and successfully synthesized the entire genetic blueprint of a bacterium in a chemistry 

lab.  When delivered to a living bacterium, this synthetic genome takes over the workings of the 

cell, making the bacterium transform according to the delivered instructions.   The biological 

implications of this development are staggering, one can imagine instructing these designer 

organisms to produce clean and renewable biofuels from air and sunlight.   

 The chemistry involved in Ventor’s work is a powerful demonstration of our mastery of 

biochemical synthesis.  We are now capable of building the vital machines (proteins) and 

information carriers (DNA/RNA) of life through entirely man-made technologies and from non-

living materials.  The building blocks of life have become our building blocks, and we can 

assemble them in any way we choose.  Markedly, by using our own factories of creation, we can 

completely bypass the self-imposed limits suffered by all life on earth.  While the biological 

machinery used to assemble DNA and proteins in life developed through random mutation and 

evolution over billions of years, the technologies used today for chemical assembly were created 

by an intelligent and innovative human mind.   
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Figure 1: Procedure of solid-phase synthesis of amino acids. See text for details. 

 The resulting technology is known as solid-phase synthesis, a powerful and extensible 

method of synthesizing DNA, RNA, proteins and many other completely inorganic chains of 

building blocks.  The process is relatively simple and the first few steps of a typical synthesis 

(using amino acid building blocks) are shown in Figure 1.  A commercially available solid phase 

scaffold is used with a protected end group that is relatively stable and unreactive initially (1).  

Then a chemical deprotection step is done to remove the protecting group and make the end 

chemically reactive.  A protected building block (in this case, an amino acid) is then added to the 

reactive end of the sequence (2). This added building block is then deprotected, allowing the next 

piece to be added much like the first (3,4).  This process is followed repeatedly, allowing the 

creation of long chains of building blocks in any arrangement (5). This is the technology 

Ventor’s group used to grow an entire genome out of DNA nucleotide building blocks, and one 

that can be used to create arbitrarily long structures of proteins, DNA or any other building block 

of our choosing. 
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 Though initial work with this technology was limited to left-handed biological amino 

acids and nucleotides, recently it has been applied to the more chemically stable right-handed 

amino acids.  Mirror image structures can be created using solid-phase synthesis, with one 

sequence created from left-handed amino acids and the other created from right-handed ones.  A 

simple endurance test can be used to test the resistance of these sequences to breakdown by 

aggressive protease enzymes like those in the body.  After 24 hours in a soup of rapidly 

multiplying bacteria, over 99% of the left-handed amino acid sequences get ripped apart and 

consumed, while only 5% of the right-handed sequences get destroyed.  To introduce even more 

endurance, the same right-handed sequence can be created using right-handed N-methylated 

amino acids.  These non-biological building blocks have the weak point of the amino acid 

replaced with much more chemically hardy N-methyl group.  Without an amino weak point, 

protease enzymes can’t rip the sequence apart nearly so easily, and the same endurance test 

results in less than 1% degradation.  These right-handed and N-methylated pieces dramatically 

improve the lifetime of synthetic biological tools in the body, but the limits of biological 

assembly (i.e. the factories of cells, mice and llamas) used before the advent of solid-phase 

synthesis prevented their development until quite recently.   

 Other robust building blocks have been developed which can imitate the chemistry of 

DNA and RNA much like right-handed and N-methylated amino acids can imitate that of 

proteins.  The power of using DNA and RNA in synthetic biology for targeting medical 

treatments comes from these molecules’ ability to match exactly with a DNA or RNA 

counterpart in human cells. When these counterparts encounter one another, they fold closely 

and tightly, and DNA or RNA treatments are often used to cover up a deleterious genetic 

instruction and prevent it from harming the cell.  But when used in the body, nuclease enzymes 
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hostile to DNA and RNA quickly cut apart these molecules, limiting their therapeutic 

effectiveness.  Solid-phase synthesis has allowed the use of alternate nucleotide building blocks 

which form similar chains capable of the same tight folding with DNA and RNA, but different 

enough to provide resistance to nucleases.  Right-handed nucleotides are one obvious solution, 

and significant stability is gained by using this alternate symmetry of molecule much like right-

handed amino acids, but this alteration completely prevents strands from folding with their left-

handed biological counterparts.  Other scientists have developed chains called locked nucleic 

acids (or LNA), which have two chemical bonds connecting each piece rather than the one in 

DNA, creating the same shapes and allowing the same folding, but producing a chain much more 

resistant to the nucleases’ enzymatic scissors.  In fact, LNAs fold even more tightly with DNA 

and RNA than they do with themselves, and LNA chains are already being applied as cancer 

drugs which use their extreme stability and strong binding to permanently fold with and block 

cancer-causing DNA sequences.   

 The above are but a few examples of effective building blocks that can be used to build 

synthetic biological tools which are both highly resistant to the body’s destructive enzymes and 

which have additional capabilities beyond those of their biological counterparts.  By sidestepping 

biology’s limited repertoire of building blocks, we can make our tools just different enough that 

they appear invisible to biology’s defenders.  But the question remains: If our tools are of an 

alternate symmetry, or made of foreign pieces incompatible with biology, how will they interact 

with biology to perform their life-saving errands?  To build a tool both invisible and functional, 

we must depart completely from biological building blocks and borrow some cutting-edge 

chemical tricks from synthetic chemistry.   

*** 
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 Most synthetic chemistry is an awfully untidy and problematic business.  Even so simple 

a task as adding molecule A to the end of molecule B to make AB is rarely as trivial as it sounds.   

You see, there is rarely only one path that a chemical reaction can take, and A + B can 

sometimes just as easily form BA as AB, or even continue reacting to form a long ABABAB 

molecule that can form a closed loop, much like the proverbial snake biting its own tail.  These 

unwanted side-reactions have long made trouble for synthetic chemists, and careful tuning and 

optimization of reaction environment and purification steps are often required to perform even 

the simplest chemical “additions” with high yields.   

 Biology on the other hand has no problems at all with unforeseen side reactions or 

chemical additions running out of control.  In fact, in biology the assembly of amino acid and 

nucleotide building blocks to form long and complex DNA, RNA and protein molecules 

proceeds with a speed and accuracy unheard of in man-made chemical reactions.  For example, 

the enzyme DNA polymerase is responsible for dutifully replicating an organism’s DNA by 

reading and then assembling an identical strand nucleotide by nucleotide. DNA polymerase can 

be seen as a tiny FedEx truck driving along the DNA making a delivery for each nucleotide 

addition.  At a more familiar scale however, this FedEx truck would have to travel at 300 km/h 

and make a delivery every 30 cm, all while making only one mistake every 100 000 kilometers.   

 Naturally, it has long been a goal of synthetic chemists to mimic this type of efficient 

chemical addition for the easy assembly of molecular pieces to make larger functional molecules 

like synthetic biological tools.  The goal of a rapid, high yield and biologically benign addition 

reaction of this sort has been referred to by scientists as “click” chemistry, referring to the 

objective of a reaction so easy that the two components simply “click” together.  In 2001, 

researchers discovered that in the presence of a simple copper salt and water solution, building 
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blocks with specially designed click handles (specifically an azide and an alkyne) will rapidly 

assemble together only in a one-to-one fashion.  In other words, with this reaction A-X and B-Y 

will only assemble into AB, with no troublesome side reactions.  It turns out that these click 

handles will promptly bind together when brought together much like the hooks and loops of 

Velcro, and that the copper acts as a catalyst for this reaction by collecting the two click handles 

and bringing them close enough to click.  Since its discovery, click chemistry has revolutionized 

the field of synthetic chemistry, allowing large and complex molecules that had never left the 

drawing board to be synthesized cheaply and easily.  

 This click reaction is the creative chemistry that will enable the assembly of biologically 

functional tools made up of our stealthy non-biological building blocks.  The thinking behind 

this assembly is simple: Since we are looking for a tool that acts selectively on a biological 

system or target, why don’t we let the target assemble the tool for us?   

 If we are looking to build an antibody-like tool that simply selectively grabs hold of a 

biological target of interest, we can imagine the ideal tool to be a sticky glove-like molecule that 

exactly and tightly fits the target.  Designing and constructing this type of glove molecule atom-

by-atom would require an extraordinary level of knowledge about the chemical structure and 

shape of the target, as well as comprehensive control of the building block assembly. However, 

one can imagine taking the glove apart into its components, and allowing each finger of the 

glove molecule to interact with the target individually.  Each finger will still fit in its appropriate 

place, but each alone will not stick to the target as tightly as the assembled glove. This assembly 

method uses the fact that click chemistry works like Velcro, and that any pieces with click 

handles brought close together will bind.  If each of the fingers of the glove have the Velcro-like 
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click handles, the presence of the target alone assembles them together to form the complete 

glove. 

 The trick in using this type of target-catalyzed click assembly is in introducing the right 

pieces to put together a functional molecule.  To maximize the stickiness of each piece to be 

assembled, it must fit exactly and tightly with the target in much the same way that a jigsaw 

piece fits into a puzzle.  There are two ways to find the perfect fit: One is through knowledge of 

the shape of the puzzle where the piece is to fit, and the other is to try every single piece 

imaginable and see which one fits right.  The first method is impossible with our current 

knowledge of protein chemistry, which leaves only the second alternative.  For this task we use a 

combinatorial library that includes every building block we’d like to use to form our synthetic 

biological tools, including many combinations of hardy right-handed amino acids and exotic 

nucleotides like LNA.  Each building block must have a click handle to enable the target-

catalyzed assembly upon sticking to the target.  In this way, massive libraries consisting of 

millions of different molecular combinations can be used, and only the sticky ones will find the 

target and assemble to form a capture agent that fits the target like a glove.   

 One can see that this method of creating capture agents sidesteps many of the limits of 

biological antibodies.  Since they are built from non-biological building blocks, they are resistant 

to enzyme degradation in the body.  Also, as they are held together by strong clicked chemical 

bonds; they cannot be broken down easily by heat like fragile biological antibodies.  The size of 

a target-assembled capture agent is also completely dependent on the target.  Capture agents by 

design are no larger than they need to be, while the large and unwieldy structure of antibodies 

prevents their use in tightly confined regions of viruses and some bacteria.  Furthermore, there is 

no reason why this assembly method couldn’t be used for non-biological targets.  So long as the 
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selection of library building blocks is appropriate, this method could potentially be applied to 

synthetic toxins, pollutants or water-borne contaminants.    

 The power of this method also extends further than simply creating a capture agent which 

fits a target much like a biological antibody.  The medical applications of capture agents have the 

potential of going far beyond the simple way we use antibodies today. The man at the forefront 

of these exciting developments is Professor Jim Heath of the California Institute of Technology. 

*** 

 He has been described by Nobel Prize winner Richard Smalley as the most brilliant 

experimental scientist he has every worked with, and is one of the very few scientists to 

participate in three potential technological revolutions before the age of 40.  But Jim Heath 

certainly doesn't look the part.  One winter, Jim was invited to Boston to present at the 

prestigious Materials Research Society meeting.  He stood out slightly at the convention center 

full of scientists dressed to impress, having decided to wear a brightly coloured Hawaiian shirt, 

cargo shorts, and flip-flops.  To add insult to injury, it became obvious in the minutes before his 

talk that not only had he forgotten to dress for the cold Boston winter, he had also forgotten his 

laptop in sunny California.  The audience was no doubt skeptical as this peculiar man walked on 

stage with a handful of hastily prepared and handwritten transparencies.  But Jim proceeded to 

captivate his audience and give one of the best talks of the meeting.   

 Jim has made his career by jumping from field to field, having revolutionized materials 

chemistry, molecular electronics, and oncology during his 20 years in academia.  After 

developing cheap, efficient and incredibly simple cancer diagnostic technologies using 

antibodies, he became aware of a problem.  It struck him that these biological molecules are 

prohibitively expensive and simply too fragile to be used outside of a medical laboratory, much 
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less in a cheap diagnostic technology for use in the third world.  So he set out to replace 

antibodies, and the result was target-catalyzed click assembly of capture agents.   

 Jim has since focused on developing capture agents for detecting oncogenic (or cancer-

causing) proteins, and in the process discovered that capture agents can be made to force cancer-

causing proteins into more innocuous forms.  Many proteins in the body have multiple 

configurations or shapes, and they often have different functions depending on the configuration 

they are in.  A protein that acts as a signal telling the cell when to divide might signal at a low 

rate in one configuration, and at a much higher rate in another.  If a person has cancer, this 

protein is often stuck in the higher rate configuration, and leads to cells dividing in overdrive and 

forming tumours.  Jim’s group has developed a a capture agent which exactly fits the protein in 

the low rate configuration, and found it could grab hold of the harmful high rate protein and 

physically force it from the high rate shape to the low rate shape.  This type of capture agent is 

called an inhibitor, and can be used as a therapeutic for many types of cancer and other chronic 

conditions.  Since this inhibitory capture agent is assembled out of right-handed amino acids, it 

persists in the body, and has the potential to become a long-term anti-cancer treatment.   

 The next great challenge is to take advantage of the hardiness of these capture agents and 

use them in the third world.  HIV was chosen as a target not only because of the seriousness of 

the AIDS pandemic, but due to the difficulty in developing antibodies against this rapidly 

changing virus.  Jim’s goal in this case was to maximize both the effectiveness of the capture 

agent against many different strains of HIV, and to make sure it was robust enough to survive the 

travel and storage out in the field.  He describes his criterion simply: “we have been frustrated 

with antibodies for a long time, so what we wanted to be able to do was develop antibody 

equivalents that pass the following test: you put a powder of them in your car trunk in August in 
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Pasadena, and you come back a year later and they still work.”  Jim’s work on the HIV front is 

still ongoing, and has attracted interest from the Bill and Melinda Gates foundation which hopes 

to use Jim’s capture agent technology to develop cheap and effective treatments and diagnoses 

for the developing world. 

 In the process of developing capture agents, various combinations of amino acid building 

blocks have been developed or stumbled upon which very effectively accomplish a single task.  

For example, a sequence of amino acids used heavily by the HIV virus for penetrating cell 

membranes has been appropriated for use in capture agent therapeutics which need to go through 

cell membranes to perform their life-saving errands.  Simply clicking this sequence to the end of 

a capture agent allows it to slip easily through cell membranes by using the same effect evolved 

by HIV to better infect human cells.  These cell-penetrating capture agents can be further 

modified to act like targeted delivery vehicles.  Some modules that can be clicked to capture 

agents and delivered into specific cell types include chemotherapy drugs, contrast agents for 

MRI imaging, or fluorescent probes for cell imaging.  Since the capture agents have been built 

from the ground up to resist the body’s defenses, this delivery vehicles are incredibly reliable, 

and persist in the body for much longer than competing methods.   

 According to Jim, the potential applications of capture agents developed through target-

catalyzed assembly have barely been touched.  One can imagine a capture agent designed not to 

force a molecule from one configuration to another, but to force two different molecules together 

and assemble them, or to force a molecule apart, much like an enzyme can catalyze the assembly 

and disassembly of biological molecules.  The ability to assemble and disassemble matter at the 

molecular and atomic level is the long-promised ambition of molecular nanotechnology, and the 

implications of this capability are incredible.  When the moment arrives when we can create a 



Blake Farrow  Sidestepping Biology with Creative Chemistry   

21	  

capture agent capable of catalyzing the assembly of its own components we will have moved 

beyond mere synthetic biology, and into synthetic life.   


