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Chemical Biology Approaches to Probe the Proteome
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Introduction

With the advent of high-throughput technologies, enormous
progress has been made over the last decade in the under-
standing of human disease. Defects in the cell that lead to dis-
ease include alterations in the genome, changes in messenger
RNA (mRNA) expression or processing, and changes at the pro-
tein level. Changes in the genome and transcriptome have
been best characterized. The recent breakthroughs in high-
throughput sequencing and micro-array technologies have en-
abled efficient and accurate analysis of changes in the genome
such as DNA mutations, deletions, amplifications, and even
translocations.[1] The same technologies have allowed for the
systematic analysis of mRNA expression levels and alternative
splicing. The combination of microarrays and sequencing tech-
nologies provides a toolbox with a dynamic range that seems
sufficient to analyze in parallel the sequence and expression
level of both low- and high-abundance transcripts.[2,3] Diseases
that are caused by a DNA mutation or by the misexpression of
certain genes will most likely give away their secrets to the
brute forces that can now be used to interrogate the genome
and transcriptome. Translation of the changes in DNA or RNA
into phenotypes is not always straightforward. For example,
genome-wide studies in yeast have shown that a change in
mRNA levels alone may be a poor predictor of functional rele-
vance[4] and that changes in the transcriptome show a poor
correlation with changes in the proteome.[5] In addition, trans-
lation of mRNAs can be modulated by microRNAs (miRNAs)
without affecting mRNA levels.[6] Finally, there seem to be
many opportunities for a cell to change its identity or fate
without mutations to the genome. Such “epigenetic” changes
can be caused by changes of the chromatin, the packaging
material of the genome, or by feedback loops in transcriptional

circuits.[7,8] Once initiated, such epigenetic events can be
propagated in dividing cells like DNA mutations.

Complexity of the Functional Proteome

Thus, the next challenge will be to develop technologies and
tools to determine the disease-related changes that occur at
the protein level. This is not a simple task. Whereas genome
and transcriptome analysis requires in essence only two pieces
of information (sequence and abundance), protein function in
a given cell or tissue can be affected by many different param-
eters, such as proteolytic processing (for example, of latent en-
zymes such as zymogens or of proteins with targeting signals),
expression levels, localization, interacting proteins (inhibitors,
activators, scaffolds), turnover, catalytic activity, co-factors, pro-
line isomerization, and post-translational modifications (PTMs)
including phosphorylation, acetylation, methylation, ubiquiti-
nation, sumoylation, lipidation, glycosylation and others
(Figure 1). These interactions and modifications determine im-
portant biophysical parameters such as affinity for potential
protein interaction partners, membrane anchoring, trafficking,
stability and overall catalytic activity in the case of enzymes.
Here we discuss recent developments in model organisms and
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Understanding disease-associated cellular defects at a molecular
level is critical for the development of pharmacological interven-
tion strategies. Recent breakthroughs in microarray and sequenc-
ing technologies have provided powerful tools to rapidly reveal
the cellular defects caused by alterations in the genome or tran-
scriptome. However, the picture of how the cellular proteome is
affected in a disease state and how changes in DNA and RNA
affect protein function is often incomplete. This is perhaps not
surprising because the functions of proteins are not just deter-
mined by primary sequence and abundance, but are under the
control of many regulatory mechanisms. Here, we highlight sev-
eral recent advances in proteomics technologies that are being
developed to generate comprehensive human proteome maps

and discuss them in the context of strategies that have been de-
veloped in simple model organisms. Chemical biology will play a
critical role in drafting a map of the proteome with functional in-
formation. Chemical genetic approaches that use high-through-
put small molecule screening have resulted in the public availa-
bility of small molecule datasets through web interfaces such as
PubChem. With such approaches, the opportunities to investigate
disease and to explore the proteome with chemistry are rapidly
increasing. In addition, new tools are being developed to probe
protein function. Here we highlight recent developments in chem-
ical biology and the exciting opportunities that are arising with
them.
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human cells to systematically probe the various and diverse as-
pects of the proteome and illustrate how chemical approaches
will be indispensable to obtain further understanding of pro-
teome function.

Measuring Protein Abundance, Modification,
and Interactions

Protein abundance and biophysical properties are key parame-
ters of the proteome. In yeast, the abundance of nearly every
protein has been determined by epitope tagging of most of
the protein-coding genes. By using immunoblots, the expres-
sion of each protein can be quantitated by comparing signals
to a reference sample. This approach has led to a comprehen-
sive proteome-scale dataset of steady-state protein expression
levels.[9] In addition, epitope-tag strain collections have been
used to systematically examine protein half-lives in yeast.[10]

For human cells, which are more difficult to manipulate geneti-
cally and which come in different cell-types, this approach is
unfeasible. In addition, epitope tags may interfere with protein
function. Mass spectrometry provides a powerful and more
universal approach to measure protein abundance and modifi-
cation. Advances in mass spectrometry have rapidly increased
our understanding of the functional human proteome and al-
lowed for quantitative comparison of proteins and their modi-
fications in different complex samples. Quantitative proteomics
takes advantage of differential isotopic labeling techniques.
Heavy isotopes can be introduced metabolically into cells or
even whole animals using isotopically labeled amino acids,[11, 12]

or they can be introduced after sample preparation by chemi-
cal reactions using designed heavy weight or control re-
agents.[13] Alternatively, specific (subsets of) proteins can be dif-
ferentially labeled with dyes and subsequently quantified by
fluorescence scanning after enrichment and protein separa-
tion.[14] While the dynamic range of recent DNA and RNA tech-
nologies is sufficient for genome-wide measurements,[1] analy-
sis of the complete proteome has so far proven too complex

to study directly in all of its details. One solution for this prob-
lem is to select subproteomes through enrichment procedures
that remove abundant, non-specific proteins, which would oth-
erwise interfere with measurements. The combined use of de-
signer reagents and mass spectrometry is a particularly power-
ful strategy to study enriched proteome subsets. Organic syn-
thesis can provide the tools that help to select smaller subpro-
teomes. Proven strategies are the chemical modification of a
drug at predefined positions or its random crosslinking to a re-
trieval tag or resin (Figure 2). When the drug finds its target,

the resulting complex can be purified using the tag and fur-
ther analysis by mass spectrometry. This approach is also ex-
tremely useful to identify cellular targets and may help to ex-
plain or predict the off-target effects of small molecule screen-
ing hits or bona fide drugs. Recent examples include the iden-
tification of targets of the BCR-ABL kinase inhibitors imatinib,
nilotinib and dasatinib, which are used to treat leukemia.[15]

Several of the identified targets of these kinase inhibitors in-
clude non-kinase substrates. Chemical reagents can also be
used to label proteins to enrich proteome subsets for analysis.
In these chemical strategies, functional proteins may be modi-
fied with a variety of the aforementioned post-translational
modifications, allowing their identification and further study.

Figure 2. Target identification A) using immobilized drug chromatography
or B) using chemical reagents (activity-based probes) to label proteins that
can be used in a competition format with small molecules. Competition for
labeling reveals molecular targets. C) Selecting target candidates by RNAi.

Figure 1. From genome to proteome. Analysis of cellular defects at the level
of the proteome requires the integration of many different parameters. Mea-
surement of the different aspects of proteome function will rely on the de-
velopment of novel chemical tools.
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An alternative method that has been successfully used to
select subproteomes is the use of in vivo tags. For example, by
expressing a tagged version of the posttranslational modifier
ubiquitin, ubiquitylated proteins can be enriched by affinity
chromatography.[16] However, this approach is currently only
applicable to a limited set of genetically encoded PTMs. Iden-
tification of proteins that bind to other classes of PTMs can be
facilitated by the use of protein chips, on which either a library
of modified peptides or a collection of proteins (or sub-do-
mains) with putative PTM binding modules are spotted. For ex-
ample, this concept has been explored successfully to charac-
terize the specificity of proteins that bind to PTMs on specific
sites of histones. To find the enzymes ACHTUNGTRENNUNGresponsible for PTMs, en-
zymes of interest can be assayed on proteome-scale protein
chips. For example, protein chips containing most of the pro-
teins encoded by the yeast genome have been used to sys-
tematically identify substrates of protein kinases.[17,18] The use
of in vivo tags in combination with mass spectrometry has
proven invaluable for the identification of proteins that co-
purify with a target protein of interest. In yeast, genome-wide
collections of strains with tagged proteins have been used to
systematically purify each protein and identify protein com-
plexes by mass spectrometry.[19–21] They have also been used to
measure the activities of the different purified proteins (or pro-
tein complexes) in specific in vitro assays such as phosphodies-
terase or kinase assays.[22] Protein–protein interactions have
also been analyzed by systematic in vivo approaches, including
yeast two-hybrid or protein-fragment complementation.[23–25]

Together, these assays provide comprehensive proteome-wide
protein–protein interaction maps. A better understanding of
the interplay between individual proteins at a molecular level
and the availability of molecules that interfere with this inter-
play will reveal new targets for the development of novel
therapies and drugs, and will help us find new applications for
existing drugs.

Measuring Protein Localization and Activity

One common way to examine protein localization is to fuse
the protein of interest to a fluorescent reporter and determine
its sub-cellular localization by immunofluorescence. By fusing
nearly every gene of the yeast genome to GFP, a systematic
proteome-wide picture of protein abundance and localization
has been derived.[26] However, since this approach is not direct-
ly applicable to other organisms, examination of protein locali-
zation in human cells will require other tools such as the sys-
tematic production of good antibodies against each human
protein.[27] While protein abundance and localization are obvi-
ously important, the biological activity of proteins is of greater
significance. Here, chemical biology may provide novel and
powerful tools to address this critical aspect of protein func-
tion. Chemical reporters offer a direct way to study specific cel-
lular events. Such molecules can report enzymatic activities,
protein–protein interactions, the presence of ions or small mol-
ecules (cations for example),[28] or act as receptors[29] and phe-
notypic sensors,[30] among others. Most chemical reporters take
advantage of an event-induced change in their spectral charac-

teristics (like an emission spectrum) to allow a readout of
action. Some of these reagents may ultimately find use as di-
agnostic tools or imaging agents to sense protein malfunction
and/or disease. Such reporters have also been developed for
use in chemical genetic approaches in combination with high-
throughput small molecule screening. Active-site directed
probes form a special class of sensors that can be used to
study various activities simultaneously; this technique is also
known as activity-based protein profiling. These reagents have
been extensively reviewed in this journal[31] and elsewhere.[32–34]

Briefly, reagents for activity-based protein profiling generally
contain a reporter module (such as a dye, biotin or radiolabel),
a targeting device (a specific peptide or small molecule) that
has high affinity for the proteome subset or specific target,
and a reactive group or crosslinker that is used to link the tar-
geted reporter module to the receptor or enzyme of choice
(Figure 2 B). Depending on the reagents used, this strategy
might allow for the retrieval and study of proteins from com-
plex mixtures (cell or tissue lysates) and create opportunities
for direct readouts such as microscopy on cells[35,36] or ani-
mals.[37] The design of molecular sensors and active-site direct-
ed probes has been catalyzed by the development of a
number of bio-orthogonal reactions, which are well-suited for
use in the presence of complex biological matrices. Notable re-
actions that have been exploited extensively are the Stauding-
er ligation[38] and the Huisgen cycloaddition[39,40] as well as im-
provements on these themes.[37,41] Such bio-orthogonal reac-
tions are of considerable importance as they bring synthetic
chemistry closer to biochemical action and facilitate the further
development of various chemical probes. Probes based on this
theme have, for example, enabled the study of glycosylation
patterns in zebra fish[37] and provided many improved alterna-
tives to existing techniques (such as an improved “click” stain-
ing as an alternative to bromodeoxyuridine (BrdU) incorpora-
tion.[42] Chemists have exploited various combinations of
chemistry, purification and mass spectrometry-mediated pro-
tein identification techniques to provide novel tools and stand-
ards to the scientific community.

Manipulating the Proteome

The availability of yeast deletion mutant collections and the
more recent advent of RNA interference (RNAi) technology
have allowed for the systematic evaluation of the contribution
of individual genes and transcripts to disease, and the expecta-
tion for the years to come is high. Systematic genetic knock-
down has become routine and is carried out on genomic sub-
sets such as the kinome,[43] comprising all kinases, the “druga-
ble genome,” [44] comprising all targets that are likely drugable
(for example, enzymes, (ion)channels and receptors) or simply
“genome-wide” and “unbiased.” Thus, the advent of RNAi tech-
nology provides a powerful and general entry to identify
genes that play roles in normal physiology and disease. Chemi-
cal genetics, a fashionable term for drug screening that has
been routine in industry for decades, has become an exciting
academic discipline. It typically brings together small molecule
libraries and in vitro or cellular assays, as well as informatics

ChemBioChem 2008, 9, 2913 – 2919 � 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chembiochem.org 2915

Chemical Dissection of Proteome Function

www.chembiochem.org


and data mining tools for analysis of the data generated.
Chemical genetics applies the same principles as traditionalACHTUNGTRENNUNGgenetics, replaces the toolbox with molecules, and focuses on
proteins rather than genes. Chemical genetics complements
classical genetics by providing probes that can be used to
study not easily transfected cells. Individual chemicals can
often influence single proteins in a way that gene knockouts
and transgenes cannot (Figure 3). Chemical genetics can be di-

vided into forward and reverse modes. In a forward chemical
genetics approach, the phenotype induced by a molecule is
studied in a cell or tractable organism. Its ultimate target is dis-
covered at a later stage. This approach is identical to classical
drug discovery. In a reverse chemical-genetic screen, an en-
riched or homogeneous protein is tested against a large
number of small molecules, which are subsequently selected
for further chemical optimization to improve their chemical
and biophysical properties. Thus, this is identical to modern
high-throughput target-oriented drug discovery and analogous
to reversed genetic approaches that use cells or animals,
which have been designed to lack a gene of interest to study
the genes biological function.

Chemical Genetics and RNAi Screens

If RNAi and small molecules are directed against the same
gene product, then independent methods can often be used
to verify whether phenotypes are caused by specific or off-

target effects. However, RNAi and small molecules each have
their specific advantages and disadvantages (Figure 3). Where-
as RNAi is slow due to its mode of action, small molecules nor-
mally provide effects that are near instantaneous. Effects are
generally quick and reversible when a small molecule is with-
drawn, which is a useful trait, especially when essential genes
are the topic of study. As RNAi acts on the transcriptional level,
its effect depends on the turnover of the protein targeted and

on the dilution rate due to cell
division. Hence, long-lived pro-
teins in non-cycling cells are not
ideal RNAi targets. In addition,
application of RNAi often results
in a modest knock-down of
gene expression only. The final
outcome of RNAi is reduced pro-
tein production. If the target
protein is part of a protein com-
plex, this may in turn affect ar-
chitecture of the remaining com-
plex and can affect the stability
of its protein partners. Many
small molecules typically affect
the activity of a protein without
changing its abundance and
thereby leave protein complexes
unaltered (Figure 3). Thus, reduc-
ing protein activity by using
small molecules or RNAi may not
always give the same outcome.
Which of the two strategies is
most useful to achieve the de-
sired phenotype may be differ-
ent for each protein. When RNAi
and small molecule screening
are deployed simultaneously, the
same cell-based readout can be
used, while small molecule hits

may eventually be correlated with the outcome of the parallel
RNAi screen (Figure 2 C). The RNAi screen may provide an ini-
tial clue as to whether a target is likely drugable, provided that
targets of these molecules can be found among the hits from
the parallel RNAi screen. The chemical screen may directly pro-
vide a universal entry point for chemical interference in cell
types or tissues that are difficult to target with RNAi-based
methods. A recent approach[45] used a chemical genetic syn-
thetic lethal screen to identify chemosensitizer loci in cancer
cells. In this study, responsiveness to paclitaxel, which is an
agent that targets tubulin, was investigated in a one-well, one-
gene RNAi knockdown setup to identify genes that affect sen-
sitivity to this agent; this uncovered both known and novel
target proteins. Another recent ACHTUNGTRENNUNGexample of forward genetics is
the recent discovery of aminoacetonitrile derivatives that func-
tion as resistance-breaking antinematode drugs. They were
identified to target a nematode-specific subtype of nicotinic
acetylcholine receptor (nAChR).[46] Definition of this nematode-
specific target with a molecule-initiated approach might pro-

Figure 3. Modulating protein function: RNAi knockdown versus small molecule inhibition. Knockdown of protein
expression by RNA interference and inhibition of protein function by small molecules can be used to verify specif-
icity of each method. However, due to mechanistic differences, the two methods can also lead to different pheno-
typic outcomes.
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vide new solutions to tackle nematode infections. Another
recent example of forward genetics is the use of kinase inhibi-
tors to identify kinases that reduce bacterial replication in host
cells. In combination with RNA screens, this approach has led
to the identification of a network of kinases that is abused by
both Salmonella and Mycobacterium tuberculosis to facilitate in-
fection and replication in the host. Interestingly, PKB/Akt,
which is a central player in this network, is also being exploited
for the development of PKB/Akt-targeted cancer therapies by
many pharmaceutical companies. Thus, although classical ge-
netics and more recently systematic RNAi-mediated knock-
down strategies are by far superior to identify gene products
that regulate different biological processes, chemical genetic
approaches are often a great help to understand in molecular
detail how proteins perform their biological functions. Impor-
tantly, chemical genetics identifies small molecules that might
be developed into a drug of medical value. It is also important
to note here that most post-translational events cannot easily
be investigated with common genetic techniques, as the post-
translational machinery is complex and dynamic. Often a great
redundancy in PTM-modifying enzymatic activities are present
in a given cell. That is, a particular phosphorylation event often
cannot easily be attributed to a single kinase. The action of op-
posing phosphatases should also be taken into account. While
this complexity is true for most PTMs, this problem can typical-
ly be ACHTUNGTRENNUNGaddressed by chemical approaches.

High-Throughput Small Molecule Screening

With high-throughput screening platforms available at many
academic scientific institutes, massive amounts of small mole-
cule screening data are being generated. These chemical ge-
netics approaches are often publicly available for further explo-
ration by organic synthesis. The PubChem project, launched
only a few years ago, in 2004, has already resulted in an im-
pressive set of publicly available small molecule information
and screening data. PubChem is a component of the NIH’s Mo-
lecular Libraries Roadmap Initiative and provides information
on biological activities of small molecules and can be accessed
through PubMed. The PubChem interface is not yet as user-
friendly as some of the other PubMed tools, but the initiative
is still in development. These publicly available datasets areACHTUNGTRENNUNGincreasing in size at rapid pace. Both quality and chemical syn-
thesis are crucial to turn these screening data into successful
chemical probes and drugs that can chemically tamper with
and understand the proteome. However, the trend of “un-
biased high-throughput testing” has some disadvantages. First
of all, no method is truly unbiased, as assay conditions inevita-
bly influence the outcome of any experiment. Sometimes the
rational approach is not so bad; many false positives are fre-
quently encountered in high-throughput screening campaigns.
Often, these false positives are not apparent at first glance but
turn out to interfere directly with assay readout or prove to be
efficient protein precipitants, while some small molecule “fre-
quent hitters” seem to score well in any assay.[47] Even a vali-
dated hit in a screen does not necessarily lead to a useful mol-
ecule. Occasionally, molecules identified as hits in screens are

no longer commercially available or only available in limited
amounts. In addition, sometimes hits are caused by impurities
in the library or by structures that were wrongly assigned,
which underscores the importance of thorough quality control
and resynthesis of hits. Finally, after sorting out molecules and
addressing these issues, the chemist is often left with a mole-
cule of little charm or with little chemical opportunity for fur-
ther modification. Nonetheless, chemical opportunities from
such screening efforts are emerging at a rapid pace and com-
plementary techniques that include fragment-based screening
and in silico screens are rapidly winning ground in the screen-
ing arena. Numerous examples are available of successful for-
ward and reverse chemical genetics approaches, includingACHTUNGTRENNUNGinhibitors of non-replicative bacteria,[48] inhibitors of bacterial
replication that act on the host,[49] small molecules that induce
the conversion of procaspase-3 to active caspase-3 to promote
apoptosis[50] and modulators of autophagy.[51]

Challenges in Chemical Genetics andACHTUNGTRENNUNGProteomics

Various chemical genetics screening options are available to
the investigator, but all have their specific advantages and limi-
tations. In vitro screens that use (semi)purified protein compo-
nents are straightforward in practice but can lead to the iden-
tification of promiscuous inhibitors and many other false posi-
tives. Cell based screens avoid many of these problems. Micro-
scopy-based phenotypic screens are becoming routine, faci-ACHTUNGTRENNUNGlitated by the commercial availability of microscopy-based
screening platforms. In vivo screens have the disadvantage
that targets remain unknown until a serious effort is undertak-
en to identify them. In some cases, the homozygous and het-
erozygous yeast knock-out collections have been useful in the
identification of specific and non-specific targets of a given
drug or small molecule.[52–55] It is expected that next to the dru-
gable genome that includes receptors, ion channels and en-
zymes, proteomics strategies will uncover a range of important
protein–protein interactions. The number of important interac-
tions likely exceeds the number of currently drugable genome
components by far. Although biopharmaceuticals almost exclu-
sively bind to protein surfaces that are required for protein–
protein interactions, small molecules are not easily designed to
do so. Protein–protein interactions in general cover large surfa-
ces areas compared to the traditional small interaction surfaces
(normally specific receptors or enzymatic catalytic clefts or
pockets) of routine drug targets. Most commercially available
compound collections have been designed to fit small clefts
and to obey strict biophysical properties, which in principle
makes them less suited to bind larger surfaces. Despite these
difficulties in targeting protein–protein interaction surfaces,
great progress has been made over the last years, but it is still
a long way to go before such molecules can be discovered
routinely mainly due to the limits set by current molecule col-
lections. Systematic knowledge of 3D structures of target sur-ACHTUNGTRENNUNGfaces will greatly improve such designs.
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Outlook

The available proteomics strategies, which so far have resulted
in maps of pathways, will eventually afford a near complete
proteome atlas of proteins. This atlas will include information
about protein interactions and the pathways they participate
in as well as their levels of expression, tissue distribution, activ-
ity, and disease related data. Although it may take some time
to get to this point, ambitious projects such as the Human Pro-
teome Research Project aim exactly at this: a complete pro-
teome map including validated antibodies directed against all
human proteins is being pursued. This information is becom-
ing available through efforts such as the human Proteinpedia,
a web interface to which contributors add proteomics dataACHTUNGTRENNUNGaccompanied with experimental evidence.[27] However, proteo-
mics strategies remain challenging because of difficulties with
quantification and the occasional lack of appropriate internal
standards, which makes comparisons of different studies diffi-
cult. A clear advantage of the public availability of all the pro-
teomics data sets is that they will allow researchers to deter-
mine how proteins interact and to cluster information into
pathways. This will enable the design of strategies to target
multiple pathways with combinations of pathway-specific
drugs, which might increase chances of success and reduce
the chance of drug resistance. Chemical genetics and proteo-
mics approaches are expected to dramatically increase the
number of potential drug targets and lead compounds. Fur-
ther development of the new hits will depend on the rapidly
advancing field of structural biology to provide a molecular
understanding of protein function and protein-small molecule
interactions, while the design of novel molecules will likely
always remain the exclusive area of organic chemists.

Selected small molecule screening and chemical bioinfor-
matics databases:

PubChem is a database that contains small molecule infor-
mation linked to biochemical data. The database is maintained
by the National Center for Biotechnology Information (NCBI) of
the National Library of Medicine, part of the United States Na-
tional Institutes of Health (NIH). Millions of structures and asso-
ciated descriptive datasets as well as high-throughput screen-
ing results can be accessed for free through a web interface.
PubChem: http://pubchem.ncbi.nlm.nih.gov/.

ChemBank is a public, web-based informatics environment
created by the Broad Institute’s Chemical Biology Program,
part of the National Cancer Institute Initiative for Chemical Ge-
netics. ChemBank data are also available through PubChem.
ChemBank intends to guide chemists who are synthesizing
novel compounds or libraries, to assist development of small
molecule probes that perturb specific biological pathways, and
to catalyze drug development. ChemBank: http://chembank.
broad.harvard.edu/.

DrugBank is a database available at the University of Alberta
that combines detailed chemical, pharmacological and phar-
maceutical data combined with drug target information (that
is, sequence, structure, pathway). The database contains
roughly 4800 entries that include FDA-approved small mole-
cule drugs, FDA-approved biotech (protein/peptide) drugs, nu-

traceuticals and experimental drugs. In addition, more than
2500 protein sequences are linked to these drug entries. Drug-
Bank: http://www.drugbank.ca/.

Chemspider is a search engine for chemistry that contains
chemical structures and their associated information, including
vendors and links to other databases such as PubChem into a
single database that can be searched by anyone. Chemspider:
http://www.chemspider.com.
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