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Figure 1. The probe development challenge.  Chemical biologists have diverse 
methods of discovering new small molecules, natural products, and engineered 
biomolecules.  However, there are comparatively few general methods for developing 
those compounds into useful probes that can provide concrete answers to mechanistic 
questions in biology.  General development strategies are needed to more rapidly apply 
new molecules for “seeing,” “grabbing,” and “poking” inside the cell. 
 



 
Figure 2.  A few general methods for probe development.  The modes of action and 
global specificities of small molecules and natural products must be well-understood 
before they can be used to dissect biological pathways.  Many methods are emerging 
as wider solutions to this problem, including tagged screening libraries, high-
throughput genetics and chemical genetics assays, and quantitative proteomics 
techniques.  Engineered biomolecules, on the other hand, must be reliably engineered 

to be stable and properly compartmentalized before they can be used to probe 
biological systems.  Some clever solutions to this problem are shown here, and involve 
direct chemical modification, selective incorporation of non-natural functional groups, 
or modification of overall physico-chemical properties. 
  



 

Chemical biology is now able to discover molecules that target almost any 
biological target or process.  It remains a Grand Challenge to leverage these 
molecules into useful probes that can be used to address unsolved problems in 
biology. 
 
 
It happened quite suddenly.  I was following an interest in protein folding, and one day 
I looked up and realized that I was the only chemist in a genetics lab.  This led to 
many patient conversations wherein I would learn the difference between epistasis and 
complementation, or I would explain the difference between a lactam and a lactone.  
However, once we overcame the language barrier, it became clear that my chemical 
biology approach was seen as a valuable and complementary method for exploring 
protein folding in the cell.  Others in the lab might generate novel mutant strains to 
analyze protein function, while I would devise a screen to isolate an inhibitor – but 

we’d both reach the same ultimate goal.  Many other young chemists have had similar 
opportunities to apply chemical approaches in biomedical research environments, and 
our experiences show how widely accepted chemical biology has become as an 
independent approach to studying living systems.  This acceptance is reassuring, but 
it also raises the pressure to deliver on one of chemical biology’s central promises:  to 
generate truly useful chemical probes for any cellular target or pathway.  For chemical 
biologists, this represents a Grand Challenge to consistently reach beyond discovery 
into the development and application of probes, to ensure that new molecules can be 
used to answer mechanistic biological questions. 
 
Bioactive molecules are the currency of chemical biology, and the field has exploited 
many ways to find them:  natural products screening, peptidomimetics, computational 
design, phage display, SELEX, protein engineering, siRNA design, genetic screening, 
and high-throughput screening, to name a few.  These techniques demonstrate that, 
from algorithms to virology, there seems to be no technology chemists can’t use to 
design or screen for interesting molecules (Fig. 1).  However, none of these 
technologies are universally applicable or without difficult bottlenecks.  For instance, 
phage and RNA display allow the screening of billions or even trillions of molecules, 
but generally yield peptides or proteins that require additional modification to be 
useful in vivo probes.  One such modification, attachment of highly cationic 
transducing sequences, has allowed some applications of peptides and proteins as 
exogenously applied probes.1  Still, we lack truly general methods for turning potent 
peptides into cellular probes.  By contrast, small molecules from high-throughput 
screens can sometimes be used without modification.  However, most approaches for 
small-molecule screening cannot readily determine the specificity of the resulting 
molecules or identify their molecular mechanisms.  This leads to unanticipated off-
target effects or a frustrating inability to unambiguously identify the relevant cellular 
targets.2-3  Because they have complementary strengths and drawbacks, different 
molecule discovery techniques have proven optimal for targeting different proteins or 
cellular processes.  Taken together, they represent a comprehensive solution to 
molecule discovery.  In this patchwork manner, chemical biology has largely 
conquered the problem of discovering molecules that affect nearly any biological target 
or pathway of interest.   
 



However, it turns out that molecule discovery is only the first step.  There is a second 
step to this process, one that is often implicit but nonetheless essential:  development 
of novel molecules into useful probes.  For the purposes of this discussion, 
development encompasses all experiments and controls required to apply novel 
molecules to living systems and to interpret their effects.  These include 
understanding the structure-activity relationships and global specificity of small 
molecules, or engineering biomolecules to be more cell-permeable and resistant to 
enzymatic degradation. These studies are often not as glamorous as new molecule 
discovery, but they are every bit as important, for without them the molecule is 
useless as a probe.  The ultimate test of a probe’s utility is whether its application can 
definitively answer mechanistic biological questions such as:  “How does Aurora 
kinase B control mitotic spindle function?” “Which glycans mediate neuron-neuron 
recognition?” or “Do intracellular protein aggregates cause Parkinson’s disease?” 
 
Answering these mechanistic questions using a chemical approach generally means 

developing molecules into one of three classes of probes:  probes for “seeing” through 
spectroscopy and microscopy, probes for “grabbing” through detection of 
intermolecular interactions, and probes for “poking” through highly specific 
perturbation of a cellular target or functional pathway (Fig. 1). “Seeing probes” include 
MRI contrast agents and fluorescence-based sensors.4-5  “Grabbing probes” include 
activity-based covalent probes and other small molecules that help isolate and identify 
their targets.6  Often, grabbing probes can be further developed for modular control of 
intermolecular interactions, for instance as chemical inducers of dimerization or 
antibody recruitment.7-8  “Poking probes” include a wide variety of molecules that 
perturb specific proteins and pathways, but also molecules that can control cellular 
function such as artificial transcription factors.9  Going forward, if your newly 
discovered molecule can’t be developed into a probe for seeing, grabbing, or poking a 
living system, it won’t be useful for answering mechanistic biological questions.  This 
is why chemical biology faces a renewed challenge to develop reliable strategies for 
turning newly discovered molecules into useful probes.  Such strategies will be key to 
maintaining and increasing the relevance of chemical biology as a valuable approach 
to understanding biology and disease. 
 
For a time, small-molecule-based approaches seemed to have this problem licked.  
High-throughput screening technologies made the development of useful probes seem 
like a problem of scale:  screen enough small molecules in enough in vitro and in vivo 
screens, and you will find that you have plenty of ready-to-use probes already in your 
freezer.  But it has become apparent that development of screening hits into genuinely 
useful probes requires additional steps.  Diversity and complexity of screening 
libraries must be balanced to discover truly novel probes.10  After screening, hits must 
be sorted, false positives weeded out, and compounds (whose screening stocks might 
be from long ago or far away) re-synthesized, re-tested and derivatized.  In most cases 
knowledge of mechanisms of action, global interaction specificities, and off-target 
effects are required before molecules can be used with confidence to address biological 
questions.  New solutions to these bottlenecks are emerging, including incorporation 
of chemical handles within libraries prior to screening,11 systems biology approaches 
to determine all biological effects of small molecules,12 and microarray and proteomics 
techniques that help define targets and specificities.13-14  Going forward, these and 
other solutions will accelerate the rates with which small molecules move out of the 
chemistry lab and into the biology lab. 



 
Engineered biomolecules are also a challenge to develop into useful probes, but for 
different reasons.  Modified proteins and peptides can be wondrously potent and 
selective, and can also bind targets or catalyze reactions that small molecules cannot.  
Genetic expression is an elegant solution in some cases, as in the expression of cyclic 
peptides in the dopaminergic neurons of live nematodes,15 but it is not a workable 
solution for polypeptides with more extensive modifications.  Other classes of 
biomolecules, including modified sugars, amino acids and lipids, can be reliably 
incorporated into living cells or even whole organisms, allowing direct applications 
such as the covalent tagging of modified sugars in live mice,16   For all these modified 
biomolecules, this functional flexibility is a blessing and a curse, because molecules 
cannot be used for seeing, grabbing or poking if they are metabolized or 
compartmentalized by the living system.  Chemical modifications are the most 
common answer to this problem, exemplified by progress in 2’ sugar modifications for 

delivery of synthetic siRNA and side chain cross-linking for stabilization of -helical 

peptides.17-18  Other promising approaches for the development of biomolecules as 
useful probes include efficient site-specific protein modification,19 and even “super-
charging” proteins to allow cellular transduction.20  These are all clever chemical 
solutions to the probe development challenge, and we can expect these and other 
strategies to expand in scope and applications in the next few years. 
 
While it is appealing to envision general solutions to the probe development challenge, 
the truth is that, as with molecule discovery, many and diverse solutions will be 
required to conquer it. Until now, the glamour has been largely reserved for those who 
discover molecules with novel activities, and those who apply probes to answer 
important biological questions.  But the development work in between is so critical to 
the success of the overall endeavor that more effort should be applied to probe 
development, and more acknowledgment should be paid to clever solutions.   Luckily, 
the newest wave of chemical biologists is particularly suited to the task.  
Interdisciplinary training has become more common, and being the lone chemist in a 
genetics lab is no longer an anomaly.  This frees young scientists to focus their 
training on the questions they want to answer, rather than the tools they choose to 
employ.  This inquiry-based viewpoint means that many of us are less interested in 
proof-of-principle variations of molecule discovery and more eager for proof-in-the-
pudding applications.  We will not be satisfied until we have used our molecules to 
yield conclusive answers to important mechanistic questions.  This is a positive 
development, because young chemists motivated to solve biological problems will be 
optimally suited to carry new molecules through development and into meaningful 
application. No matter the molecule or model system, the relevance of chemical biology 
as a field stems from a continuous and profound impact on biology.  This is why, 
looking to the future, it remains a Grand Challenge of chemical biology to streamline 
the development of probes for seeing, grabbing, and poking biological systems. 
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