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Note: At the time of this lecture series in late 1969, Feynman was heavily
involved in the particle physics and experimental research leading to his
"parton” theory which complimented quark theory. Since the topics he set
out to lecture on took him afield, the preparation and research he had to do
to prepare the lectures became too time consuming and be had to give the
lecture series up.

I decided to include what I had here even though they are incomplete and
well dated now. My reason to include them is only to give the scientific
community a look into the "dynamic range” of Feynman's inquistive nature.
I have learned that Feynman most likely drew upon Seymour Benzer for
insight into this series on microbiology and biophysics. Benzer had started
out at as a physicist but with the discovery of the structure and nature of the
DNA molecule he changed over to the emerging field of biophysics and
genetics. As a CalTech colleague of Feynman, he apparently communicated
with Feynman whose intellectual curiosity led him into this lecture series.

Those of us at the labs shared his curiosity in this emerging field even
though Hughes Aircraft Company had nothing to do with this scientific
pursuit. That could not be said, however, of the Howard Hughes Medical
Institute (HHMI) that continues today to advance our medical and
biological understandings. The ultimate sale of HAC in the mid 80's
provided over $5B in "endowment" to the HHMI.

Feynman was always seeking to better understand nature and our world.
This series of topics just demonstrates Feynman's interest to look outside of
his known field of expertise. We should think about how our own
professional focus can limit us in better understanding the
interrelationships of all scientific endeavors. Today, that appreciation is
reflected in multi-disciplinary study courses that represents non-linear
teaching at all levels of educations. While we need very knowledgable
specialists in a given field, we need well educated individuals who have
developed an interest to seethe interrelationships of physics to chemistry,
biology, neuroscience, nanotechnology, etc,
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Bookmarks provided

INW. L9 INTRODUCTION TD THE COURSE ON Bi10L0wY

Toph? , | wAST TO be A  New SobuecT MATER . | have decided
The SYDYELT | WiIlL TALK ABOUT Wikl be BIoLOoCY. The Lestures Could
Go oN forever becawe There Are 50 mANY Tellred TOPICS €0 biophYaics,
BiochemistTr? , MOLECVLAr DbioLidey | GreneTIC, PhY310L06Y, €COLOEY,
ThAT The POJECT 1§ ENVISION 1S Enprrmoos. Aehiw 1 wilL be ovided
TO A LAfeE EXTENT by The Quegmows 700 rhse ANNd Thé direnon
They (éid Me.

To find AW APPROPCrIATE STACTIMG- POWT 1S Bal IMpossibLe Job.
The svevecl MANer dithers drom Cherusiry Avd PhYSICS 18 SoMe
S hcNT WAYS. ALL The relhTed fields of biowe? T A Grear
Exreny fAre INdependouT. The refson for This 8 biotooY LACKS
A bAsic fovndATon  of foNd AmauiAL LAWS . LAws Develored bY Theory
ANd Provem To be Tro€ bf CxpeniMenT. We will fhnd very LITTLE MATHh-
EMATICS AS WE 6o Throveh The mAaTenAL, RASIC ALeebra And cALCULYS
witl svffice. Lhckive TS vndertYine vmtline Thread, 45 0 PhYsics,
| Mve Found AT mMosT dvfhawlT o OfeAnIZe ThE MATERL 1M A
MEMINGOL w Y.

| htve Tried TO OriewT The SUBIECTS ON A SCALE rATG ING
from The VEry SMALL( The ELECTTON, NULLEYS, ATOM, MOLECULE TEG ME ) TD
The VErY LAfee ScaLe where MANY Bi0be comPLEY bIOLOGILA L SYSTEMS
INTEACT (N A cL0Sed EnvironMenT ( Tus 18 Thehewd of €cowoer).
Thus | PUAN, Soower of LAFEr, To Spm The DlowedcAlL SPecTromM
from  The Son MoLEcVLAY Level to The orandiose ccolowicAl Level.
IT \S MY Puan To STAMT AT The s10LewWiLAr Level fd work nY waY yp

Bioloey or pare properi¥, CLASSICAL BiOLOGY IS bAsed vpow
ObSECuMmoNS ANd CEPEONENT) WiTh LIVING- OreVisSms | Orofns, fwd CELLS.
CLASSICAL HIoLOGY dents WiTh LIFE OM The mylncewolfir GNd SINGLE
CellWLAr Level ) dor below The Ta" Cetl LiYE 18 NOT Sfid To 6xsT.
PLANTS find  AnimALS  Are CATEGor) g€d INTD  SPecies, Grodps, Phyiua,
ANd KiNgdams, Tt bAsIS of CATesor $ATION RIE Commow 7rmrs,'meres,
(Embitarces, ThE TNLK TO VUNdersind G The sobJecT MATTER IS T0
LeArd WhAT ThE (LOMMON  ELEMENTS ATE AMOUNG Thé VATIOUS orenwiSms,



SomewnaT AT 0dds wiTh The (dens of CLASSICAL biotoe? 1S ThE
nore recen’ hewd of MOLecULAr bioLoey. The new APProfch Assomes
ThAT The Chemichl COMSTIVONTS, SEpRPATED from The (ell fAind Sdied
wilh sufhicen T SUbTery ANd dETML, FEACT ALOMd I Mo T0 KNOWN Chepmichy
And PhYSICAL LAWS IN A  nMwwer WHich AN Ruoywr for Life, I 15
Provfesc 0 ThAT LIFE MAY &rev mesde IN A SINGLE CELLULAR CONSNTVNT,

Thus MOLECUL AT DIOLOSY dEnLs CxCiIVEL ON The SINGLE CEll LEVEL

CELS hive Deew Jound T0 hfive SEVEraL IKeY common JCATUTMES ¢
O) CeLAT Chermiial YEALNONS AE AL povircwed bY CATALYSTS
() GASIC ChemicdL Process 1§ 1O LONVET owedse 10 Coy
(3 CEWL MUST be Ap Le 19 MEProdoce

ThE ChéerMICAL YEACTIONS CAN be VEY COMPLICATED ANd INVOLVE
FANY SeQuences GALh YeEQuirine A CETMN CATALYST TD0 MAKe IT &0,
However ALl forms OF Life reguife The emeroY 4rom The son To
SUSTAIN The ChemicAL reAcTions MNd ULRMATELY TO SusThmm Lite. In
PLANTS The suw's enereY 18 Absorbed direcTLY Throveh The s9bsThvce
ChLoro Phyll, ChioroPhYlL 15 SUbSEQUenTLY DroKenw DowN INTO A norg
SMELE chemicil Eneo? form. The chiorePhyil Theredore, coupies The
SUN'S enersy Throveh PhoToN €xXGTATON o ITS own ATOMIC STYOCIrE
INTOD A STRBLE ChtmcAL - EvecTric SYBSTANCE, ThE MOST COMMON €WcTro-
ChEMicAL STOFAGE Process 1S To WSe The eN&eY OF The excTed €LECTIOM
TO SCPATATE WATEr Hud . OxvYotn 5 Felehsed to The ATMOSPhece Whilé
hYD o ven) JOINS OThée MOLECULES.

The PLAVTS ThE Absorb The enearey From The SUN NIMALS come “““"’;
EAT Tnée PLANTS, Mdd FeLASE The STored ENEeY. The wholé Process
TEPCESEnNTs one o i1ehANTIC ChéemicAL facrory. The CATALYSTS or &ezVYnés,
MAKE The Whale e wWork buT DON'T GET SoNSumned Themsevés.
ENTIMEs Are OASKALY ™MADcof ProTens md Protams rePrisenT™ The
GENerAL coNsTrucTion umiT of LITE.

Odr STDY WIlL becIM bY vudersTANGD ING Those ChémcAL
PEALNONS GOING- ONM INSIdEe ™E CELL fAind from Théere LoNTpUE
OM.



| Should MENNION The TWO OTEAT ASUMPTIONS nAdé
IN The frend  of biolooy:

O). The ENVifoumenT of AW LIVING M iNGS 15 bAsed oM
ON The €frTh EnvIFONMeuT DA 10 The birth of The
PLANET flbouT 4 bILLION YEWS REO0. fis A comsequenvie
of This ASSUMPTION 1T 1S POSIULATED ThAT The Lone
hisTor? of EVOLUMOK hAS LED from The CATYDON mMoLecuLE,

to The Sim el CELL, Mid hnewyY TO The hiohlY sPeulLizep
MULTI CewLoL Av  body

(2). AL Phewomeni ASSOCIATEd WITh ThE hnppenines of A

LiVING bewe CAN be ExPLARINES N physicAL-chemicAl

TECRS. AT oné TME \T WAS F6LT ThAT CEWS weére NOT
SYBJECT T® The MORMAL Lpws of NATUCES ANd fAd POSSesSed
SIWMet QuiiliTies. TODAY Thé DIOLOSIST STYIVE For ThE
PhYSICAL = ChEMCAL EAPLAN ATION of The ENENTS he observes.

The FirsT ASSUMPTION LIMITS ThE rAnee of PosSIbiiTies ot how

Life on This PLANET OrigiOATED. The PossibiuTy OF beaNe A

TrAnSPUANTEd STUETY From MOThEr PLARET IS NOT congidéred. ThaT

1S MOT T0 SAY Life Does NOT R EXIST SOMewhers else IM The
UNWETSE. |7 would BE |1MPOSSibLE TO ASSomE ThAT Life oM AOThER

PLAvET wOould DE LIIKE OUrS. IT 1S ALMOST INCradihLe JUST

UNAESIIWd ING how 1T EVOLVED MERE, MANY ACLid TS hive occurred

ALon = The EVOLUTION PATW. NoT onu! Are There manY oTher forms

of Life PISSIDELE  Which MAY W& rely oN A CAcpon cYité buT

SILILOM Could TepLAlE CATOON mid A LArgé Ndmber of ABdINON AL

POSSIHILITIES b ECOME POSSIVLE: IN fACT TS ALMOST INCONCEIVADLE

™MAT ATORS CAN ACQUITE " CONSCIOVUSNESS” Mfd maNY Ting
NECESSArY TO réSor¥™ TO0 AN &PLANATION LIKE “6op piD T,

I 15

BuT We hive LeifNed 70 UNdersTAnd The KeY of LIRE, DNA,
fd how IT WOrKS., How IT MANAGEES T0 DUpucATE ITSeLt
Whil & AT The SAME TIME nake The nAchiwer?! for TUTV e Yeprodocion
hAsS Deers A LonNeTIME MYSTEFY DUT NOW we w€ ThiIvK we

UNGErSTANG . MANY TMes 10 The Process ot reprodvcineg The

3



SheeT OF INSTruCNONS GETS douled OP Md The OPY 1S NO
Good. SOMENMES The WPY (S AL Good And IT WOrKy Dbemer

S0 IT survives. BuT A The orennNism beldHE RMOfc OMpLEY
EAch New Chimnee APEARS TO be for The worse, IT s

AALOGous T The LAw of OreAniZANON IN TODAYS SOUETS:
EverY Cchfvee LOOKS LIKE TS for""'worse.



OREANMIC CHEMISTRY.

'Ll bewin MY LECTUfES by fairsT COMGISERING OReAM L ChermisTry.
PiiY The Poor Guy WhO hiAs ™ LetV AL The nATeIAL N oreAnIc
ChemisIr! JUST T0 mAKe The mitlions of differenT Wmpoowds.
We wow'tT worry Aboui  how T mMANVIACTUfE OFemiic COmMpdunds
boi” rATher WONNTrATE ON whAT They Are And WhY They AVe
Mo MANT TO BiIoLOGY.

CArbon 1 The §105T 1mMPoriANT  cLeensT FolLowed py dxvoew,
HYDrmoew, NiTr0een Awd Then AbouT A Dotew ofe LESSer ELement
INvoLvEd IR The ChemisTry oF MAN. Dome ©F The OTher Kev GLEMEOTS
ARC Phos Phorvys SuLkur, §0diom, POTHSSIUm, |0diNE, IROM Lhioring And
MivrAnese, We'll STAFT with CArpou

CArboN hMAS G €LecIfONS 2 of Which form The Closed S-Shéue
Md 4 vALence eLectrO NS, CArbon LIKEs TO G /MM oF Lose These
Yeur €LecIroNs IN Ofder To €T TO A LOWE EWEreY STATE. One wAY
To Be Achieve The mumimum ENEfe? STATE 15 TO be svurrdundéed by
For hedrocem t1ons HY ANd Thus Achieve A STMLLE OCTET ARRANGEMENT.

SYMbBOLICALLY Thig s dénoTed AS H“g'H wWhere The ™WD

PAIfed DoTY MEPRESEDT ShATed eteLTr‘ONSHwhnoh ATE N TWO
pitbecenT SPIM STATES byl occupy The sime seAce. CHy s
nore commOnLY KnowwnN As HMeMhawe. When eLecvons fire
ShAared LIKE This The bowd 18 cALLED A COVALEST bowd.
The other WAY To AChI&ve A STAbLE ELecTToN CONSIGUrATION
 for ™e CATbow T°© Give op TS 4 CLeCTIONS E.6. ChLoring
IS QUITE WILLINGTD ALCEPT AN ELECTTON 39  Soyur ChloriNe
Foms will NEUTTRLIZE The  CAYDON | L

s pTE ¢

This TYPE oF bond IMG- 1S CALLed 10NMIC bondine, od .
Now TheRe Are A LoT  of DiterenT SYBSTITUTION PossibLE

Whinw ConsidériNg  Two or moé/e CArboN  AToM SUCh g9 EThf’rNe,C.H»

£

Or StmbolwchLLY H:g= H ALTH R ATELY DeémoTed by H é.-H
ﬂ3'c: H H ~ é' -H
H "



IN TiS MOL&cULE The HYDMEEN ATOMS AN roTATE $reely Aboud

The C-C baud, |p GeverAL vommnod (AN Occur AbodT A SiNeLE
bord White T CM'T pboul A dovblt BoMd.
OTher ComMOu CAVbon compouds Are
.t‘ .;. !‘ My
PROPANE & H-C=-C=-C~-H HiC —C
1 1 |
C3 Hs H H N CHy
# H A He
BUTANE: H=-C-C-C-C-H A0 C Hy
) ' Voo HC b P
Cq Hio H H H n 3 [
Norm AL Isoburfie Ha YT ATION AKLS
G

ANd  ConmuwuiNe The Series Throve h Po, hex ine, hepTmue, ocTAve,
ETC. The dornocns of ALL These hYdrmochy bows coutorm To The TYPE
Cn Hitngy. As tod 66T Hicher find hioher 18 The NOLECULAR welehTs
You ome T The waxes. IN These subsTances The <hans of MOmg
become So  INTECONNEcTES ThT MEss LOOKS LIKE f PLATE of 8PA ke
with AL The eds eued ToeeTher . CoMPouNds which fAre derivATives
oF The METngue-EThANe-PROPANE Scries ACe CALLed SATWrATEd hydro-
ChArbons becavse The Arbon vALevces Are ALL SAIUrATCd WiTh hyd o,

IN mANY wmpovMds CHy ACTS AS A Lump 7O MEpLACE hydrooéen ;
The denvmues Are smid To bewoss TOo The METhEL GTOUP, €. CHyCk
1S omMe soch Compound  H-G-ed,

2]

AnoTher MAJOF GTOUPING 0‘ H?drocﬁfbons IN SATUr ATed
STrCTUreS fAire The CYCLO ALKANES , ALKANE SMnd e 1or The
SANVIATGd bowd Mid CPCLO denoTine The CLOSEd STYoCMre. Svuch

MWL CHorde

ExXAmMPLes Are

CYcLo PropPANE u‘C = CHe CYCL0 buT Mmice He  H:
\ 7 C—-¢_C

G H, C Catg ('

He C—C

Hy Hs

CYcio poarine | hexdwe, hepiine | €7C.



AL KENES

AnoTher mAJor & CATesory oF hrdrogarbons Are foRmed by
doubLe bonds AS OPPosed TO The SINGLE bonds of The ALkawes.
The eharboy ELECTTOMS have Two vALtnce CLEWTONS Mdd Are sAId
TO be UNSATUrATEd hidvoChAvbons. ALKenes Are verd Teanve ns
Compird P The feLATVELY dull ALkANe. Aw EXAmplLe of M
ALK ENE 1§ EThiLENE, (L Hg , H _ /H

H/c —.C\H
IN The dodble bomnd STruclUré boTh ELECTrON PArS Are Shired
by Tne Two chvbon ATOMS. AN INTEresTING Member of This eroup

15 buThAdiene ¢, RS, HC :S—-% = CHr . IN This compovad

The shared € LecTroN CAN ron back and forta ALone The ohrboy
Chiid JusT LIKE A WIfE.

ALconoOLS

Alcohols Are  HYDroxyL derivarives ( OH) oF ALKMues. METhr
Alcomoe 15 A <ommMoN  comPound of Tris Grouvp

H
CHy OH H‘é'O'“
H
OTher coMpounds ATE hisher order tMOLTIPLES of This basic STrICVrEE.¢,
HoH
EThYL ALCOPOL LLigoor) H-C =C=g-H
H N GeneraL 4orm . ROH
| where R SYmbouizes CH
ProPYL ALcokOL H-g ~a=€<0-H o (o 3,
n-Cy Hi OH oA H,erc,
"
1SoProPYL ALGhot P R
t-CysHyoH ' s o
" P H
“

These compounds ARE ALL ChArACTerited by A SIrAIehT ~Arbow chAIN,

IN AddiTioN TO The SiMeite Wdrocfe Gvovp There 15 AN8Ther ASIKIATE
WITh SVBSTITVTING Two OH'S AS IN The case of

W H
u-c:'.-ou H -é.-ou GLYCErin
H-C-0oH H-C -oH
H H-C-0H
A



CARBONYL COMPOUNDS

Compounds formed wiTh dOVBLE bownded OXYoéw Are called
CdrbonyL AnNd fire of TWO TYPes @ ALdehydes Anvd KeTones.

R
AN
c=0 R\
/7 C=0
H R'/
Aldprhfde KEToNE

TWOo exAmPLES oF AldAKIdeS /And  KeDNeEs Are

H \ CH3 C"S\
C=20 \ g ¢ =0
H C=0 =
form AL A hrd 6 c.u3/ "‘/
ACETONE ACeTALAEhYdE
AN INTECES ING- CLASS Of 6VbsTANCEs beLONEING TO TwiS CATEsOry 1S
The wirboxyL eQovp , R\C 8
oH”
when R=H The wmpound IS Formic Acid | A ponseut Smeiuine LiQuid 1IN ANTS,
H
Yormic Acld \,c *2
oH
ALso of R= CHy we €T Acenc Acd, soir LiIQuid 1N VINGENR,
ol

A derwvamive of The cirboxyLIC Acids, # CATboMTL comPoVRNd, 1S
CALLEd AM ESTER, The stmweral Form of An &Ter R‘o\

Ard 15 foemed bY combimine AN ALLOROL wWiTh MW '/C. =0
Acid form ine wiTer iMd The €STER R
H-.%- -0-H t+ H-0O~ = c”i*ca,c,;o
n Hso CHy cHs /

ESTErS hAve p characgensne Frasy Tlavor awd Give may
FLowers Ad Froi7s Ther dvaerancg,



ASYHHMETRIC CARLoMN COMPOUMDS

O, W oW #E‘
AN IMTEMESTIMG Acld 1S TARTANIC F'rr_n:'-J cC-C-C-=0C

Fa ¥ K Y
OH OH H OH
The PLANE

Whe Polfriied LIehT Shives oM The corm paund
FOLARIZATION becomes YOTATed. Flany

_-ﬂHFDUn-'-df:.. dispLAfY This 'Fﬂ:.ra{f'n'
fnld AL ke

IHcoMMMOod A SYMIRETYY which

& TEFCLETEd iMd A& mMyrrn i,
To iI5TINGUISh Compounds

whichk roTHTE
T The riewT or ThéE LEH The
re vsed.

Thé PLfe ot POLATIZATION
Terms dexTro Ld) And Levo (1) |, rapenved

S ULGARS

Id MOW LiKe 70 GeT INTO A briet DescriPriod of sSuedrs

becAvse from sveArs e cfnl M OVE

T bipchéensTryY dnld Thesd boooer.
SUsEmS serve N TwWo MfJor

LAPALITIES

IM KAdTure, Te MIMALS SYEATS
LopsSTITUTE MNOT OMNLY A sovrce oF

ENEGY bkasT ALso A basje bouildiwi

BroCi M CeLL STrucTUrE, 15 The baAue soeAr JiT 1IN MR ALS

Avd The diecesTIvVe

E-LuCose

Process WOrKS YO brear downN The mOore |

(OMPLEX SUCATS TD This SIMPLE v )T M Alsagss PLANTS

SUuehArs Provide A sTorAce FLACeE dor The emwerey Absorbed 10

I A ALS. The more compLex

ceLLlvLose IN PLAWTS

The PhoTo sYyNTheys Process, Also  Like

SUGATS form STrucTUrAL MATECIALS LIKE

The simpLesT Sueirs Are The monNosAcchfvides . These soefrs

Pve ChArRLTECISTICALLY CDMP O5Sed

of 3wve or S1xX chrpod AToMs ANd

ive KMOWN ra PenTbSts fud hexoses: The cewcrfil SormulA dor SusATs
I 5 Cwn Hin On, Asd More coHpLEX SJUeArS
TrisAcchfrides, eT¢ chAn & be

Suefrs ATe bAsSIcALLY

avih As disgcchride,

formed From The modosAcchArides.

STrAIehT Chaild HMOLEL ULES

Whichk dispLAaY
AM ASY MMeTTY. Four CoMMon mModosholhitrides APPefiriMNG IM NATUME ARE

D= G&lllose

D - MANMGOS € O - FRUCTOSE B - GALACTOSE
H H
CHo CHO A EHL
n o4 HU‘“ I+ I Fe) H _"_":'H
Ho$ H het K ot n Ho -+ H
H o H H+on B H-oH o i
H—~ oH Ht oH H+oH H- OH
&

OH Hx /"\ ."h'\

M oH H @i Hz




BIOCHEM ISTRY

LAST TiMeé we TALKED AbouT SYrARS Mmud oTher CArbom
CoMPoUNd A3 We were LEATYNING AbodT The CenEFAL SUbJECT of
DreANIC ChermisTry. | woold LiKeE ™ (OMTIWWUE ON bY DISCUSSING
ONLY ThesE ChemiLAL  Processes hich A impprmanT v
biotoeicAL $YSTEMS.

WE were TISCOIS ING SUUARS becAuse of Therwr Imppr TANC E
IN bidteoyY. | woultd LIKE TO Show YO0U A LITILE beTer wAY 0
REPrESEnNT These compLex MOLECOL AT STrocTVrEs . The STrocoré for
Dd- olviose | more OrmonLY Pexmvose, 1§ Shows 1IN This Quase -

TAfte dimewsionAL Jr AWING
"CHOH

The ferTicey of The PoLYoON Are
The S1ey of The CAivbon ATOMS

€ NoTE The NumbeniNe | ExtepT Where
The OxYe-EN Mom Occors.

ThE PenTOSE guofir , Ribose , has A Sim LAY STruvcTore

Pd 2 -deso xYRIDOSE IS GIVEN by -
CH ot H HERE The OXYoenw ON The

. o % chrbon AOM hAS beend RémoveD.

on o

o

The LIST OF MONO Sacchrides APPEARING 1N NATUrE |§ NOT VERY

WNG. A few of The common HONISALLhANIdE Aré The : TETrOSeS, ATIThASSE ;
POMOSES, PETYOSE, ArAbivose , ayL0s€ RiboSE 3 hexoss | D &L0cos e mAaNNDSE
GALACTO G HrucTose, ASorbosc , TALOSE

DiSACChRrides o bedorned fm uonoshcchAridey by

WhAT 1S cALLed R GLYcos1d1C bopNd chweeﬂ ThEe CONSTINEUT Svehrs,
SUCrosé B formed bY Ombiineg frveTose Awd CLUcosE:

|0



GLUCOSE frvcroge
CHOH
o W " H
" 0 CH.OH
" oM LU
Uther  commOM DifsAcchiirides Are LACTOse (dound w mitk) , MALTOS € (
IN STfirch) | CELLDbIose ( Cewor0s€). The Process of Bioesmon
INVOLVES  spulTiine The olycosidic (oxyeew) bond Amd POTIING The
NIDroee® bALK. Thus SucRoSE IS reduced 10 GLVCOSE And frvcTosé,
Th ew2?Mé TNAT redvces Socrose 15 cAled INVERTASES . The suftix

“Ree " DewoTes AN ENTIME while The 3o PrefiX DenoTes outY whAT
IT DoOES,

WeE have Already MewnoNed TWAT SUGTTS Ser¥e AS A food
STorpaeC devie And The wmmon dform 18 STarch. STArch 13 JusT
A Tremendovs chain of eLucose suvefirs Tied ToGETher bY The
GLCosidic a(:::‘a‘ d Li-4) bowd ,1t, The | Mid 4 thAcbon ATOMS K€ bondid ¢

STARCh 1S THEREfore A PowvsAcchAride. MloTher coumon PO SAChArid g
IS CELLVLOSE. CELLULOSE 1S The BASIC STrocTurAL TodL OF
PLANTS. CELLULOSE |§ MAdE AVOM (LUCOSE SimilAr TO STHrch

bot different 1N The bowding., The buwd s cAlled A 3a-9) bond.
e Loows wiKg

CHW
A N
oL e K >

n oH o
IT 1S ThiS SEMmNELY  INNOLET vAariATION 1IN Wndike ThAT  deTercing
WhAT 1§ edible MNd 1T IsN'T for mAn Md ALL OTher ANIMALS.
TermiTes 0w Te o™er hwd, hive wiThin Their 60T A bACT6rIA
envable of desTroting The pLI-4) bowd And Thost Perummine
ThEM ENT W O0d. JusT Thwk +F WeE wuld devewore Bw Entyme 7o

Desteay Cellotose, LIKE A 0w, There wooldn'T be A food Problem
Too AY.

I.



CHITIN IS AnoTrner POLYSACChATIdE, SimilAir TO CELLULOSE ; 4T

forms The hrd Shetl of INSETS AND CrugTALEANS LIKE LODSTERS,

=0

CHyoH

W CHy

CARBUHYDRATE METAbULISH

OnE ChemicAlL TeacoN OF INTEfesT 15 The redocion ot PolysAc-
Chfrides N0 The simPLE MONDSACChAridES, This 15 The &T of DigesTION.
The NirsT STEP v Theé Process IS Phosphoro LYSIS oFf The pow sdcchimide

wiTh The ProducnoN 0F GLUCosE -1~ PhosSPhATE,
ATP ADP

G LYCOSEN G Lueost - 1 - Phas Ph ATE
PhasphoryLasé
AN RLTErNATE buT €QuALLY PrOBABLE reAcTION @ INVOWES GLULDSE

Which 15 converTeD INTO GLuLose - b~ PhOSPhATE
ATP AP

G LUCOSE M.? GLucCosé & PhosPhATE
HEKS K s

The HIfSF FEALTION OCLUrS COMMONLY 1IN AVIMALS Aud iN hivher pLANT
TYPES While The Sewonwds 15 Foowd  BAICAWY IN MICRO ore M isns, Durine
The reshne Period of orocAVISMS GLUCOSE IS The Lhich SuGAr ProdvcT
of GLitorE)  bur v Perds oF MUSCULAr AIWVITT frocTOSE & PhosPhATE
APpears IN PredominANCE. Free §rocTDee gdoes wor Arise AS & ProdocT
of MerAboLIS M buT Whér PreseT IN The dieT il PAMCIPATE

IN ThE SYSTEM  Simiuar 710 ‘G LUCOSE iy,
Lo ¢ PhO;Phﬁﬂ;

AT :o.a 1
FRuCos € FrdCW&&ib-th rhaTe

NexoKINARE
Frocivse (6, DIPhosphaTE

The conversion of ATP I1nT0 ADP LIBErATES STORED eNEReY OPTThaed
4rom Me SUN Throveh PhOoTo sYNThesIS, IT 1S NOT AN ENTTME bBuT rAThe
A FTEATANT which SUPPLIES The &nere? T rYN The micnons VP hikl,
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PHOTO SYNTHES IS

EVERY PLANT AN AnNiMAL op €ArTh  dEPendS O LTIMATE LY,
ON The €NERGY from The SoN ™ SUSTAIN LIT&e. The ewele P
Trmvster |, however, TAKes PLAce N ONLY ON¢ sPecitic pPuhce
In PLANTS CAlled PLASTIDS, IN The PLAsTIDS Chrbon dioxide 1S
EXTrAcTed +rom The MIR Tombined wWITh WATER Mud FNOCEANIC
SALTS drom The soiL T2 dorm The Basic cArbohrdr ATES NECESSATY
for L1f€ TO coNTINVE. For The compLex Sorfrs ® be Tormed The
ENErsY from The Sumw 1S required. The basic Photo SYNThESIS Process
CAM be rePresenied bY The followme formolh,

nC0. + nHio <¥» (CHOIw+ MO

Heve The sun's  ENgre? WY, 1S cArried bP A Thoron. The exaACT
WAY N which The phoiod 5 Absorbed Mmud C(onveried INTO A
aseiue Form 1S fATher COMPLEX  NOT OO Well UNdErsmod, And will
be di1scvssed LATER., 1T 15 WTETESTING TO oObserve A Loe burmine
For There You sec The AbovEe Process IN feversé. ™e (Ou ANd Mo 15
ReleAse LeAviING behind A smlLl Pite ot AShES The INUVEANIC
SALVTS, Ad Givime oft henT n The fLames which & 18 Jusi The
rcemission of ine Nbiworbed €PEregy drom The SON. IN fumALS Awd
PLINTS The fevese PROCESS 15 CoNTrOLLEd TO ruN VEry sLOWLY SO
we AS To Prodoce wWATATh, ACiloN | responses, €TC. The PUNTS o Throvek
e reverse Prowss AT NITKT,

PhOTOSYNTHESIS OCCURS Throvoh TWO BAsic Proessest ONE
ThAT WOPKS IN SUN LiechT And omNE ThAT WORK IN ThE DARK,
The LienT PhASE INVOLVES ThE PhoTO ELECTYON TRANSFER beTwEEN
PhoTonw ENERGY fiNd A hich ENERGY Chermpcar SVbsTinie ATP, ATP
1S AN INOFEANIC COMPOUNG Which SEYVESs AS The basie DRiVING
force (ENergy SOVUFE) To A LANCE NUmber of ChemitAL reACTIONS,
ATP 1S MADE Twrodoch A Process <Alléd  PhosphorrL ATION
IN wWhith HYOrowen 15 priven off (EsTerihicATION) by The sun’s
ENCIoY ANd Leaves behiwd ATP mid WATER ATP ok ADCNOSINE
TRIPRoSPAATE, IS CALLLd A Redweine ACENT. (N /ddimion T0 ATP
A Sécowd Red WiNG ResnT 1S forpmed 1M ASimitar pmiNer ) )i 15
CALLEd NicoTINAMIdE Ademine dinvcleoTid e TRIPRSPAATE, NADPH,

13,



Durine PhoTo s¥NThesis NADP bea@mes NADPH BY The AddinoM

of TWo hWIDrogen ATOMS. OHE  hrdrosen bINGS direcTid 10 The
MOLEWLE WhiLE The OTher LOSES TS €LécTrON  And (§ reLenied AS

A PromN (HY), T 1S NADPH wwhich Suppvies The ™ v ed UCING POwWEr "
Jor e hixaTion o F carbon didaidée. The Two BANIC TeAMons

CAN bé summarited AS

m' ADP t+ n' % + nhy —— n'ATP

ANADP + 2H' + 4hvy —= ZNADPH
Where The Protons Are «enerATEd from The TACTION

Z H0 —n O: ¢+ 4¢ + 4H'

P represenTs A high 2ZNerot PhosphATe Oorovp POs . FinfLy
Whix ¢ COL 15 PresenT The Photos¥WThess vRderfsoss The Second
MAOr TEALMON, We an SYmmMATIZzE T AS

2ZNADPH t 2HT tco, —> UNADP * HOt CH«D
The NET FEACNON CAN pe wriiTenw A§
COv + H O —2 GHLO + Ow

FixATioNn 0o+ CARBON

| NOW WANT 7o TALK AbovT  CONVECSION o} CATBON INTO
SUGAT. ThisS REALNIDAN ONLY OCCUTrS AT KNIFRT . The bAsI<
FeACNION  GoEs LIKE

COL + LNADPH + JATP 13 HeD —2 § hexose + INADPT
+ 3ppP t 37

The ACVAL TEACTION 1S MUCh MDOre OMPLEX ThAN Twis
reANON  INDICATES. The réson for The AddIMONAL COMPLEGTY
1S ThAT seefir 1S A MYCKR  higher eNere? STATE Thi C02
And HLO SePACATELY. In ordér 7o Form @& soeAr AW frddiMoniL
ENUEY OrresPONdiNG TO ABOOT 12 LighT PhoiDNs 1§ REQuired +or
The FEACTION TO GO, QUANTUFM Mechami ALY The simit TAREOUS
Wmon o 1 PhOTONS 1S STATISCALLY (MProbAbLE  NUT IMPOSSIBLE Thoueh.
Tus NAUre MUST PUrSVE A Clever WOrSE N order T AQUITE
The NEESSATY ENErer. The NExT PAREE Shows Tms ComPlex PRTH.
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[CARBON _FIXATION

IN PHOTO SYNTHESIS|

3phosphite 3 PhosphaTE
GLYCLEVIL GLYCERADE hidE
A co- ]
AR DOXYLASE i '::&H‘E e ot
G ox
s vheo [ N\gueuag| Se0 | e
Rgacflou HOC H -
H:C-0-®) = HxC-0 @ C OH
: Coo 1 Y
RIBOSE C =o | t=0 H C.ON
,!, 5, T I H COH Hzé.'Oﬁ H;C O@
1 R *
1PhosphdTe| H C‘ON HeC-0@ DihyDROXY
H COH ACETONE PhosphATE
7 co® .
[HeC0-© Hoe i Ho C-0 H20
) Hoé:'so b H.C-0® : ®
C+0 ) SeDUHEPTULISE Aop
ADP TRANSKETURE | [+0C H C=0 1,7 PhosRHATE
hreon HoC H
HCOM HCo" ATP
mHeo” é W Con Hc-0
Hpe-0@ 6=0 | PRUCTOSE
HC=D .___?— No{.u & PhosphATE
ATP 4 :CON “LE o Hz C“O'@ H g%’:‘
=0 oC H
HC OH HiC-OM n & H, €O
HiC o@‘ HC=0 '
Y AR
H;?OH 1 H;c'ou
" E;‘: Ho%,:}o | SUCROSE
H Com HOE H TRANSKETOLASE
HCo@ H2CO
RIBULOSE XYLULUSE g,f"‘ P RoDuCT
R
5 PhosphATE 5 PhosphdtE SO



IN words The Preceedide CYCLE 15 Tmis . FarsT  COw 45 Added
To The S-ChAtbom FIbILOSE d1PhosPhATE MAKING AN NTermed i ATe
b-Chrpom comrouNd which BUICKLY SPLITS IN Two Formne The
3-ciroen  GUCEAL PROSPAATE. This feacTion IS IN €Quilibrion
fivd CAN Go Either wAY, LF There S More (0. PresenT Thé MeAcN
WIlL be dorced T0 form wmorg SLERERR’ GLYCerYL FhosPhaTe, A
SEriES of YEACTONS INYOLVING S5€do hépTuLose PhosphfiTe And OThér
Compovnds Then POTS TWO GLIGRYL PhASThATES ToecTh er T
Fom The b-CArbow &LUCOSE PhosphATe , Pamwhile riboLos€ Di
PhOoSPhBSP hAT G 15 REOmErATEd ANd IS rEdY TO TAKe ON
APOTHER COL MOLECHE. The Licle IS repeaTed 6 TMEs vATIL
Sucrose 1S Jormed. Poweér TORUM Thid RGACNON S SUPPLIEd
by woth ATP fMNd MADPH.

IN This CYCLE NATUrE BEGINS wiTh i PENTOSE (RIBULOSE)
breaks 1T INTO A TNOSE bY fiesT tormine A hixose, TheN She
hAs TO STRUGGLE TO PUT Thé Trioses bAcK TogeTher TO forA
A PenTosSe., SiNce 3 ANd § ARe NOT RGI' Prime muLTPLES
The covrge PUrdved represenTs NOThine MOrE Thin A STCV-oLE
Wih AriTameric. However, ATTEr The FiiTh (YLLE PRTVSE IS
jormed AcmN 30 9N The SIXTh A LITILE exTrA onEs ouT -
ThAT LITTLE baT EATeA 15 what rovs LIfe. And gL TheT hid
o N WAS 0L  Hi0 fAwd enerer!
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SVUBSTANCES of LIFE

WE HAVE Been TALKING AbouT CARbON COMPOUNdS And Spehctily
CATbohVdrATES for The PAST faw LecTures. TheRe Are OTher SIbSTANCES
COMMON TO ALL LWVING Thine whHich | WANT TO 60 INTD, | cAN
LIST The SobsTances 18 The foLlowiMe CATEGORIES

* CARBOMYDRATES

* FATS

+ PROTEINS

+ NUCLEIL Acid  (RNA, DNA)

« OTHERS  Bo, PrasTheric Groups CNON- EN2YMEs) hormow &3,

VITAMIS, ZIentoTs | ALKALIDS

S0 MR we hAave ESTALLIShEd A basic uwdera™d IvG of haw These
Kards of MoLecyLes under 8o ChANGE. Wuvdred  Thovs imd, eviw MILLIONS
of TINY L\WILE STEps fre of Téw INVOLVED WHEN SOING 4R0M omE form
To ANOThER. EACh STep 15 CATEfULLY CONTTOLLEd bY A PARNWLAR
ENEine, We Looked AT The oArbon hixaAnon Process w some demmin
AN observed The complemt? of The WhoLe REALTION. The hunl
Prodoct oF ThaT FEACTION |, GLUCOSE 15 FLAMER Used ThrovshooT The
bodY for vAriOUs TORposes. IN The nuscles The eLvcose 1S
CONVErTEd INTD A LACTIC ﬁua‘P?wvu A, IN The Absemce ot oxvoes.
The pPrROVIC A 1S SObSEQUenTLY Broxed Hows INTO carboN dioxide
And WATER. 1N The Process A LoT oF ewerey 1S relensed IN The
form of DHPT Which INTUPN 15 réduced TO DP NH. The reducron
Frocess TreLEnsed Chemial ENEre? which S Then CONVETES INTO
MechMCAL EMERGY, ON The NEXT PAEE The wholé REGTION
IS5 OUTLINED. TS 1S chALled The KRebs (Ycté or The citric fAad
CYCLE, CRIMIL A beim- oM€ oFf The KeY ProdveTs formed ALowe
The whY. Aepid The complenT? of ThE CYcle 1S APPAREMT,

The KREb cfile TAKES PLAW M The MiTo chpon dRiIA, PART
of The CeLL. ENTYMES ConTroL The whole FEAION AS WwWE MIShT
EXPECT. BecAuse ENETYMES 1B PROTEINS, PLAY ¢vch A Key RoLve
N Bi0wet Mgy ATe Perhaps The MoST INTERESTING TO DIScuss, Fore
ThAT REASOM | AM GOING- TO GVICKLY Discuss FATS bechAuse There
ISN'T Too Much T SAY AbouT Ther = ThéY Are NOT TOO INTERESTING,

|7



KREBS cCYCLE

Cug oprn oent
I

Co AcETIc Aad
I
COOH
SC,A Co, l
OXALOACETIC
e TR
NA L l
Ataminc
ACID ACId
ASPMRTIC l
Acip
FFUMARIC 1S C1 1%KL
AND ACID

—_

l

OXALOSucCINIC
ACLD

[y
F
S
O
~

>
Tz

i

Coz K- KETO G LUTHRIC
ACIn

” Col

GLuTAMIC
ACILD



FATS

FATS ARE INVOLVEd N LiIviNG Thines PrimReLlY AS A%
N EnErey SYUpplles buT SErve A secomdary roLE RS A STrucrat
SUbSTANCE. FATS ACE STORGd 1M Jorms winch fire (e5s oxdized
ThAN Sue-ars ;| They Are Trvs hfivder To BreAX dows ANd UTIL 2é.
Tne Number oF Wirbony MIOMS ASSouATed wWITh £ATIY MDWecolES 1S
OITER TIMES EVOrMOVUS . Thére Are however (N NOST LIVING Thnes
ONWE A SPALL pumber of fATS Comphred T0 The inhmiTe POsSbILITIES.
M The wurse oF E€VOLUTION For Some reAser The MOMDer of
TS WAS LIMITES TO AbouT &,

The SIMPLEST AT IS A TriPLe ALLONOL, Alcohor 15 A
ESTer MAvINe The GenerfiL form b
C-o0-~ c.:
=
FAT 158 composed OF Three sveh esTeRS
o

o
H C"O-c\

|
4
H. C = O=C.
p 4

Ry

R

HaC -0~-C _ Ry
IN ocder TO BESCrmibe FATS AL ThAT B NEedaF 18 1D Describé
™e variovs R'S, A TYRicAL CxamPLE 1S PALMITIC ACID wHIch
has AN R = CHy (CHi)iy C OOH. The MOLECOLE S LAID ovT IN
A STrucTure someThiNe LiIKE

B ho e e i e My 0OH
“J e Mo Mo B B Mo B

STERIC ALID (S AnOTher €xAmPLe oFf A AT R = CHy(CHw),, COOH,
This far¥ Ao conssTs of 18 CArbon ATomMS @WHILe PALMITIC AaiD
has 16 CAtboms . ALMOST Mt FATS OwurviNG IN MIUrE O NSIST
of 16 And 18 CATBONS, There Are very Sew 14 20 Awd 22

CATBON TS OWUrfiNG MNATUVALLY. OfF course HOfe compled

Fars UM be SYNTHesived (IS desired. Jhe oTher PATOCAL SAyS

fre OLerc, Lindei@, And LiNp Lejc, UMSHVATED TATS fAre oLy

ANd Are mdde vp of OLete ALD whiLe sATVrATed fnTs Are

SoLD,

\q



IN The Previouds TRGLE SEVEAL INTEFESTING rAdicALS Are
wortn BrieilY MENTIONING. CYSTEIN | OMe of The SULFUR Groop,
IS very ReEACIVe FORMING WhAT 1S CAWED A SOLFUR BRIDE. This
Bridoe MAKE 1T POSSibLe TO MAKE MNOLELOLAY LooPSs 00T of LONG
CHMNS . The bondiwe LUTKS LIKG

N He
NH
s |
C=-C~8§~-5s-C—¢c
Cwn/ Mo He \COOH

PROLINE  when PRESENT , PAT KINKS 1IN The ProTEIN chiniN,

The KINKS 0LWr AR fiked ANGLES WHICH Dempd ON ThE
ELecTiCAL FORCeS.

THE PEPTIDe GonNd 1S RNOThER WAY N wWhicH AmiNo Awds
CAN JOIN TOGETREr TO form MOre COmPLEX ProTeins. IN
TMis bord ThE cArbox? JONS YOius wiTh The AmMmmoviom oN of
AvoTner ALid flmd I The Protéss releAsEs wATER. An ExAnplLE
of This bonding 15 The {OLLOWING

18 e £, &
o c.”o + | 40 N—C 3 E_g® amo
He o > i H. ~N \
H N HooN H H on
H N OH

Protemws torm by This bondimMe Process Are CAled PePrid €S,

WHILE AL 20 AMINO ACiDS MRe €SSENTIAL for LIFE T a5
NECESSARY AT TheY ALL APPEAR M A PERLON DIETS. IT 15
POSSIbLe 10 MANUIRGUre The MISSING AdS fpom EIChT
ford ArenTrL AMUIMO ALIdS. These ACdS And The mimmom d ALY
INTAKE requiréd IS

Aod LYS. TRP PHE THR VAL mMeT L&y oy
INTAKE | &M 0% .15 Il 0.5 8 A i 07
oY
WhILE MW MEEDRS This TUMMUn INTRKE, PLANTS ARE MoRe  Preparcd
For SurvivAL SiNce el AN MANVSACTVCE ALL ThE basic 10 ProTéms.
Thus T 5 TnfT we EAT PLANTS And OTher MVIMALS TO ObTrAiN
OUr owM SUbEISTENCG.
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THE AruMO ACIDS COMMONLY OCCURING IMN PROTEINS

NIME NBEREY,
GLY CINE . GLY
ALANINE ALA
VALINE VAL
LEUCING LEU
ISeLEVLINE iy
SEFINE SER
Th REoNIBE Thid
CYSTEIM eYs
HETHIONINE nEr
ASPACTIC Acd AS¥
REPAr A INE ASN
e lutwnc Aud 6
G LUTAM NG LN
LYsiNg LYS
AreiminNg ARG
HISTIdINE His

PhenYLAdANINE ' PHE

TY ROSING TIR
TRYTOPha TRP
PROLING PRO

R ADICAL
4
H

CH3
’CN)
c
Hy CHy
Gt
He H "Chly
_C/C“’
H o CHy ~CHy
- OH
-C
~ “.‘
- oH
c
“\(“’
c,)N
N Ha
L -C=5-CHy
Hy My
CHy, - COOH
?
NH.
Clyy ~CHy -COOH

=9
SNH

CHL <CHe-CHy -CHL
~ N“‘

<
CHy ~CHL-CHy = a -

¢
CHy-C

C“"C“; 'c

L

S NH

s HYDROPho bic
Q» Likg Huwo
| ¥ LKe WD

o
o

o

CHARGBE
O MeTIraL

0

o



PROTEIN

PROTEINS ARE ESSENTIAL CONSTITUENTS oF AL LIVING CELLS.

They a6 Jouwd 1w ALL $orTS of SPeiAL Tames LIKE hAr, beaxs

NUSCLE | Tindon ™ MM AL The EMEYMES, There 15 A Tremendovy
VAMETY of ProTeid mMOoLeULEs EVEN wiThiM ThE SAMe SPECIES
differences or SPELiALI tATION ATISE, &. 6. ANTIbodies of DitterenT
PEOPLE CAN rEACT NEGATIVELY

WhilteE The VAMIETY of ProTEins 15 Theor&ricALLY “LIMmTLESS
ThErE Ave oY A ShALL FMTE SVb GrovP APPEARING M NATVCE.
The MAJOR boildinG BLOCKS of ProTEing Are Arino AcildsS, Amivo
Acids ATE orgaAmc (Ompounds hAVInG AT L EAST ONE AMINO GrovP
ANd ONE CARDoxYL GrovP, ThE AmMiio Grovy 15 Commauly ATrAChéEd
To The cArbon ATOM IN ThE cARbOXYL Grovp. The Genernl formolh

For The ProTEINS 1S g' ,/0
R —CHCoo R NR;-C:
| Mo
N
NH3

R represenTs Aere ay ONE 0FAGTreAT VATIETY of STrucTuReE.
CATEGOrIEWG PPOTEIWS s ACTUALLY JusT A LisTiNe of The
VATIOWRS YAdILAL GvouPS. When R IS AN Aad Then wWE Are

dERLING wiTh AN AMING Auid. E.. IF R = H Then The
FrOTE\N GHQONE IS for Mmed.

Mow There S A vanerY oFf AruiNO ACIdS $rom Which
ALL NATUAALY OCCOr ING  PTOTEINS ARG MADE. ThERE ARE TwWenTY
of These AMinNGe Auds which ATE basic TO AL LIRING ThINGS.
ThE NAMES ANd  ChACACTENSTICS of These 20 Armwo Acids
6 Given om e MNerT PAsE. THE ELKTrIC ChARGE ON ThE AMIND

Roip INFLUENCES The ProPERTIES MARKESLY, The charce Arise drom
The base - Acd StrucTure of The Awds Arno Acids,

12



PROTEIN STRUCTURE

ProTeins Are Mfade vp of 20 ammo aads whivh a4re
RIPANGEd 1 LENEAr Sequence ALONG A POLYPepTIdE ChAiN,
RECALL The TYPICAL ChATALTEr of ThE Armino ACid WAS

R
\
HeN - C- CoOH
I
"

Where R (s owe of Twenty AmINe Aud Fesidues, The resotnpe
ChAIN Thén (ooKEd LIKE,
o

R ﬂ
,
....c/\ /[\/ \l/"'
R

THrovG-n  X-FAY ANALYISIS TEChMIQUues Theé giructure of
AMING  ALdS KAy beern 1denT 1hied. The ESEnTIAL FEATUrE of The
PEPNde LINKAGE 1S oNE of A PLANAY CONTIGUrATION. The

DIMEeSIONS And SPACINGS of Twe pou'pe-pnde chamin IS Fiven
As folLlows: R. 3.ed ‘Hi

u .54'"‘\ 4 '\.m

e km‘ ‘"“I s ):fx \c_
v i ¥

Jo— TLTA —
The bond SpAcinG: ANd ANGLES A deTefrunicd bY ewereyY Comsder-

ATIONS ONLY, The mosT STAbLE CONTIGorANION S pLANAY OF NEAT pLANAT,

For The exTeéwded PouY PePde Chmns AS Seew Above The repenTion

oF The bond Anwll Aid SEPACATIONS PLUS ThE MIIMU™M G ENEroY

CONSTIMNT 5UGGESTED A hiehlY SCMMETrIC STrucTureE, PAVLING

SUGeesTEd A helicAl STructvrée Md he WAS riehl, However

Thére whas Mo reASod To Suppose ThAT There HMUST be AN INTE#/AL

NUMber of Mmno Acids per TUrN of The herix Thus while The

bASIC RMELICAL SYPVLTVreE 18 PRESEFVED The HNELIZ 15 SOMEWAAT CompuCATEY,
OF The nANY pPossibLE STYVCTUrEs of Amuno flcds ONLY Pwd

The€€e Survive @ wamelY Two TIPES of PLeATEd ShEATS Awnd

OME HELIX , CALLED The o~ helix,

L5




The TLEATE J SnEETS /And A-HELIX

The Two PLANAC CONTIGUrATIONS ofF POLYPePnde ChAINs
Are chiled The PLEATED SheeTS ANd 3= KerATIM. The
PLANAC GrovP C~CONH~=C 15 LINKEd TOEETher AbouT
A TETrfh nesrAl cArbon ATom. ONe waY Soch Apl OCIGUTATION
CONd OCLVUr IS ThE foLLOWING:

) ?

~

{y 5 - /f RESI1H JES
« (O- SHEET ( * €S
R / d NG vp fink { Dowp )

i, o HYIroG e BoMdsS ME
\ - «
/O \\)“k:‘\ta // i Srownl DASHE
\§-, o \\%—,./

The PLEATED ATIANGEMENT Showw HEfN GIVEs MSe TO A
LATEFING ACTANGEMENT WhEN The chhns drfe STACKED TootTher.
The CchmaM S MAY be @iTher PATALLEL Or AWTI- PATALLEL SEQUemwcLeEs
ofF AM N0 Acds. ThERE AME A Wumber oF PoSSIbLE ArCANGEMENTS
Of AMING AcidS CACR GIVING TISE TO A DifrerenT s ubsimuce.

For exmple INSECT Fibrfes LIKE SILK IS A pleaTed  SheeT
MALE of ANTECNATING  AMin0 Atid Grovps -( &Ly -sen 'GLY‘QLﬂ'bH"Iuﬂ)
Theé bhsic SIrocTure FesSULT NG IS

s, ol ol
34 i \f* T

ada aly, ala
2 ’ ,
/\/\/\ b
¢¢ 4 7

W ot
ado..
j.o



TRE ol - NELIX

The SYSTEM of PLANAT GYouURINGs TmAT MAKe vp POLY pepnde
cAMNS MAY be MTATCD AbolT The w-cArbon ATOMS. If The
FOTATION §v0m PLANG To PLANE 15 CONSTANT A Neux
IN Twe heLicAL STrucTVrE The C=0 Mmid
IN RiBrocen POND NG wHICh ATE Tne
dimensions oF The HELX Afe:

PesULTS.
N= It &rovps Phrmcipate
INTY R TN bawnd. The

r_—j.‘-ll — \
ROTATION LETWEEN fesvd V6D 91-1' ]@
Residves Pev WP A 3.07 4 q-%\_c.. T
TYANSLATON PER fESidve 197 A 0 'c': <. 49%
N=it dircemon Wom Axis et \,' »!a l
HELIX pAdIVS 1121 A N\,C":*""
I
N~H O ANeLE 0" 9
[ .4 t
PiTC 5.499A L\" .

The pumber of fésdves Pev TURM 1§ NOT
Pﬂéslbtt iv #!»d 45 ‘.h‘d\’ﬂ'ﬁ I\
IS residves w 4 TVrNS o

INTECrAL So T S
(3 ornNs, Il fGdues 1w 3 TerM S,
18 renidves in S TITNS. The repenT

distAance of LS A AALLY was PredicTed And doond v hAire,

MORLE Fibér MMEd REmMO LOLIN. MOweyver NIT™ ALL GLObLOULAT

PrOTEIRS AFE MAdE 9P o N PAFT OF o - hecrces,

A~ KEVYATIN

The & HELIX JuNITS Form LOoNe Twin FIBERS which

LAN IN TUFM WrAP ArounNd eAch OTher Twe To form RoPE -

LIKE STrucTurés oF VvATIOus sTrind NUmberS. Twd STrands

ASSEMDLYIES AfE SiMIL AT TO The strecTure of DNA White 3
STramds

!

‘ TRIPLE
SWGLE Sﬁ}h‘(‘
ST

; ‘-"'"l~
o ""C'LE !




AS ThE K- heLiXx STrands wWinNd ArouNd EAChOTher ThEY Jorm HELICES
WiTh LArGer PITCh ANGLES TYPICALLY ON The ordeR OF 200 7o 400
A wiTh & difimeTer of Joh. IT s PossibLe ThAT AS MAvY AS
Six of héucAL o-hewces MAY be woond Avound oNe STIVAICWT
heLiXxg To oive A Sevew-STPANYEd CAbLE.

The® STrocTure ofFf k- KEFATIN  besins Then wiTh
These STrAnded CALLES cALLEYD TroTo 41 brils comiNe TOGEThER
To form wRAT 15 cALLed A MA- Microfibril, The MicrofibeiL

STUCLIVrE LOOKS LIKE
m,rm‘ohﬂl.s

wWhere § ProToFibrls sofround TWO CERNTYALLY Bri énTéd ProTotibrius,
FurTher buwdine of RIcroFiprils INTD CorMefiv CELLS (MAtrohibris) And
SUBSEQUENT  LumP NG of CoRTICAL CellS INTO WooL Fibek or HAir,

THE 9-2 CoMBINATION |§ VEry COMMIN TO A LoT of LiviNG
Thines, The whip Like TALLS of sperm, The fLAccLLA, Are
LASICALLY "2 STrucTUreS, Thus T 1S ThAT The ProTein KerAmn
15 DASICALLY common TO scALes of Fish, HAIC, TeaThers , Horns wiofs,

beaks CLaw s, and fineer wAg. SKIN 1S Sivone becavse 1T has
A LoT oF KerATIN,

COLLAGEN

AnoThe PROTEIN buitd M- BLooK 1S  CoLLAgen. This Fibrovs
MATECIAL 1S Tound IN  CAMMLAGS, LiCAmants rendons And in The
CLoTING MATERIAL FibriNo cend. TAE bask ColLL AGCEM StrocTure
ComNsISTS of A 3-STRANG Protohibeib WiTh A LedThmided piTch.
Tre LeeTh of The ProTohbeil 1S AbooT 28004 WiTh @ difmerer
of Abeur 10 A, The fibrovs mMATErIAL 15 wound TIEhT dueT7o

The Presemce of HYdro Provere wmeh Throws A LT oF Kinks
IN The WindiNes,
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GLOBULAR. ProTeEINS

AneTner bAsSIC ProTein STrucTUre 1S The SbbolAr ProTein.
THESE bALL LIKE STILTUrGS  hAl Gahib T A Tremindouvs VAneTY amd
Avd Tneretore QUITE INTEFEST ING TO STUAY, EXAMPLES of GLO bulhr
ProTEINS Are HEmo ¢LOb N, CiTochrom FC MVd LyYSotiMe, The
IVTEFEsTiNG ThinGe AbosT GLOLULAT P2roTEins  ThAT Thet hAve bea
Thotoveniy AnALYzed Ad The Amino Acid Seguences MRe Knoww
EXACTLY | Even The SPATIAL STrUCTUréE 18 wéll KNowN.

HEHOGLObIN  for INSTANGE, CONSISTS of Two chmws of & fAind
B helites, MYooLObn 1S SImMiLAr TO HEMOLLWObIN buT ACTS
AS AN OX{otm STOFAG-E OMPATMEDT RATHEr ThAN AN 0XY? et
CAYFIER LIKE Memoolobib,. MPGLobine (5 found mAmLY I8 The
MVSCLE TISS9E, ThE COMMON ELEMENT TO BOTH of These ProTems
1S ° HEME, Thé Jormuia for HEme 1S Ciay Hise oy Na Fe mid
Thé STLTVre LOOKS LIKE !

CHy
4
\_H :-\ H}
/ Wie
G CH G
r / \\ C_/ \\ . / \b\
7/ N\ l \ N\
_ M l; — N} N e C, / N
V4 N \ N
C.H T—rg/ \ CH CHg
o \
Y S /
CHs C— N N = CH;
N ’| I \ A
C C C C
N oo NG 7 N P
C CH C
| |
Clll ':l-l;_
| |
C e ) CHy
| |
Lo, =
| |
OH OH
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The rING STYOCTVrE ANd The 1rond ATOM 1S CcALLed A
PorPhin FING,

ONe of The chemcAL ProPernes oF RemosLobLN fmd
M{OGLOLIN OF INTEFEST 1S Thewr OXVeen CACTTING- CAPABILITY.
PLoTTING The %o of oxteem SATUCATION VESYS Oyfoen Pressvre
The frsoLTING Corves A

100 %

MYSGLLOtW -

/mob‘m

O, PRESSUVRE

"/i ot Oz
SV MmoN

BECAUSE Ou 15 Bound To HEMDELOLIN (M K MOFE LOmMPL)CATED MANNGS
T MYO0GLOBIN The curves Are diftERENT,

AEMDELObin 1S MAdE op OF ACTUAL 4 PepTde chAins: o«,3 &
And ¥ chmins. The LATIEr Y chaw s referred 70 A FerThL
hemdwlobin which Works 10 Pick Op Ou from The MoThers blodd.
Bechuse of vAviATONS 1n differences SPecies The « @ 8 AVd & ChAws
AFE CONSIST OoF UMridus AMING Acids, THLUS hémOoeLobin LA be vied
LIKE LiTDCAPIME C TO LONSTrocTY AN EVOLVTIONATY Trée. The folldwine
TRbLE LISTS The VATIRNMANS I8 ArNe Aud MSIdUes

Horse &  Hommn « Horse 1”5 Homan 3 HomfAn g hummm ¥ Whatenio,

141 141 14 146 96 e 153
HORSE & o 12 84 8o 87 87 g
HomA o 18 ° 87 8y 8s g7 s
HorSE & 84 87 o s ib 39 1
HomaAn P 85 ey (A3 o 10 34 i
Hommn & 81 8y (1A Y ) i 13
Hum J 87 85 39 39 Hi 2 1z
WhALE M 118 s wa "7 18 12 0
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WE AN LEACN Jgom ThiS TABLE TWAT The & AN 3 Chiing
SEPARRTED 1IN Evolunmon BEFORE The HORSE find HOMAN
PRYSICALLY SEPATATEd IN A GVOLUNONATY, SENSE. ThE ASSumrpTIon
MAdE W DrAWING TS CONCLUYSION IS ThAT IN TIME mMare
AMING ACIdS MOTATE And ACcumnlATE, OF COUrse Tais 15 NOT

STOLTLY Trae boT 1T DOoES PErmiT VS TO DFAAW ThE MILE "EVOLVTOn-
Art vree !
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CYTocnRome C

ONEe ENBTHMATIC ProTein which wé hAve discussed
before 1 CYTochrome €. This w2fMR  APPedred IN The
cArbon FixaTion eycle. IT%  BAsic STrUCTVRE 15 NOT KMOww
Too well boT TS chemistr? Md funinoN CAN be descriDed.

THiS ENEIME APPeArsS N Anerobic CEALNONS (i Those
POT |NVOLVING FeAeRon OXYeen ). The PrimAcy PurPose OF The
ENZYIME 1S To SPeed Vp The reAcTion by S&Ving s AN
ELECTricAL bridee To PASS ElecTrons doww The reknon
ChAIN. IN ESSENGE TS Presente ACTS TO Lower 7heE pdTh
PESISTANCE ANd  MAKES The whOLE Process 6o HisTeER.,

INTErnAL To The PrOTEIN IS AN 1FON ATom wrich SUPPLIES

The NECesSAry ELECTrON AS IfoM MAKES A TrawsiTioN From
Fet* To F.'**. The iron (TSELF APPeArs 1IN The CenTer of

k porphirin NING. Thére ATE A ToTAL of 10§ Aving Add
N CITochrome & . The Amgo AUd  PATEN® of ciTochrome C
hAS been workid 00T for A MNUMbGr o Speies AND The
diffterences poTed, Te BechAvse NOWLEThAL CYTochrome ©
MUTAMONS Are CARE TrACING The Oifferences from owe
SPECIES TO ANDTWEr Provides INTEFESTING EVOLOTONATY dATA.

Iv hAs beer Toond ThAT The GreATEr The S EPATATION
of The sPecies N The EvolLvnoNary Scheme, The GreaTer The
NMber of duderences w cyrochromé ¢. for ExAmpLe, The
cyochrome © of maw dibters dvom TMAT oF The rhesvs
mouKe! DT oNlY oMe AMND Ald, (» The ewnre Chiin
ReTwEen M ANd The TNA Fish There Are 28 difterences,
Grud of A YEAST Cet TMEFE Ave 48 difterevces.

BY ObserVATION IT HAS beent Theorited ThAT The rATE ot
CYToChrome C MOTATION 15 AbooT ONLE every 10" $EArs, Us o
This ASsumMpTION  EVOLVTION ATY TrEES CAN be drawn Which SveeesTh
ThE Gren GENGEIAL Tredd OF EVOLVTION; C.&
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THE STRUCTURE OF NUCLEIC AUD POLYMERS -DNA MmXd RVA

WE hAve YeT 0 DIsS<uss The whole INTEMesTING- SObJEcT of
NUCLEIC AUDS. The SsSewmAL I8 GredienTs Jor  NutLeie Auds e
SUGRF, Phosphonc 4uid, mwd PIFING ar Preiridive bAses. Of ALl
The POsSsIbLE Combin ATIONS of These ChéermitAL SUbsTANWS owLY
Four bAasic buitdimwe bLocks Avé ATTAChEd TO The Sushr = Phosphonic
STYocture, Depovdiwe o0 The ChATALTEr of ™e sueAR MWd own The
Presence ofF Ufhul o PLACE of ThYminvg Two KINdS of mucléic
Atds Are SEPATATEd ~ RIboNUCLLEIC (RNA) Acid Mid DEOXY ribo wvilEic
Ald (DNA).

The strucure of The woctare And has A componcaT 0T

wWhith 1§ QUITE ANALAGOUS 78 AN N0 4uid W A PepTide Chmw -

wWhilh 1§ -
BASE - SUGAR - ThosPhATE

The LiNKAGE of These VMITS 15 by The phosphfATE To Two SUCATS
N g STEPwWIbE PATIENN

BASE - SUAR
i

Thes? hATE
BASE - &:crm.
7vi.osphd)‘&
ThE COMmbmATION of The SOGAT WiTh The PhasPhATE Jorm wWhaAT 15 cAlled
A NUCLEOTIDE. IT IS  LoNG Chains of These NICLEDTIDES ThAT

Mike vp DR find KNA.

THE TWo BASE STrucivres Are Ribose And DEGAY Ribose ; The
LATEr riboSe MISSING ONEe OXY e

1/ N\ /C"“’" *:/0\ N e

\ o C\
|
olﬂ d_c/ N\ “ ou\g_g/ H
Oﬁ' o“ H d“
Ri Bose DEOXY RIbOSE
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THE S 1mPorTANT bases FALL INTD TWO CATEcOrIES —
PYrirrtidiNeé Oor PUrINE @

PY Ryt 1dINES

Clmuue (<) THY MiNe unpen) (T) urAct G rua) CQ)
H

& 1 o
2N\ Il

N CH c 2

I I\ EAARNE,

IR HN C.~ CHs Wi ek
VAN | ' | I
o N s CH oH

H Nyl =
O 4 O i
PURINE S
ADeniNE (A) GUANINE (@)
N Hy, O
| Il
¢ S
e ¢ . & e NC "'\ Y
N4 u/ N
H
DNA

ThE NUCLEIC Acd

IR Y

 GHE PECRAPS , The SINGLE MOST

MPorTANT  CheriChL subsTANce IN The LIVIMGE CELL Found

PredomiwanTLY W The MUCLEVS The LoNEeE MOULeoTIdE
hAV(NG- MOLECULAR WEIGKTS

of DNA

iN ThE MILLIONS. The
15 IV TS AbILTY T® REProdvee ITsELd, The méEThed

th N
oreaTes T

of reProducTiON IS beTer Uiderstood by LookKne AT The
speuhic sTrocrure of DNA.
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The DeThILS of The covPLING beTween base, suoaR,
Ard PhosphfiTE IS GiveN IN The fOLLOWING REPESeNTAMVE
AFCANGE MmenT c

N\

CHe

THIMINE \o
0 CH
H # \L/
ot \/‘ /  ProsPhate
H

GUANING \2',.@

ThE DASES ATE ATCANGED sSo TwaT The Form hrdrogen bonds
beTween The TACE of AN NH erovp M The Newimive Hice

of C=0 erovp ; For GUANINE avd CITOSING There ATE

i bond pPonNTs Awnd for Adeouine And ThyminNe oWty Two,

Tis bomdialls GIVES TISES TO fr DOULLE heLicAL ArrpNGemenT”
Where ™0 NTErTWINEd Chmns of DNA dorm A hichly
STHbLE STYUCTUrE. AN imPorTanT poinT S ThAT bAse
Bongd e owLY O0CCUrs bLETWEEN OGvamine And (YSTOSING  Add
peTWeEenr Thvmin e fAnd Aden Mg, The bondine 1S Shown oN

e NGT- PIeE!
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guanine cytosine

The adenine-thymine and guanine-cytosine base pairs used
to construct the double belix (bydrogen bonds are dot-
‘ted). The formuation of a third bydrogen bond betiween
guanine and cytosine was considered, but rejected becanse
a crystallographic study of guanine hinted that it would be
very aoeak. Now this conjecture is known to be wrong,
Three strong bydrogen bonds can be drawn between
gunine and cytosine,
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The rESOLTANT DOUbLE HELIX LOOKS LiKe The followiwe
SchemATIC !

T
NS
CRON
d
d ..
CREEY
. N
et
. I
!

A schematic illustration of the double helix. The two
sugar-phosphate backbones tawist abowur on the outside
with the flat bydrogen-bonded base pairs forming the
core. Seen this say, the structure resembles a spiral stair-
case wwith the base pairs forming the steps.
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ONA REPMODULCTION

THE DoubLe

SPITAL STruciure of ONA has yvery
PrACTICA L And

INTERESTING PYOPEMES CONCErNEd wWiTh
INTOr MATION STOFAGE And TEPLICATION Of GENENC MATErIAL.

| WANT T FirsT Discuss TmE DUPLItATION Process Thew LL
DIScUssS The Mavre ofF The GENETIC CLODE,

IN The Presewce OF A ENEYME CALLED ONR ooe The
hvdrocen Monds fAre SPLT STAFTING AT owe &id oF The
Chmd. The DNA vowcuihr LIKE A TIPPER, STAMTS 70 PeeL oPen
EAPOSCME ThE miLLions of LINKS i bases . Becavse The

UNA HOLECULE 18 \N & BATh OF Tne NoCLEOTIdES consuTine of
A, e, T,d fiid ¢ ™e Exrosed bases Are PAICEd up wiTh The

APPOPCIATE bASE 1LE, G TO C ANd T 70 A, The new NeuLLedTide

hidroeen) bomnd TO The TEMPLATE, Thus The Process CONTINDES

UNTIL Two IdewTICAL DNA HOWELILES are 4ormed. Thous 7O sTRThesite

ONA  gou Meed 70 STAMT wilh S0ME DNA Mk IN SOME MUCLEoTIdES

And ATP TTP TP or ¢TP  And Add A LITTLE ONR et

The rATES of FEACTION Are INTERESTIMG- TO EXArME. IN

The bRCTErvM B.Cobe BXx 0" on of DNR 15 synThesized IN SD

FUHVTES , TS cQuiVALENT To § x10% nucLeondes beine thsTenwed 1
PLAG per JEcond. RBAsSed

OM TFANdO™M  CoLLISION CONSIJErAMONS

IT 1§ CONCLUEED TMAT The SYMTHESIS MUST ollvur AT LEAST

10 pLACES SMULTINEOUSLY, A More reasonnbLe Assumpnon

would be ThAT AbouT 100 ENZYME SYSTEMS Are éweneéd N

MycLeoTide poLrmeritfmon AT A TIME 1i, énch aTe hadldling

£0 MULLEOTIdE pér 56LoMd. ON A Time BASES IT IS eSTIMATES

o
TRAT EACh bASE (S LMD A COPFECTLY (N AbouT X107 sec, Comsudrme

The DisMmu beTweer Milwhborw e NULLLONIES  abouT 34 A, 1S bane
Traversed N Tx197'Y sec , the reiunne vewoawy of L. TRi0*cm/sec
Produced fAn  vedeed UnrenliSTIC Encerey JUmp of 9 x10%¢v, Thus

if e process of BNA SYNThResIS wwoLves p conTnuou § bomdardmeT
bt foor nEGLEFIdE TVIPRISPHATES, WiTh 4 chmed ¢ spectic

SELECTION , e ypced oF ChiNgé requifed To AVOLd scLecnon
of The weaNe BAsE 1S 30 FAST ThAT T ANNOT be Achieved by
A PRYSICAL TIANSLATON of érTner Twe PromMer or The ENZIN G
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ALsSo wWorTh MOTING- 15 TAAT The DA ChAaw cannoT
UNCOIL A5 1T 1S BEiwe SpuT APAYT DBeciose This vocoiLine
wevLd reQoire 30° pec bASe of ro™MION. TD &0 This 1w

SEC. FEQuUIfes AN ANGULAT VELOCITY © 2.6 ki  aud/sec

-id
zx10 "
Thus T IS Comciuded

Ad R TOTATIONAL ENeroY of L xi0fev.
ThAT MULTIPLE 5% CITeS oF DNA repLItATION MUST occur

SivY LTARQo usLY,

l{' DUrNG TEProducNon one bASE
fird Doesw NOT Couferm TO The four FundAmeuTAL bASE TYRES, Thed
fr MOTATION NAS scevrred. OUne AVOMALOLS LASE pAC N SEverAl
MitLion 1§ sofficieoT T0 chmd The ENTITe MEssHee ON The DNA
pmoLecne, If ThE Cell CONTINUES TO LIVE And The DNA
REPLLUATE The Newd TEMPLATE The MUTATIOM IS NOM-LEThAL.

&CTS SCrfewed vp



GENETIC CODE

So R we hAve TALKed fMbogT The sTvelvre OF DNA  bul
WE hAven'T SAID T00 MUCh Aboui how IT feALLY ACLOMPLIShES ALl
of S wWonderfoL worK,, ¢ of Providing The AYChiTECTUrAL PLAnS
Jor MAKING SPecihic PAOTEIN MOLECULES. IN order 70 buitd A
ProTEIN The DNA MOLECOLE MUST SPeafy Which bLOCK | AminD Acid,
Goes W PLACE AT r PAYTICOLA TiMe N Thé CONSTIUCTION. SINcE Theére
Are Lo BASKC AMiNG AcdS The puavs mMOST be sPeahic. If There
were 10 differenT BASIC vmTs W The DNA MoLeciLe  Tne problem
would MOT bé 5o dhcoLT T UNGESTAND. Nowiver WE KAOW Twnt
TheRe Afe ONLY 4 NUCLEOT e bASES which WIN rArY. Thus T be@oMes
NECESSATY T© DehiNE A C0dé€ ; comsisTING of 4 LERES And
CAPabLe of vNQuel! SPeify NG Heor 20 difforevT fmmoiCids.

MTer some ThovenT (T 1S TEALIREd TWAT 1 The { LeMers; AT,
G md C, afe TAKG Three AT A TIME Then Thice Are o4 (4x4x4)
d\ferenT LOMb wimoNs PosSible. Thus A NocLeomde TRIPLET 15
A word IN The code specifYiNe Tae A 7ATCOLAT AruN0 Acd. In
RddiTON To The 20 Arwo ATdS | There Are redondAwWT words To STOP,
LE ,TO RIMINATE A Y SeuTence ” of Mund Aoids, PresedTi? 1T 1§ NOT
KNown ¥ There Ate Y STAYT words. BUT Givew The 649 Combam amows
Ard rooemlY LA MECESSATY Words The codé cAw be Specified As
FoLLows

FirsT Second l 7 [
Ao Acid Arne m.d—o U | C— A G‘
|
' = T At MA ' | = ok
Phe Werg ser (feer) TIR, Uore CYS \UorC
u Led  Ase X AwG X A
| TRP &
c ey LG A l ProL (aw) | s UerC Are MU

e GLN Ao

A | et gop| Tar iy | mw Ueec | Ser 4 c

L meT G| LIS Ror | prg A

— ‘i = e I I —
|

VAL (my | ALA ey | Asp Uore | gLy L Au
| GWw Aore'l

X DENOTES STOP




NoTE The COdE 1S NOT TOO SENSITIVE TO ThEe Third bASe.
In MANY CASes ANT ONE Of The 4 bAses witk TPrdvce The SAME
Ao Auid. Thos The Code hAS ff Humber of deeweraces. As
i EXAMPLE OfF The code A SewmenT OF The DNA MOLELULE MIGhT

Rend
[AeT/c cA/G-CrT/TAA
Which 15 SEVME = ProLine ~ GLYSING - STOP

KT PrESENT Thé CherngAL reLATONShip of The LEMTERS (i, NotLeoTdes,
T Thefmwo AcidS 1S NOT KNOwN, PERhAPS Thé Chewcll Propernes
oF The VACOUS Mrund Acids SVGGEST wWhY JOhe ARG dovbléE wodéd
g 0Tners Are NoT, ALSO The Questiod of how T™e wde evouved IS
oPer. IT IS Knoww Thdl The CodE IS UNIVERSRL Throvshoul™ The
SiMpLaT Avd MOST CoMpLEn PLANTS And MiMMLS, Therefore , The wdé
MUST  NOT hAve €voLvVed bevYoud A 1TSS MOST EATLY form,

PROTEIN SYNTHESIS

Now we wouvrd TKE 790 OnNdErsTANG how  PrOTEINS ATe ACVALLY
SYNThEsIZEd VSIMG- This COde. FIRST The DNA Does NIT MAKE The
POTGN DAreciLY. ThE DNA FOLECULE 15 ONLY Thé bLvePrinT,
OUTSWEE of The NULLEYS (N The Ll CYTOPLASM IS The ProTein
MANUIACTURING TheTorY, To €T The DNA bLocrrinT T The FacToRY
A resstNeer 15 rfequired — Tms 18 RNA, Conceproflly The STEPS
Rre The foLLowiNe

Fiee ZEROX CoPY TraNster,  MMNOTACTUre
DNA —> RNA —  PROTEIN
\ﬂ/ . s i
NUCLEUS CY70PLasnH.

Now we hAve To KeeP 00r wWiTS pRenvse There 6 Not JUST
ONE RN moLecVLE bui WSTENd Three SEPARATE TYPES! MESSEMGER
TRANSTEr Mid RIboSOmMAL RMA. TESSENGeR RNA NRNA, A5 Thewmmeé
(MpLIES HAS ThE DNA MESsease oN” (T, IT IS A SINGLE STRAND
MOLECULE MG 1S WeuTIciL To oNé half of The DNA  MOLeuLe
FoM which (T WAS forms - I ffEANG onLY IN The Presess of
The DASE UACIL (NSTHE of ThYMIME Mid The AddITIONA OXY rém 1N
The SWnR The mRNE 15 MUCh SHMALLER Than The DNA MOLECULE

5



Thus 1T° ONLY Cirries PART of The TOTAL DNA MESSAMGE .
The mRNA Triscribes The DnA (nformATION DURING A
réffidiNe PEFIod WhEn The DNA SPLITS N TWO LIKE T IS
GOMNG To DUPLICATE ITSELF DUT DoesN'T. The readirNG Process
leokS LiIKE Thé foLLOWING

g Tomveiis Pri . R
~A T A T- = > - A -
=T A= T A- = =1 A~
5 S g - ol ofe-
- g — ¢ Ay N - - -c Az
A ¥ v sl -8 G-
) o U X7 - - =0 o

& C sy ('c = "‘ “2' %:
Lc o B « -G Cr-l

i
mRANA ONR Topume

THE RibasomMAL RNA IS NOT well uidesTood AT The PrestsenT,
IT 1S invoLved IN The Ribosowmes, PART OF The Cell WhERE TROTEIN
IS MADE. Ribosomes five RbosT 2004 INSIZE Md AE Throuskout
The CYTOPLAMM, RRNA 1S A (ELATIVELY PErmARENT STrucTure

TRANSFER RNA TRNA, IS (HPOrTANT IV The PrOTEIN SYNTHESNS
Process becAvse ANAChed TO ONe &ndd of The TRNA 18 owe of
20 @rno Acids, Also & Par off The TRNA 15 A TNPLET <code”
of 3 bASEs whichAre cnPAbLE of GSTABLShIN & A firm MeLAnonshi?
WiTh  Three oMplemeTiry bAts on The mRNA. This LATEr feawre
MAKES \T POSSIDWE To  ASSIEN The APPROPriNTE Arind Atid A PLAcE
IN The POLYPEPNIdE Ch Ml AS iT 14 mMAde, Thus There ae 20
difterenT KiNds of TRNMA. T™E sTroawre of TRNA ComsisTs of
AbouT BO bASEs, forming A AP Which 15 TwisTed To torm #
SMALL DOUBLE MELIX wITh 4 oreaT genl of COMPLEMENTARY bAse

PMAOING wWiTmin TTSELT, Arpn Aud
& g ’
The PAATICOLAR w0 AcKS ARe ATTAChed )f-
To TRNK Throveh A serues oF STepPs EAch @‘:
STEP bGING- CONTIOLLED by A PAMTICULAR EnNZYME, - 1204
The SChEME CurvenTLY PrOPOSEd 1S A5 FOLLOWS ¢ AU
Ik 4
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AA t ATP TENZIME —E(ANP -AR) t PP t

N

TRNA - AR T E + AMP

where AR = Amwo fad
ATP = Adtmine T PhaiPhAaTe AA PrOTE N
AMP = Ade ine mMowo PhoiPhMTg
P+ TaPhosphos PunTE

E = ENZYME

The hrsT step of The r@chnoN 1S ACIVATION, Thé second 1S
AT e T © BNA - 10 form The TRNA ampux  A0d The ST
STEP |5 [rANSFER TO Theribosome. The SPECIAL EM2TME INVOLved
IN The rBAcnOM EsTAbLISheS wWhich AR wilL be ATIAChed TO
Which TRNA, Thos Thée ATACAmMeT beTween TRNA ANd cach ArinDd
Aud 15 QuiTe srectfic, The TRMA ACTS AS g8 “ ADAPTOR " Deyweew
The TEMPLATE , mRNA  gdd The Arno Rod.

ProTeiN SYNTRESLS DEGCING W heEN The MRRA (oMES NER
fi 1D0sOME ANG CETS AITACKED, OMLE TS hAPPENS The TRANA
CAN ATTACA TO Thée mRNA AT The APPOPAIATE PRty NUCLEI NG
TOWPLET while The Muwo Acid  RNes off The 0Ther éud. The
Ribos@me Moves om one “NOTCh ™ ANd ANOThGr TRNA (OmES INTD
PLACE, Thous POSITIONING- ANOThER AMind ficid  WiTw (TS reaPenve
AMING G rOUp ANA CATbOXYL Grovp bolh held FEAdY Jor The YoM
And frmAnon of The Pepnde Bond. A SChemATIC rePreseAnoN

oF TS 1deh z? folLows;
Growing
Popid e
Chmng %

A&C




TYPICAL  ProTen MOLEcue {OrMATON oXurs AT A MATE
of ONE svery 10 S€cond Pér Ribosgome. Tis rATE SORESTS
TRAT MORE Than OVE ribosOME 1SAOMKING- ON & mMRNA AT
ONE TIME. |8 FACT 1T IS POSSIbLE ThAT wmRNA 1S red NG
DO on onve &d Md  CONSIHVCTING PrOTGINS ON The OTheR.
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NwT ATonN

The orderine oF The fAminoe Auds 1N A POLYPEPNde chaiw
IS BATPEMGLY IMPOrTANT, 14 for AwY (eMOM The ode messes up
And Prodoces A QroNG AruNo Acid The oL ProdocT Wikl woT
bt WhAT WAY EXPECTEd: IN  The case of LeuKErA , There Are 12 JdferedT
TYPES EACH DiteErme by OMNE AMNo Auid Frarma The NIrmAL HEMY-
GLODM. ThE mamd Acid ChANGES ©CCUr IN BoTh The GINI'; chlidg,
The MUTATIONS ATE WELL VNdErsTood And repcestnTATIVE fawo Acid

Chivee A
Arung ficid NuUmbeRn

Ch mn (A 16 30 57 SB 65
& hys Gl o His ASM FRom
I ! 4 ) v J
ASp LN Asp TYR Lys To
(3 G

{
VAL LYS

The 3 chiiw MUTATION (5 RESPONIDLE ok S1erLE <eLL AwermA.

If The GENETK CO0dE 1§ GrAmINEd TO SE€ how LIKELY
ThES & MUTATIONS Are e TiNd AT ALl boT ONE IS AccomPuShed
by chAneingG ONE base, €.3

ArviNg Aad GLUW —=> GLN

tod & GAA —=> CAA
The Two bAase chANGE 1S LYS TO ASP :Thig muTAloOM S
LESS LiKeLy 70 Occur ThaaN The ONE bAse PAIF MuTATION.

OuT of The 5TVdY 0oF NUTATIONS The comce?T of CeMETIC
NAP order ANd MOITATION di1STANCE hAs EvoLved. AS AN EX AmPLe
The bAcTENA E_CoL)  CAM UPDECEO SEVEFAL DIFFTErenT 7Y PES
of MUTATIONS of TriPTO PRANE. gach RUTATION OMESPONdING TO
A DilerewnT Maide Acid ChAM G, Y ordériie The MOTIIONS T
1S foNd TAAT Some Seepibd ™ be More STraNeL! LINKED ThAN OThér
ThAT & ™ SAY  WhEN ONE MUTATION 0CUPS MOST LiKelY The 0Ther will
Tos "Mis 50EGESTS TRAT The EENE CArMTING The MUTATIONS ATE
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N CLOSE  PROXIMITY,

AMino ACiL d

Some

MUMTIOMS Aré weAKWY LINKgd IMpLtii e
A erenier SEPACATION DETANCE ON ThE DNA MOLELWLE. The Folldwine
&rAPh

|§ rePresenTATIVE of The orderine And MAPPING 1460 !

13 19 47 49 D 7
No A TR Ley Thar 3 "1 &Ly  Ser
. ! s ¥ b VooV
MUTET &d Trs ARG | LEY AR VAL Asp bed
MuTRTION NO. 44¢ 4817 ALy 7.‘3 187 58 6%

CLosk! Limkeg

A e i

daThrorTLY Lin KEd

GENETIC

GENETICS 1S ThE S7T0DY of GEMES , GENES ARE SGEMENTS of
iNformATiIoN © M The DNA  MOLECULE Jor MMotacvrnine A

P AapNcw LAr Mfaind—Acid- POLYPEPTIJE Chk 1L A Profid. The
ONA

One

IS The Chromosome S0  GENE 15 PART of The chromosome
hsanmne SJbgecr 15

oF informnnon  Trang Fer,

CeLl Division And ™e Procéss
And  CenTYAL

Thé céLL D vision LALLed ™ 1ToSIS
T Thé DIVISION S Doublinge OF The chromosomes,

IN MAN There Ave NOrMALLY A6 Chrom0somey, ThE de 15 DovbLed TO

L Thmen The et DINDES. TME Process
£oLL0W INE.

(Y

IS GoMeThine LIKE The

Tre ChromosomMEs Are ArrinGed
Efdcn of The 23 PAIRS

IN ThE NOCLEVLS 1M
The

PAIRS.
piiters

IN Size Ad ShAPe 4rom The oTheRs.,
Chiovio s0ne, ATt ATTAChed

ToLeTher by A STrucTure (ALLEd
The CENTrOMERE . TWo FEPACSTRIATIVE PARS mMAY LOOK LIKE The
foLLow N
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PUCING ThE RormMAL PhAse of The celt LIte The STrocTorAL
DeTAIL of The chvomosome Phirs CANNDT be disaeui Shed.

In The firsT STee oF MITOSIS cAued The INTEF PhASE, The
Chromosomes SPUT , 1% The doubLE NELICES TeEPLICATE, Thew
The Chvomosones conwTrACT becomeép o >I~orTer'¥nﬂ£D. pud visibLe
To The Microscore. This MATKS The Secopnd STAGE CALLEd The

ProphAsg. TheR& Are pow 4 DNA HMOLccviis ATTACKed TO oMe

CENTIOMGRE, The ONA hawes ciiied ChromaTids CouTYAlT LIKE A
Cokd SPriNG. Whes The ChrnaATds have Tinished Louwm.’nuo-lm(-

Third pPhAdE , The METR Phise , bewiws The Chromosomes Now Lodi

g

IN e mMeTAPWASE A wMEw STYOLTURE CALLEY The SPIvGELe APPLARS.
The SPINILE 1S A “ONG-Chmih ProTeid MOLELE. The SPINILES ATACh

T0 The CenTroMereS AT DONE &nNd Awd T Two “Pores’ of Te
NUCLEVS AT The OTheR. Thée PoLes AR (ocAled AN The
EQUATOFr of The MUCLEUS, ThE GwWTTOMERES The mechmiin o f
CHYOmMoLomME MOVEMENT, POSITIONS The ChvomATIdS ALONG- The SPINDLES
IN PrepaRAsoN of The 2IViSioN Process, When At Y3 Chromassmes
Are in ONE PLANE  The dIVISION PRASE | The MA Phfise PhASE Beemws,
The CENTWOMERES Divide 5 MAT EACh ChromAnd hAs T35 swy
CenramMERE . The SPiINdLes ConTrACT POLLING- The Twd hALVES

TO OPPOSITE CORNERS oF Thé NUCLEVS, WhEN ThE Chromands

AE Tie-hTLY PATKED MeAar Tne POLES The NolLeos And Cetl
Divides it The TELOPRWASE, The SPINGLES Thew disnPPenit And The

TWo cells bewomé NormAL. The sequence of Gvewrs 1S
oUTLiINEd DbeLow:

D OEIOC
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MEIoSIS

MITOSIS 1S NOT The OMLY JorM O  NUCLEAR JISION. Durine
SEXVAL REPMIVINOM Thée ChromMoSomE NUMbER DoeS NOT INCREASE.
¥ 1T DID AFTEr Effch DIVISION ThERe WOuLd bt 46 rore

Chvomosomes, ATTER 3 DIviISIOND There wooLd be 181 ChromMosone

ANd T3 33L AMTEr 10 DIVISIONS. Thus MOTher division Process

MUST D& WorKING WHICA KEePs A-<ONSTANT NUMber of Chrormms omes
For MM Two CELLS A SPerm MND EBeé UONITE TO f0rmM A SINGLE

NEW CELL CALLEd R 2V GoTE whith ComnstsTs of The desired 46

chramosomMe ATMAN 1IN LY PMRS. hoy somehow The Sperm

fid eces 6T rid of 23 chromogomes., The dEUSION A To Whith
ALy of The 23 Pmirs 1S EXcloded

N Tt dPCrm Md Gl 1S
PUureLy whddom.

When ™e CchfoMosoMes DOUbLE Mid The G TFOMERE 15
ATIAChEd T© Twae SPNdLE, The PATS ARE 7ucied  APART Differenily

SPErm or Lol

The 13 TemAININe ChromAarids
dic oft.

IN ALk NvcLeu s cviuTVALLY

wlhenl The SPerm mid b LomMée ToeThER IN PMRs Thekg

>
Are T (8,388 008) Possible CombinAmows. of Chromosdmes,

Thos ™M “hite of MY SINGLE SPETM 0F G ok CONTHNIN - ONLY

PATECNAL Or MATE WAL ERromMOSs@MEs |5 MNMEFLIGILLE. FurmeR
Siversi Tt 1S Atlord cd Taroveh CrosSSOvER LINKAGe IN Chrirmomg
Prior 10 DIVISION: Whew 2 PAIRS of Chromosdmnes ARe N

CLose ProXimiTY ey o cAN ERChANGE GENES

% \7<-——-
’>-C
MEIOS IS Thus ALVre comMpPLETE muu& of Thée o-EmMENC
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The following pages are the original real time notes taken during the lectures.
As Feynman was having a harder time prepring for the lectures given the
developments in the theoretical and experimental physics world, the lectures
started to reach a stopping point.

As mentioned before, these raw notes are the working material I started with
to transcribe them into a more representive and presentable form. They are
crude and maybe be of limited value to the readers very familiar to the
subject matter. That said, their value remains in capturing the topics of
interest Feynman had as be explored another part of science and nature that
was not part of his CalTech program.

In my own case I found the transcription time and effort to become challenging
as work demands were increasing. At the time I was working on the Intelsat IV
satellite program and we were in integration andd testing preparing for the first
launch toward the end of 1970/early '71. It was Intelsat IV that carried the live
video of Nixon's historic visit to China. As I was helping prepare for launch,
several colleagues transported the critical ground station over to China and
prepared it for the video relay. Today we take for granted such global
communications but 40+ years ago it was "magic" as Sir Arthur Clarke called it.
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