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1. What is systems biology?1. What is systems biology?
The human immune system
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We have known the human immune system so well, but we are 
still unable to develop vaccines against every infectious disease. 
Why?
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 We do not understand the immune systemWe do not understand the immune system’’s two most s two most 
fundamental properties: fundamental properties: immunity immunity and and tolerancetolerance..
 Immunologists have studied the components of the immune system oImmunologists have studied the components of the immune system one ne 

gene and one protein at a time, but not them all together as a sgene and one protein at a time, but not them all together as a system.ystem.
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 AllergyAllergy
 Pollen, dust mites, peanuts, eggs.Pollen, dust mites, peanuts, eggs.

 Overreacted inflammationOverreacted inflammation
 Inflammatory response in common cold makes it uncomfortable.Inflammatory response in common cold makes it uncomfortable.

 Autoimmune disease: TAutoimmune disease: The body's normally protective immune 
system causes damage to its own tissues. The body responds as 
if normal tissues are infected or somehow abnormal.
 Arthritis, diabetes.Arthritis, diabetes.

Overreacted immune responses:
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Biological systemBiological system: A collection of : A collection of 
interacting elements that carry out a interacting elements that carry out a 
specific biological task.specific biological task.

A hypothetical 
biological network

Fig. 21.2

 Interacting elementsInteracting elements
 Cells Cells –– such as immune system cellssuch as immune system cells
 MetabolitesMetabolites
 ProteinsProteins
 mRNAsmRNAs
 Control elements of genesControl elements of genes
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Systems biologySystems biology seeks to describe seeks to describe 
the multiple components of a the multiple components of a 
biological systembiological system and analyze the and analyze the 
complex interactions of those complex interactions of those 
components within the system and components within the system and 
with components of other systems.with components of other systems.

A hypothetical 
biological network
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Four fundamental questions can be askedFour fundamental questions can be asked
about a biological system:about a biological system:

 What are the elements of the system?
 What are the physical associations

among the elements?
 How do perturbations affect the 

system and other systems connected 
to it?

 How do a system’s elements, 
associations, and relation to changes 
in the biological context explain its 
functions?

A hypothetical 
biological network
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2. Biology as an informational science2. Biology as an informational science

 Biological information:Biological information:
 Digital information in the DNA of the genomeDigital information in the DNA of the genome
 Environmental information impinges upon and modulates the core Environmental information impinges upon and modulates the core 

digital information.digital information.
 Their interaction mediates biological activity across three Their interaction mediates biological activity across three 

timescales:timescales:
 Physiological response to the environmentPhysiological response to the environment
 DevelopmentDevelopment
 EvolutionEvolution

 Analyzing biological systems in terms of the storage, Analyzing biological systems in terms of the storage, 
transmission, and transformation of biological information is transmission, and transformation of biological information is 
central to systems biology.central to systems biology.
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Biological information is hierarchicalBiological information is hierarchical

Digital information in genomes

RNAs, proteins

Molecular machines, networks

Cells

Networks of cells, tissues, organs

Individual organisms

Populations

Ecosystems
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Digital genomic informationDigital genomic information

 Includes two types of sequences:Includes two types of sequences:
 GenesGenes that encode proteins and that encode proteins and untranslateduntranslated RNAsRNAs..
 CisCis--control elementscontrol elements: Short DNA sequences (6: Short DNA sequences (6--15 15 bpbp) that ) that 

constitute the control elements adjacent (or constitute the control elements adjacent (or ciscis) to the genes.) to the genes.
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The nuclear pore in yeast 
contains about 60 proteins

Fig. 21.3

 Molecular machinesMolecular machines::
Nuclear pores, Nuclear pores, ribosomesribosomes, , 
and and spliceosomesspliceosomes..

Gene-encoded proteins interact with other proteins and 
macromolecules to form molecular machines and protein 
networks.
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About 2500 proteins and About 2500 proteins and 
7000 linkages comprise this 7000 linkages comprise this 
yeast protein networkyeast protein network

Fig. 21.4

 Protein networksProtein networks:: Sets Sets 
of interacting proteins of interacting proteins 
or metabolites that or metabolites that 
execute a particular execute a particular 
biological function.biological function.
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Transcription factors are key players in gene regulatory Transcription factors are key players in gene regulatory 
networksnetworks

Transcription factors Transcription factors 
interact with cognate interact with cognate 
ciscis--control elementscontrol elements
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Transcription factors interact and bind to Transcription factors interact and bind to ciscis--control control 
elements and interact with the basal transcription apparatuselements and interact with the basal transcription apparatus

Fig. 21.5
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Complex feedComplex feed--forward and feedforward and feed--back loops generatedback loops generated
by gene regulatory networksby gene regulatory networks

Fig. 21.6
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A regulatory network controls gut development in sea urchin larvae
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Larval development of the sea urchinLarval development of the sea urchin

blastula

gastrula

differentiated
larva

Fig. 21.8

Blue: endo-
mesodermal
or gut
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 Gene regulatory networksGene regulatory networks integrate and modulate inputs of integrate and modulate inputs of 
biological information and transmit the transformed biological information and transmit the transformed 
information to information to protein networksprotein networks..

 Protein networksProtein networks then use this information to execute specific then use this information to execute specific 
functions in the organism.functions in the organism.

Summary
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 The Human Genome Project has provided global data-
gathering tools and genomic information on a scale never 
before available.

 These tools and data are central to the current practice of 
molecular systems biology.

3. The practice of systems biology
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 GenomeGenome: The complete set of genetic information in a : The complete set of genetic information in a 
particular cell or organism.particular cell or organism.
 GenomicsGenomics:: The study of whole genomes.The study of whole genomes.

 TranscriptomeTranscriptome: The complete set of mRNAs in a particular cell : The complete set of mRNAs in a particular cell 
or organism.or organism.

 ProteomeProteome: The complete set of proteins in a particular cell or : The complete set of proteins in a particular cell or 
organism.organism.
 ProteomicsProteomics: The global analysis of most (or ideally, all) the : The global analysis of most (or ideally, all) the 

proteins in a particular cell or organism.proteins in a particular cell or organism.
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Foundations for current systems biologyFoundations for current systems biology

 Complete genome sequences of humans and model organisms
 List of all genes and predictions of proteins encoded by the List of all genes and predictions of proteins encoded by the 

genesgenes
 HighHigh--throughput platforms for genomics and proteomicsthroughput platforms for genomics and proteomics

 Acquisition of global or comprehensive data sets of differing Acquisition of global or comprehensive data sets of differing 
types of biological information (all genes, all mRNAs, all types of biological information (all genes, all mRNAs, all 
proteins, proteins, ……))

 Powerful computational toolsPowerful computational tools
 To acquire, store, analyze, integrate, display, and model To acquire, store, analyze, integrate, display, and model 

informationinformation
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 Studies of simple model organismsStudies of simple model organisms
 Compile global data sets from experimental manipulations of simpCompile global data sets from experimental manipulations of simple le 

organisms.  Provide models for more complex organisms.organisms.  Provide models for more complex organisms.

 Comparative genomicsComparative genomics ((比较基因组学比较基因组学))
 Determine the logic of life for individual organisms and how it Determine the logic of life for individual organisms and how it has has 

changed in an evolutionary sense.changed in an evolutionary sense.
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Systems biology is still under developmentSystems biology is still under development
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Several steps in practicing systems biologySeveral steps in practicing systems biology

1.1. Scan the biological literature and database for all that is Scan the biological literature and database for all that is 
known about the system of interest.known about the system of interest.

2.2. Develop a preliminary model about how the system functions.Develop a preliminary model about how the system functions.
3.3. Formulate a hypothesisFormulate a hypothesis--driven query about the model.driven query about the model.
 Answer query through genetic or environmental perturbations of Answer query through genetic or environmental perturbations of 

the system.the system.
 Collect comprehensive data sets of different levels of biologicaCollect comprehensive data sets of different levels of biological l 

information.information.
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4.4. Integrate different types of data either graphically or Integrate different types of data either graphically or 
mathematically and compare against initial model. mathematically and compare against initial model. 

5.5. Perform iterative perturbations to test the new hypotheses. Perform iterative perturbations to test the new hypotheses. 
Repeat steps 3Repeat steps 3--5 if necessary.5 if necessary.

6.6. Evaluate whether the refined model enables biologists to Evaluate whether the refined model enables biologists to 
predict the behavior of the system.predict the behavior of the system.
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 Altered cellular networks caused by genetic or environmental Altered cellular networks caused by genetic or environmental 
perturbations can lead to disease.perturbations can lead to disease.

4. A systems approach to disease4. A systems approach to disease

Fig. 21.12
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 Identification of biomarkers is a first step.Identification of biomarkers is a first step.
 BiomarkersBiomarkers: Molecules that are present under specific conditions or : Molecules that are present under specific conditions or 

when a disease is present.when a disease is present.
 ProstateProstate--specific antigenspecific antigen ((PSAPSA) as a biomarker. Its level in the blood ) as a biomarker. Its level in the blood 

increases in patients with prostate cancer.increases in patients with prostate cancer.

 Knowledge of protein interactions can identify drug targets.Knowledge of protein interactions can identify drug targets.
 Protein interactions with complimentary drug will kill cell (canProtein interactions with complimentary drug will kill cell (cancer) or cer) or 

alter function of the network towards normality.alter function of the network towards normality.
 Will lead to integration of diagnostics and therapy.Will lead to integration of diagnostics and therapy.

This view opens door for new approaches to diagnostic, This view opens door for new approaches to diagnostic, 
therapeutics, and prevention of disease.therapeutics, and prevention of disease.
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Advances in technology are needed for new medicineAdvances in technology are needed for new medicine

 Nanotechnology – will sequence genomes rapidly for under 
$1000.

 Molecular imaging improvements – non-invasive visualization 
of drug activity and function in model organisms and humans.

 Microfluidics and nanotechnology – measure, identify, and 
inexpensively quantify thousands of proteins from a small 
drop of blood or assess information content of individual cells.
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The systems approach leads to predictive, preventive,The systems approach leads to predictive, preventive,
and personalized medicineand personalized medicine

 PredictionPrediction
 The genome of a person can be sequenced.The genome of a person can be sequenced.

 10001000--2000 proteins in the blood can be analyzed.2000 proteins in the blood can be analyzed.

 Preventive medicinePreventive medicine
 Development of drugs that can keep networks from being perturbedDevelopment of drugs that can keep networks from being perturbed..

 Personalized medicinePersonalized medicine
 Apply the power of predictive and preventive medicine to individApply the power of predictive and preventive medicine to individual ual 

needs.needs.
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Synthetic biology (Synthetic biology (合成生物学合成生物学)): The science of designing and : The science of designing and 
constructing new biological functions and systems not found in constructing new biological functions and systems not found in 
nature.nature.

5. Synthetic biology

J23100   B0034    C0040    B0010   B0012

tetR
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1.1. The design and construction of new biological parts, devices, The design and construction of new biological parts, devices, 
and systems. and systems. 

2.2. The reThe re--design of existing, natural biological systems for design of existing, natural biological systems for 
useful purposes.useful purposes.
 ElowitzElowitz MB, MB, LeiblerLeibler S (2000) A synthetic oscillatory network of S (2000) A synthetic oscillatory network of 

transcriptional regulators. transcriptional regulators. NatureNature 403: 335403: 335––338338
 Gardner TS, Cantor CR, Collins JJ (2000) Construction of a genetGardner TS, Cantor CR, Collins JJ (2000) Construction of a genetic ic 

toggle switch in toggle switch in Escherichia coli. NatureEscherichia coli. Nature 403: 339403: 339––4242
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A synthetic oscillatory network of transcriptional regulators
(Michael B. Elowitz and Stanislas Leibler, 2000, Nature.Nature. 403: 335–338)
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Building complex systems in synthetic biology
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Production of artemisinic acid (青蒿酸) in yeast

屠呦呦

Artemisia annua (黄花蒿)

青蒿素
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Production of artemisinic acid (青蒿酸) in yeast

Jay D. Keasling
UC Berkeley

Biosynthesis genes

Artemisinic
acid

Artemisinin
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1. Engineering the 
farnesyl
pyrophosphate (FPP) 
biosynthetic pathway 
to increase FPP 
production and 
decrease its use for 
sterols.

2. Introducing 
amorphadiene
synthase gene (ADS) 
from A. annua.

3. Introducing a novel 
cytochrome P450
gene from A. annua.
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EPY201：ADS

EPY208：tHMGR

EPY210：UPC2-1, tHMGR

EPY225：ERG9

EPY213：ERG9，UPC2-1,       tHMGR

EPY219：ERG9，UPC2-1, tHMGR×2

EPY224：ERG9，UPC2-1, tHMGR×2，

EMG20

A nearly 500-fold increase!
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The International Genetically Engineered Machine (iGEM) 
competition
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 The competition provides standard biological parts (BioBricks), 
and asking student teams to design and build genetic machines 
with them. Student teams can also submit their own BioBricks. 

 Successful projects produce cells that exhibit new and unusual 
properties by engineering sets of multiple genes together with 
mechanisms to regulate their expression. 
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J. Craig Venter
and synthetic biology

 Founder of Founder of Celera GenomicsCelera Genomics and                                                  and                                                  
The Institute for Genomic ResearchThe Institute for Genomic Research. . 
 In 1995, published two bacterial genomes: In 1995, published two bacterial genomes: HaemophilusHaemophilus influenzaeinfluenzae Rd Rd 

and and MycoplasmaMycoplasma genitaliumgenitalium..
 In 2003, published human genome.In 2003, published human genome.
 In 2007, published his personal genome.In 2007, published his personal genome.

 President of President of the J. Craig Venter Institutethe J. Craig Venter Institute and coand co--founder of founder of 
Synthetic GenomicsSynthetic Genomics
 Dedicated to using modified microorganisms to produce clean fuelDedicated to using modified microorganisms to produce clean fuels and s and 

biochemicalsbiochemicals. . 
 In 2010, created the first bacteria with a synthesized genome.In 2010, created the first bacteria with a synthesized genome.
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 J. Craig Venter Institute
 Gibson DG et al. (2010) 

Creation of a bacterial cell 
controlled by a chemically 
synthesized genome. 
Science. 329: 52-56.

Mycoplasma mycoides JCVI-syn1.0 (丝状支原体): The first 
single-celled organism with a completely artificially synthesized 
genome.

The negatively stained 
transmission electron 
micrographs of aggregated M. 
mycoides. 



12-48Copyright © The McGraw-Hill Companies, Inc.  Permission required to reproduce or display

 Artificially synthesized 
Mycoplasma mycoides
genome with 
modifications. Deleted 
4000 bp (2 genes), 
replaced 10 genes with 
four “watermark”
sequences, each over 
1000 bp. 

 1.08 Mb genome, 
assembled in vitro and in 
yeast cells.

 Recipient: Mycoplasma
capricolum (山羊支原
体).
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Malyshev DA, Dhami K, Lavergne T et 
al. 2014 A semi-synthetic organism with 
an expanded genetic alphabet. Nature 
509: 385-388.

Introducing unnatural base pairs (UBP) into DNA

 One One d5SICSd5SICS--dNaMdNaM pair was pair was 
introduced into an introduced into an E. coliE. coli
plasmid in vitro by DNA plasmid in vitro by DNA Pol.IPol.I..

 PPlasmids replicate well in lasmids replicate well in E. coliE. coli
cells express algal NTP cells express algal NTP 
transporter in the presence of transporter in the presence of 
UBP.UBP.


