Biological Frameworks for Engineers

ChE355 Autumn 2002 (with additions from EE546, Winter 2003)

Session 1  Intro/Functions of Life

1.  Introduction to class (10 min) Kjell


a.  Class is part of a project funded by NSF


b.  Involves teamwork, problem-based learning


c.  Involves pre- and post-class assessment

2. Assessment:  fill out assessment information at start of class (45 min)

3. Class structure (10 min) Heather

Objectives: provide basic information on class structure


a. Syllabus (HANDOUT)—no textbook; use web sites


b.  Grading (HANDOUT)

4.
Functions of life (40 min) Heather

Learning Objectives:  

1.   Describe the functions of all life; relate to animate and inanimate objects

2. Visualize these functions in terms of engineering solutions

3. Understand the limits of life

a. FofL exercise:  elicit ideas about the functions of life

1) In class individual exercise to create list of similarities and differences for an animate/inanimate pair (10 min) HANDOUT

2) Report out, create discussion;  write list on the board (15 min)

--EE546: instead of similarities/differences exercise, Mary used idea of problems that need to be solved as an organism, and what the solutions to those problems might be.

—looking for:


Breathe (oxygen)-energy metabolism:  uses the analogy of combustion machines and energy intake representing breathing, also notes that complexity and structure of system comes from putting energy into the system

Eat (food, nutrient)-energy source, building blocks, chemical energy/heat:  so that you can grow, again uses combustion engine analogy to talk about making and converting energy and the byproducts of that process (in biological processes what gets burned up is chemical energy not heat energy)

Growth-reproduction-replication

Waste disposal

Regeneration-repair (sleep):

Response to stimuli (change):  notes that this is not an obvious function that living systems respond to stimuli or else they die

(Mobility):  notes that this is more of a behavior than a function and as such is more properly characterized as a -response to stimuli?

What is a “function”:  a function is an active mechanism (e.g., not the manifestation of that function such as a behavior or a structural element)

BREAK (5-10 min)

b.  Discuss/lecture re limits of life (15 min)

What environments can you think of that have 1) broad diversity of organisms? ;  2)  limited diversity?—What’s the difference (what are the constraints?)

{EE546 list of the limits of life:

-temperature:  118(C is top limit so far.  Discussed bacteria that live in water layer on ice sheets in the Arctic.

-pressure:  some bacteria live at 1000 atms.

-Oxygen:  was suggested, and for us is necessary, but we discussed that originally oxygen was produced as an algal byproduct and was poisonous to other organisms.  We also talked about many organisms not requiring oxygen for respiration.

-Water (liquid form):  There has to be sufficient water activity to provide a solvent “between the molecular machines” for any life form. (This is why salting meats/sugaring fruits helps preserve them – it raises the ionic content.)

-Salt:  Ionic strength is needed for proton transfer, etc.

-pH (both high and low pH can act as barrier to life):  Mary’s explanation was that a cell runs its energy metabolism like a battery, where the proton quantity must be controlled.

-Organism Size:


Small:  Need at least 1000000 molecules.  Some viruses are 10’s of nm big, but they are not free-living.  The tiniest spherical bacteria are 200nm in diameter (human cells, by comparison, are 50 um big).


Large:  Varies based on whether the organism can move or not.  There are many “design problems” with large organisms:



-MATERIALS – how do you support that sort of weight?



-ENERGY – must be distributed between all the parts



-COMMUNICATION – all the parts of the organism must be able to communicate with one another. }
· Living systems change in an environment in a way that thermodynamics wouldn’t predict (in a living system, thermodynamics balance out—there are active processes going on)

· Design space of living systems—what are the constraints/limits/boundaries (e.g., minimum and maximum sizes of living organisms)

· Basic design: the ultimate product constrained by ?

· materials

· purpose (goal)

· cost

· regulations

· time

· Design space = reasonable limits for design parameters

--EE546:  As well as limits of life, Mary introduced her 3 Principles of Biology (now there are 4 or 5…)

1. MOLECULAR MACHINES:  The work of a cell is done by molecular-scale machines, which evolved in combination with one another.

2. INTEGRATED SYSTEMS:  None of the parts of the cell work independently from one another.  The parts are integrated at all the different scales of life:

Molecular scale – cellular – tissue – organ – organism – ecosystem – biosphere

3. ADAPTATION:  Defn – Adaptation is design change due to conditions changing from optimal to non-optimal.  Cells/organisms can execute responses in both the short and long term.  Short term response is often done via Regulatory Circuit; Evolution is life’s mechanism of carrying out long-term response.  Human systems are based on a “constrained design space” where we set up an idea based on time requirements, cost, and other factors, and we produce one product or variant.  Nature uses a broad design space, making many variants and allowing the most successful to be chosen by “market selection.”  Winners survive and become dominant.
Homework: Questions on 1)  The Cell and 2) DNA and Central Dogma



--What makes a cell?  What are the differences between prokaryotic and eukaryotic cells?

--What is DNA?

--What life function does it address?

--How do coding and uncoding work?

--What are proteins?

--What is the qualitative potential variability for protein sequences (how big is the design space)?

--What do proteins do in the cell?

--Name a protein.

(Give out Central Dogma HANDOUT)

Session 2 The Cell; DNA Structure/Function; Central Dogma (Mary)

HANDOUTS:  vocabulary list

Learning Objectives:  

1.  Be able to describe a cell in terms of life functions

2.  Be able to describe information handling in biology


DNA as the storage medium; genome as the set of files


replication as the copying mechanism


transcription and translation as the retrieval and program run mechanism

Relate information handling functions in general to the biology solution

Assess the consequences of mistakes in information handling

Evaluate the effectiveness of the biological system for information handling


DNA


transcription


translation

Know the definitions for the following terms:


DNA



RNA



protein


ribosome


tRNA



mRNA


DNA polymerase

RNA polymerase

replication

The Cell;  Goal:  mental model of cells and how they work

2.  Ask for questions on the Cell part of the homework (5-10 min)

3.  Length scales (factory—cm-meters) (10min)


a.  Prokaryotic cells (small, relatively simple):  0.5-5 m (0.001 mm)


b.  Eukaryotic cells (larger, separate compartments with specialized functions):  10-50 m (0.01)


c.  Parts:  0.01 m (0.00001 mm)—miniature machines, carry out work of cell

4.  Soft vs. hard (5 min): biology usually soft (flexible)—soft plastic as materials vs. hard plastic or metal or composite

{EE546:  Here, we started drawing a picture of the cell, and discussed the cell membrane (as a soft barrier that defines cellular structure) and the cell wall (as a stronger, more durable, yet flexible [like plastic] additional barrier, used in some organisms).}
5.  Cell functions

Functions of life:  what were they? (5 min)


--reproduction


--repair/regeneration


--energy converted to work; other nutrients used as building blocks


--response to change—both short-term and long-term (evolution)


--waste products removed


--death inevitable

[draw a prototypical cell] (10min)

Cell houses the miniature machines that do the work of the cell; keeps the outside out and the inside in:  barrier (sack)—cell membrane (lipid bilayer);  give it strength, can be wall

Take nutrients (raw materials) and energy in (pumps) for all the cell does

6.  Go to sketches of a prokaryotic and eukaryotic cell (10-15 min)


a.  Prokaryotic (bacterium)

cell wall:  frame (strength) ; recognition equipment (signs, signals)

cell membrane:  houses the pumps—connects the cell to the outside





   houses the combustion engine



inside (cytoplasm):  all the manufacturing and repair systems; maintenance, janitorial



DNA (information storage)


b.  Eukaryotic (liver cell)



cell membrane:  pumps;  recognition equipment



nucleus (has a membrane):  pumps; DNA (information storage)



mitochondrion:  combustion engine (plants—chloroplast—solar cell)

{EE546:  Another option for discussing these topics is to introduce it with a problem; Mary did this for EE546, but did not discuss prokaryotic v. eukaryotic systems.

-Chemical modification of DNA bases is the same as damage to computer code (thus begins the computer metaphor used in the Information Handling discussion).  The program can no longer be read once it is damaged.  How does the cell bar entrance of undesirable molecules, selectively allow entry to “good” molecules, and get rid of wastes?

-The “design solution” is a type of door, which is a selective machine for transport of small molecules.  Each machine only binds its particular molecule.  These “doors” are actually pumps, which require an energy input (like battery energy).

Also, we discussed Energy utilization at this time:

Energy can come in as light (photosynthesis), or chemicals (chemosynthesis).  Cells are basically like combustion engines, which take in their preferred energy source and convert it to useful cellular energy.

Metabolism: The total chemical reactions in the cell.  There are different types of metabolism, depending on the type of energy used.

Chemical Energy ( goes through combustion engine (in eukaryotes, this is the mitochondrion, in prokaryotes it’s a membrane bound machine( get energy

Light Energy(goes through a “solar cell” (in eukaryotes, this is the chloroplast, and again is a membrane bound machine in prokaryotes.) ( get energy }
BREAK (10 min)

7. Ask for questions on the DNA/protein part of the homework (5-10 min)

8.  Intro to Information handling (10 min)


Self-reproduction is one of the few functions of life that is specific to biology


It represents the foundation for all of biology


We will spend quite a bit of time going over how it works, what the parts are, what the pros and cons are


The core issue of how it works concerns information handling: How do we replicate something in the product area: the design information/specification has to be transmitted faithfully.

{EE546:  Mary presented this as an opportunity for the students to reverse engineer a cell.  She stated the problem: The cell needs instructions for how to make new cells (both its machines and all its parts) and it must copy those instructions faithfully for its progeny.)}

9.  Information handling/computer analogy exercise (teams) (10/15 min) HANDOUT


3 basic info. handling functions


1. Store information:

Computer:




Biological system:
HARD DISK




-CHROMOSOME (with DNA as

 double stranded helix)


Binary coding system (0,1)


-4-base code (ATGC)

Coded in discrete blocks (“bits”) or FILES
-GENES (discrete blocks of info. 

that allow you to carry out an operation.


Operating system



-RNA polymerase


2. Copy information:


Both systems need a place for temporary storage, and movement of data to a new 

place on the hard disk so that the original code isn’t damaged by repeated use.

3. Retrieve information:

Both systems need to a. read, b. access (and get an output to use the information, which is electrical in a computer but chemical (proteins) in a biological system.)

Both systems have a start signal (a header in a computer, a promoter in DNA).


Both systems need identifying signals showing which file is which, etc.


Computer has RAM as a holding facility, a copy of material that is ready for use. 

Biological systems use RNA for this purpose (RNA is chemically different from 

DNA so that the cell can differentiate it from the source code.)


Repair, in both systems, is done in discrete units.


expectations:  discrete blocks, start/stop identifiers; operating system recognizes the labels; 2-bit code; output=signals ->  screen

10.  Discussion re information handling/computer analogy for storage and copying (5 min)


genome = hard drive


genes = files


op system + hardware = protein complexes that drive “reading” or uncoding

11.  Discussion re information retrieval (15 min)—Running the Program

· output = proteins (do the work of cell)

· proteins

what they are

what roles they play:  catalytic; structural

CENTRAL DOGMA:  DNA (the source code)(RNA (the copy)(Proteins (the output)

HW2 assignment:  


DNA as an engineering problem:  what aspects of the structure produce a well-engineered solution? [Here we are asking for a simple evaluation];  turn in written report

Rules:  ask any of us for clarification but find the answers yourself;  discuss strategy, agree on a strategy, carry out the work, regroup and share results with the group, report out

Homework:  define vocabulary terms; URLs on protein structure and function with questions;  practice on signals

Session 3  Gene Structure and Proteins (Mary/Paolo);  meet in Benson 320

HANDOUTS: 

1.  Ask for questions on the homework (5-10 min)


f.  Teams—tips on how to work together (HANDOUT)

1.  Review (20 min)

a)  Proteins made of chains of amino acids;  how many amino acids are there?  (20);  each one different chemically—some neutral, some acidic, some basic, some hydrophobic, some hydrophilic;  potential design space is virtually unlimited when you get to chains of 100s of amino acids (like a typical protein) 20100  There are no materials we make with this kind of design space.

b)  Chains are called  ___________?  polypeptides;  primary sequence

c)  Chains not random structures—fold into specific and reproducible 3D structures—what are these?  (secondary structure;  beta sheet, alpha helix, random coil)

d)  different primary sequence -> different structure = different function

e)  can we predict from the primary sequence what the structure will be, and therefore the function?  NO!  Big challenge in biology—in order to design functions we need this link.  We know there are rules, we just don’t know all of them.  Two different primary sequences can have very similar structures.

f)  Coding: how many amino acids could be coded total from 1position in the DNA?  (4)

how many from combinations of 2?  (42 = 8); is that enough (NO!) from combos of 3?  (43 = 64);  OK, now there are too many so what happens to the extras?  (multiple codons for many amino acids)  
3 nucleotides in the DNA -> 3 nucleotides in the mRNA (codon) ->1 amino acid

what does the tRNA do and what is an anticodon?  (matches the codon with the amino acid it carries);  what does the ribosome do?  ({-some = body; this is the machine of translation}machine that reads the mRNA , matches the tRNAs, makes the covalent bonds between amino acids)

2.  Gene structure

Back to information handling;  how is the gene set up (like a file would be)?

--are all the bases in a genome involved in coding amino acids?  Nope!  

· header (transcription start site)—region of DNA sequence that tells the RNA polymerase (transcription machinery. She also discussed the idea that proteins that carry out chemical reactions are called enzymes, and that –ase denotes that a protein is an enzyme, and often what that protein does) where to start making mRNA;  called a promoter;  what happens if it binds in the wrong place or on the wrong side?  GIBBERISH!

{a side note in EE546 here was a discussion of the 3 types of RNA – mRNA, tRNA, and rRNA, without a long discussion of what they each are.}

· transcription stop site-- region of DNA sequence that tells the RNA polymerase where to stop making mRNA;  called a terminator
· translation start site:  region of mRNA that tells the ribosome where to start reading;  what happens if the ribosome starts reading 1 or 2 bases out of sequence?  GIBBERISH!  called a ribosome binding site
· translation stop site:  STOP codon (3 of them)



promoter
rbs

coding region


stop codon terminator


{EE546: Mary went through a more step by step approach this quarter.  She described, as above, what RNA polymerase is and what it does.  Then she talked about what a ribosome is (translation machinery).  Then, as follows:

-The ribosome has a “recognition event”, where it recognizes the AUG start codon

-The first tRNA binds to the mRNA – this binding is favorable only when an amino acid is connected to the tRNA.  Once the amino acid is moved to the polypeptide chain, the tRNA binding is no longer favored.  The ribosome uses a ratcheting mechanism to move from codon to codon; energy drives this ratcheting.  When the ribosome reaches a stop codon, all the pieces dissociate from one another. 
3.  Regulation (simple)


a.  Does a cell need all the proteins encoded by every gene, all the time?  What is response?  (often a change in what proteins are made);  costs energy to make proteins, save energy by making them only when needed)


b.  Process of changing what genes are transcribed and translated is called gene regulation;  gene expression (turned ON or OFF);  switches

c.  Proteins can bind to DNA:  DNA polymerase, RNA polymerase;  also regulatory proteins (switches)

d.  Activators (turn up transcription) or repressors (turn down transcription)

e.  Activators enhance binding of RNA polymerase

f.  Repressors either destabilize RNA polymerase binding or they physically block transcription (bind downstream of the promoter)


g.  Recognize signals (usually chemicals); change their structure; go to work

4.  Paolo—protein structure and function lab

Discussion of natural selection.  Compare to market selection of products.  Design space for biology very broad—natural selection chooses the successful designs (like a consumer chooses the successful product designs).  Human as the engineer does not sample the entire design space—we make choices based on experience, design constraints, market research, consumer research, etc.  Nature as the engineer uses a random design process with a powerful selection process to choose only the most fit.  Why is this desirable?  If conditions change (design constraints change), the random process ensures that the maximum design space is represented so that 1 out of a 100 million possibilities can still be chosen by selection.

Illustrate with the moth color example in London.

· Cell as the fundamental unit of life—size is restricted by its ability to perform essential functions (e.g., nutrient transport and diffusion limited by “size” of gradient)

· Multicellular systems have systems for moving around fluids—pipe it—engineering analogy of increasing the size or number of pipes to get chemicals transported to a site, restrictions due to load limits, using multiple or stronger pumps (some of these represent design alternatives in order to meet an important function)

· Analogy of a tree as a living system and how nature has designed a system that allows a tree to be tall (e.g., so that they can reach their energy source).

