Molecular and Cellular
Mechanisms

Has! genetics been reduced tormolecular
biology?
Has biology been reducedito 2

Tensions on the Mendelian
Conception of the Gene

\ Prehistory of DNA
_—
Ini 1869 Eriedrich’ Miescher isolated DNA firom fishi sperm
andlthe pus) of: open wounds
= Named it zuc/eimsincelit derived fiiom the nucleus
In 1914 Rebert Feulgeni discovered a testifor it
u fiuchsini dye stained DNA:

In 1920s Pheebus Aaren Tiheodor Levene analyzed its
composition'and identified four nitrogenous bases—
cytosing, thymine) adenine, andiguanine—as welllas
deoxyriboseisugarand a phosphate group

= Base unit comprised of albase attached to a sugar




But what did DNA have to do with
anything?

Traditionall view—DNA tooi simple to be the genetic
material
= The genetic material must be protein

In 1944, Oswald! Avery, ColiniMacleod, and Maclyn
MecCarty concluded! from) experiments transferring new
genetic traits between| Preumococcus bacteria that
DNA was theigenetic material
In 1940s: Max Delbruck and Salvador Luria
began working with bacteriophage, which
consist of a protein coat surrounding DNA which
invade a bacterium, causing it tomake new:
phage

— = Firstestablished-exclusion-principle:-only-one

strain will infect a bacterium

Making the link off DNA to genetics

In; 1952, Alfred D. Hershey and Martha Chase

differentially labeled DNATand protein off phage to see

which entered the bacterium

= Only’ DNA entered the bacterium so it had to be the
genetic material

A Key Initially Ignored

Erwin Chargafiff (1949) established

that adenine and thyminewere

present in roughly the same amounts

as were guanine andl cytosine:

u One of each of these pairs was a
larger purine; the other, a smaller
pyrimidine:
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Linus Pauling

Focused on protein as the genetic

material: i
"I believe that the same process of molding of plastic
materials inte a configuration complementary to that
of another:molecule, which servesias a template; is
responsible for all biological specificity. I believe that
the genes serve as the templatesion whichiare
molded the enzymes that are responsible for the
chemical characters of: the organisms, and that they,
also serve as templates for the production of replicas
of themselves.

Determined the molecular structure ofi proteins
u Alpha helix model a result ofifolding;
experiments in which he wrote the structure
of a polypeptide chain onia piece of paper
and folded it until' he found a way of
creating an N-H-C-0/bond

Sir Laurence; Bragg

Won Noebel Prize for early work with his

father oni development, off x-ray

crystallography;

Head! of the Cavendish Laboratory, which

included eminent researchers)such as Max Perutz and
JohnKendrew: (in"whose laboratory: Watson and' Crick
were to work)

Competitor' with Pauling on! striticture of silicates and
then on structure of proteins

“To havelsuccess injscience, you need some luck. Without it,
I'would neverhave become interested in genetics. I was| 17,
almost 31 years inte college, and after a summer inj the North
Woods, I came back to) the University: of Chicago and spotted
thetiny: book What /s Lire by the theoretical physicist Erwin
Schrodinger. Inl that little' gem), Schrodinger said the essence
of life wasithe gene. Up until then, I was interested in birds.
But then I thought, well, if' the gene is the essence of life; I
want to know: more about it. And that was fateful because,
otherwise, I'would have spent my:life/studying birds ard ro;
one would hiavelhieard of ime)’”

James Watson, "Succeeding in Science: Some Rules, of!
Thumb”, Science, 261, 24 (September 1993): 1812.




Watson arrives at Cavendish

Watsonlhad' al fellowship; to) study: microbial metabolism
inl Eurepe when he heardia lecture by Maurice Wilkins
priesenting x-ray crystallography oft DNA

Wilkins' refused to hire Watson at LLondon

Instead ended! upiat Cavendish to learn x-ray;
crystallography, where he was assigned to

share an office;with Francis/ Crick

Crick by then'a somewhat older graduate

student attempting| to)solve the structure of
hemoglobini from diffiraction patterns

Tihe twoisetiout toimitate [linus Pauling andbeat him
at his ewnigame.”

Early Proposal Watson & Crick

At first Watsoniand Crick advanced a model with
phosphates provide the core, nucleotides onl the outside

u three strands of DNA wound| around! each other:

But there was a problem—the phosphates would have a
negativeicharge and repel each other

Watsoniand Crick tried a fix—add positive ions/to cancel
the charge

Rosalind Eranklin

Watseniand Crick invited Maurice Wilkins
andl his assistant, Roesalind Eranklin,, Up
firom London to ook at their model
Franklinfrippedtit aparit: DNA seaked up
water, indicating that the phosphates
had tolbe on the outside ofi the molecule
She also showed| Watseoniand Crick her
X-ray crystallography: results

Watsoniand Crick ordered by Bragglto
stop working on DNA




Pauling recognizes DNA

Pauling learned! of Hershey and! Chase’s results; in 1952
and turned: hisiattention| to: DNA

Foresaw! nol competition

n His colleague Max Delbruck hadl received aletter: from
\Watson mentioning his search for DNA
= But Watson had been turned down for:
graduate school at: Caltech.  How! serious g
a threat couldfhe be?
= Pauling’siseni Peter goes to) Cavendishiin L
September, 1952, and becomes an; office-
mate of Watson.and Crick_
-

Pauling on a False Tack

In November 1952 Pauling| tried|his [ ek A S U
hand at aimodel oft DNA and came 34 Mo 3,

up) with essentially, the one Watson e e e o :‘;“‘ &= ‘i&
and| Crick and proposed and Rla ,.:.' 3“4;"» AT
Franklin had shot down y e reeke S

A week later he claimed: "I think = :;_;‘f“ﬂtrw ol

now' we have fiound| the complete = m_'m e
molecular structure of the nucleic | ‘_'%L— i v

acids (=2

In December he wrote to Alex ,| :‘—?ﬂ‘ "):-}1 =l “\
Todd| at; Cambridge "We have, we e T:___.e s
believe, discovered the structure of Gy -—lﬁg renranaliy el
nucleic acids. I have practically no  [EEEEES S EEE %ﬁw‘&u‘:w
doubt. . . The structure really is a e 1+ it
beautiful one.” e, s A LS

Pauling| Tries to Establish: Priority.

On December 31, 1952 Pauling and
Corey: sent'a paper to PNAS: "A NATURE
Proposed Struicture for the Nucleic o T
Acids." W v o b e o

the stinchad cutiing frace sur e

Spoke ofi*'al promising| structure,” -
but“an extraordinarily tight;one” TR =
that accounted only "moderately;

well" for the x-ray’ data

Gave only "reasonably’ satisfactory,

agreement” with! theoretical values

obtained by Crick

Acknowledged the atomic positions
were “probably capable of further
refinement.”




Questioning the Master

“At once I felt something was not right. I could not; pinpoint the mistake,
however, until I' looked at theillustrations for several minutes. Then I
realized! that the phosphate groups in Linus' moedel were not ionized, but
that each group contained a bound hydregen atom and so had no net
charge. Pauling's' nucleic acid in a sense wasinot an acid at all. Moreover,
the uncharged phosphate groups were not incidental features. The
hydrogens were part ofi the hydrogen| bonds that held together the three
intertwined chains. Witheut the hydrogen atoms, the chains would
immediately: fly apart and the structure vanish:

“Everything I knew: about nucleic-acidlchemistry indicated! that phosphate
groups never contained bound hydroegen atoms. No one had ever:
guestioned that DNA Was ai moderately strong| acid. Thus, under
physiological conditions, there would always be positively charged ions
like sodium or magnesium lying nearby: to neutralize the negatively.
charged phoesphate groups. All our speculations about whether divalent
ionsi held the chains together would have made no sense if there were
hydrogensatoms; firmly bound to phosphates. Yet somehow: Linus,
unguestionably the world'si most astute chemist, had come to the
opposite conclusion” James Watson, 7he Double Helix. 1968

Chargaff’s Key

While Paulinglwas gettinglengaged, Crick and Watson
met withi Chargaff and he toldithem of his result that
u adenine and thymine were present injroughly’ the
Same amounts
u likewise were guanine and cytosine
u One of each paif*Was a larger puking; the other, a
smaller pyrimidine
This lead together withi the suggestion) ftrom Franklin that
the phosphates were on the outside stiggested a new,
model

Chargaff on Crick and Watson

“So far as I could make out, they wanted, unencumbered by
any knowledge of the chemistry involved, to fit DNA into a
helix. The main reason seemed to be Pauling's alpha-helix
model of a protein.

...I told them all I knew. If they had heard before about the
pairing rules, they concealed it. But as they did not seem to
know much about anything, I was not unduly surprised. I
mentioned our early attempts to explain the complementarity
relationships by the assumption that, in the nucleic acid chain,
adenylic was always next to thymidylic acid and cytidylic next
to guanylic acid.

...I believe that the double-stranded model of DNA came
about as a consequence of our conversation; but such things
are only susceptible of a later judgment...."

Erwin Chargaff, Heraclitean Fire. 1




Success!

Watson|and! Crick put
together a model, but a
colleague showed anjthat
they were using|the wiong
structures for guanine and
thymine

One more reyision, and
volla—their celebrated model

In| April Pauling visited

Cavendishiand concluded!that

Watson and! Crick had!figured
~ outthestructure of DNA

\Watson on Rosie Franklin

"Rosalind Franklin was a very intelligent woman, but she really had no
particular reason for believing that DNA was: particularly important.
She was trained in physical chemistry. I don't think she'd ever spent
any length of time with people who thought DNA was important. And
she certainly didn't talk to Maurice [Wilkins] or to John Randall, then
thel professorat Kings".

James Watsonquoted i Nature, 302, 21 (April 1983): 653.
There's aimyth which'is, you know, that Francis and I basically stole
thesstructure from the peopleiat Kingfs. I was shown Rosalind
Franklins x-ray: photegraph and, Whooo! that was a helix, and a
month later we hadithe structure, and! Wilkins should' never have
shown me the thing.

I didn't go intoi the drawer and steallit, it was shown te:me, and I was
told the dimensions, airepeat of 34 angstroms, so, youlknow, I knew.
roughly what it meant and, uh;, but it was that the Franklin
photographiwas the key event. It was, psychologically, it moebilised
us..."

James Watson, Center: for Genomic Research uguration,

Harvard. September 30, 1999. 1

OK, but what does DNA do?

Watson|and! Crick conclude: "It has not
escaped ourrnoetice that' the specific
pairing we have postulated
immediately, suggestsial possible
copying mechanismi for the genetic
materialt”

Besides copying),, DNA must do more if
it'1S the genetic material

n It must code for traits

= There must be a mechanism by
whichit gets expressed as traits




Making traits molecular

Archibald' Garrod (1909): "inborn errors of metabolism™
= Alkaptonuria - an inherited condition/in
which the urine is colored dark red by
alkaptons
= Results from a single recessive gene,
whichi causes a deficiency. injtheienzyme
that normally breaks down: alkapton
Beadle and Tatum (1941): eneigene=one enzyme
= Strategy — find genetic mutants unable to carry out
specific enzymatic reactions
= Exposed Neurospora crassa (a bread mold) spores to X-
rays or UV radiation and' studied the resulting mutations.
— = Mutantsrequired-additions-to-their diets that their normal
counterparts did not—e.g., thiamine or choline
Revision: one gene, one polypetitde chain

Figuring out the code

One base pair could not specify' an amino acid—
4 base pairs and 20 amino acids

Two base pairsinot enough—only 16 possibilities

Three base pairs more than enough—64
possibilities

physicist George Gamow. proposed that the RNA
polymerase read three-base increments of DNA
while moving along the DNA one base at a time.
= Prediction that certain bases/should not
occur side-by-side in nature (or else one
triplet base sequence could code for more
than one amino acid)

Crick: Reading Frames

Addition or deletion off ene ox two) nucleotides results in
abnormal phenotype) but additiontordeletion off three
near tojone another results in normal phenotype

Supports
n Three nucleotides comprise al unit
s There isal reading| frame; firom Which reading starts




Code Breaking

Marshall Nirenberg discovered that adding
ribosomal RNA to disrupted cells enabled
them) te continue synthesizing) protein

Tiried synthetic RNA polyuridylic acid, which
they expected|to promote protein synthesis,
but it increased generationlof phenylalanine
seguences—PHE-PHE-PHE-

= Indicated that UUU codes for phenylaline
By 1964 Nirenbergland Har Gobind Khorana
had succeeded!in using|radioactively:labeled
synthetic RNA to map) the full code

glutamic GGG
acid

a a a 0l6[=
phenyl ucu UAU § [T i
alanine uce B turosine UGC cysteine
uch 3erine
leucine ucG stop stop
— UGG |tryptophan
cuu ccu Nistidi CGU
1stidine CGC .
E:: Teucine ggg proline CAC Coa | arginine
cus Cee glutamine | |CGG
AUU ACU AAU . |[a6v .
AUC | isoleucine |(ACC . asparaglne AGC |%erine
AlUA ACA threonine i
- TR ACG Tysine arginine
Guy ey aspartic | [66U
Guc . 5 acid GBC -
Gua | ¥aline GCa | alanine e glycine

But where is the machinery.
of making proteins?

Albert Claude developed a procedure
for separating cell organelles
= Original focus on the
mitochondria, an organelle known
from light microscopy.

Initially treated mitochondrial as
the small particles in' his
preparation, but soon discovered
his mistakes

What were the small' particles? A
new,, unknown constituent he
called the microsome
Particles soon found to be high in
RNA content




Electron microscopy and the
Endoplasmic Reticulum

Most internal cell
structures too smalll to see
withilight micrescope

The hope of the electron
MICroScope

Needed thinispecimens
Porter, Claude, and Fullam.
succeed in developing a
micrograph with tissue-
cultured cells

Mitochondria plus a “lace-
like reticulum”

Rough Endoplasmic Reticulum and
Ribosomes

Advent of  thini slicing technigues allows much! greater
resolution of: cell structures

Endoplasmic reticulumi appears as ribbons

Seme portions appeal torhave particlesiattached==
fibosomes.

Ribosome the locus of
Protein Synthesis

Introduction off radioactive tracers, by,

Philip; Siekevitz while'working withrPaul

Zamecnik at Harvard

Collaboration With George Palade at Rockefeller provided
evidence that the  ribosomes were the locus of priotein
synthesis

Newly: created! proteins then transported to the Golgi
apparatis

Challenge: relate ther DNA' IR the nucleus torprotein
synthesis in the ribosome




Multiplying RNAs

Although it might seem plausible that ribosomal RNA (FRNA)
directed protein synthesis, that could not explainithe
variability in the proteins produced
1961: Jaceb and Monoed proposed that a specialitype of RNA
(messenger RNA or mRNA) might be synthesized directly firom
the DNA template of genes and transported to the ribosomes
where! it would provide the information for protein synthesis
Sydney: Brenner, Jacob, and Matthew Meselson showed that
when a T4 virus infects a bacterial cell, a virus-specific RNA is
made that is rapidly associated with preexisting bacterial
ribosomes
Yet another RNA discovered, which: binds both with amino
_ acid and with mRNA:_transfer RNA(tRNA)_

Mechanism of protein synthesis

All"three types of RNA
formed!in the nucleus
andl migrate to the
ribesome

mRNA built on the
DNA template and
directs; the order of
amine; acid! binding
tRINA binds with
aminoe acids and
deposits them onto

the polypeptidel chain
pOypEp Protein synthesis

The Gene Is More Complex

Initial assumption: Genes consisted of a linear sequence
offnucleotides on the strands comprising DNA

But, natureiwasinot so simply’ organized

= Overlapping genes—depending onjwhere
transcription starts, end up with two different amino,
acidisequences

u Split genes: coding|regions (exons)and non-coding
regions, (introns—"junk: DNA®)

New: technoelogy: recombinant; DNA




The Gene Mechanism

“Molecular evolutionary biologists have scarcely scratched the
surface and barely started to understand this flexible genetic
apparatus. It has become evident that the genome is a dynamic
body of ancestrally tinkered pieces and forms of genetic iteration
(Jacob 1977). . . The purportedi elementary events on which; this
complex machinery operates, such as point mutations, nucleotide
deletions, additions, and oligenucleotideiinversions, are noilonger
the only elements of the evolutionary process, but solely one
component in a much wider arsenal of DNVA| tinkering, Peter
Beurton (2000) concludes from all this that the gene is no longer
to be seen as the unit ofi evolution, but rather as itsilate product,
the eventual result of a long history of genemic condensation.
Likewise, the comparatively simple arrangement of genes in the
bacterial chromesome may: not reflect a primitive simplicity, but
—may-rather-be the byproduct of some-billion-years-of

streamlining.”

Rheinberger and Staffan Muller-Wille

Control Genes: The Lac Operon

In 1900, F. Dienert discovered that the enzymes needed for
galactesel metabolism were found in yeast only when the yeast
used galactose as a carbon source
= the presence of galactose had! called forth: or /nauced the
specific enzymes (€.g., B-galactosidase) necessary to
metabolize galactose
Joshua Lederberg developed three mutant strains (/acZ’, /acYs,
and! /adh") that eachilacked an enzyme needed to metabolize
lactose and' these were all mapped to the same regioni on, the
chromoseme
= This suggested the induction occurred at the level ofi the
chremosome
Lederberg| produced a different mutant (/acZ) which always
produced' the enzymes, and it was located nearby

Basics of the Lac Operon: Jacob
and Monod

THE LAC OPERON [0 Regions coding for proteins
[ Registoryregians

@  Diffuschle regilatary proteins




The D-N Model of Explanation

Logic links the generalizations to) the particulars
that are to)be explained

Hempel'and @ppenheim (1948): Explainia
phenemenon by showing| that a description of: it
fellowed logically,

LLaw((s)

Initial conditions

“Phenomenon! to)be explained
Deductive-nomological (D-N) model of
explanation

Theory Reduction

Putnam andlOppenheim: extended the D-N
model torexplaini therrelation between  theories:

Tiheory: at lower levell (statistical
thermodynamics)

Bridge laws

Boundary. conditions

~Theory at higher levell (phenemenological
thermodynamics)

Critical requirements:
= Theories at both levels
= Bridge laws relating the vecabularies

&%, Schaffiner’s integrated
& | model of reduction
A _a

(approximation or
limit relation)

Old Upper- < ———— Revised Upper-

level theory Level Theory

(deduction)

Lower-level
Theory




Mendelian and Molecular Genetics

Can Mendelian; genetics be reduced| tormolecular
denetics?

Intuition: thisidoes not seem! to be ajcase of revelution—
Mendelian genetics not replaced by molecular genetics

u Moleculargenetics gives al fiiller account of what
Mendeliani genetics describes

» Some features of Mendels story: revised
Doeminance not strict
Polygenic traits
Independent assortment: failsiwhen
— genes-on-thesamechromosomes——————
but this dees not requirel replacement

Challenge: Derive a Revised
Mendelian account from Molecular
Genetics

Segregation easy: factors on| sepaliate; chremosemes|that
themselves segregate in meiosis

Revision to independent: assortment easy: linkagelgroups
o1 chremesomes

Dominance: seems like the thing te explain molecularly;
u how does|one allele get expressed but not the other?

INeed tormap notions like allele; aene; expression) ete:
on to terms oft molecular’ genetics

Tihe challenge for bridge laws

Tihel categories off two theories may Cross-
categorize the phenomena




Darden and Maull’s
Interfield Theories

Identify’ relationships between' phenomena studied: in

different: fields

» Identifying the physical location) of a process

= Providel physicall characterization off flnctionall entity;

= Locate the cause oy effiect of alphenomena

Example: chromosemalltheory: of Mendelianiheredity,

» [Led to new: problem-solvingl research—explaini patterns
of joint; heritability of traitsiin' terms; of linkage on
Chromesomes

Nosneed toiderive oneltheory firom) the other
Develop a theory that spans fields, not a relationship
between two complete theories

Mechanisms and reduction

Models of mechanisms

don't haveito be

represented as theories in

traditional form

u Accounts off how the

operations of
components of a
mechanismare
coordinatedto
perfiorm the activity.of
the mechanism

Mechanisms and reduction

Paritsi of mechanisms
are themselves
mechanisms

Can be decomposed
intos the operations of
their parts and the
ordanization imposed
on them

Allows for relating
levelsiwithout deriving
laws




DNA and UCSD Classes

Some strands off DNA have beeniin

close proximity: to each other twice a

week:for the; past. five weeks

Why?

s The relevant causallinteractions are not at the
DNA level

= Forf whatever reasons) I taught this classiand
you' took it

= Wheniwe all come toi class, soidoes our: DINA
It doesnit have any: choice
It comes along for the ride

Working| parts and higher-level
constraints

\When youicame:to class, so did
another part off you—your
hippecampus
According| to our’ best theories
today, the hippocampusiplays a criticallroleiin
encoding memory: of events
= \Wheniyeullearn new information,, cells injyour
hippocampusiare altered
= Overtime, your' hippocampus| prodLUces| changes
in cortex which constitute long-term memories
of what you've learned

“Either-or” Treatment ofi Reduction

“Reductionism! isithe process of reducing! compl/ex things to,
thelr siallest\parts rather: thar /0okiag. at themias: awhole: .
.. In biology, reductionism fostersi the: belief that our
behavior canibe explained by studying the molecules and
atoms that' make up ol DNA; rather thaniexamining| the
whole animallin its envirenment.”

“Biologistsitoday tend| to believe that work at the molecular
leveliwilllyieldrarmore: profotnd understanding of nature tham
the study off entire organisms. The work of naturalists tends
to) be dismissed| as! fiuzzy science. . . . While there is noidoubt
that we have much toigain'from molecular bielogy, the
reductionists oftenilose sight off the forest in their zeal to
examine the moleculesiin the twigs.” (Institute for the Study,
of Academic Racism”




A more moderate reductionism

Reductionism) does not reguiie explaining everything at
the lower (lowest) level
Therelis always altask to doiat a lowerlevel=explain
how/ al component of a system is ableito perform its
OpEeration| Lades thelCona oS i WiICH It PE OIS e
But there are also tasks for the higher level(s),

= Identify how! the compenent interacts withjethers

u Show! how! higher: level activities affiect the component

= Show how! the conditions arise under which the

component behaves




