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1950: PAULING THE GREA

e

The alpha-helix
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1952: WATSON & CRICK MODEL DNA

DNA: Fome to Modelers




Ewlﬁ Experiment




1952: DNA MODEL AND EXPERIMENT

vo.s3ss April 25, 1953
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MOLECULAR STRUCTURE OF
NUCLEIC ACIDS

A Structure for Deoxyribose Mucleic Acid

“HJ’H wigh to suggest & structure for the =alt

f deoxyribose mucleic moid (DNAJ, This
atructure haa novel features which are of considerabla
biclogion] interest.

A astructure for nueleio acid has alresdy been
propossd by Pauling and Coreyl. They kindly, made
their menuseript available to us in advanee of
publication. Their model consists of three inter-
twined chains, with the phosphates mear the fibra
axia, and the basea on the outgide. In our opinion,
this structure is unsatisfactory for two ressons :
(1} We believe that the material which gives the
X-ray disgrama is the salt, not the free acid. Without
the meidic hydrogen atoms it is not clear what forces
would hold the struciure together, sapecially as the
negatively ‘charged phosphates near: the axis will
repel each other. (2} Some of the van der Waala
distances ap to be too small,

Another three-chain structure has alao been sug
geated by Fraser (in the press). Tn hig model ﬂw
phosphates are on the outside snd the basss on the
inaide, linked together by h: bonds.  This
structure as deseribed s rather ill-defined, and for

this reason we ghall not comment

on it.

We wish to put forward o
radieally different struoture for
tho salt of deoxyribose nueboie
said. This structure has two
helical chaina sach coiled round
the ssme sxis {see dingram). We
have made the usaal chemieal
amsumptions, namely, that eich
ahsin. eonsista of phosphate di-
ester groups joining fen-deoxy-
ribofurances residues with 37,6
]m.k.aﬁ. The two chains (but
not their bases) are related by »
dyad ular to the fibre
axin. Both chaina follow right-

helices, but owing to

the dyad the sequences of the
atome in the two chains run
in opposte directions. Each
chain loosaly resembles  Fur-
berg's? model No. 1; that is,
the bases are on the ineids of
the helix and the ph hates on
the outeide. The co tion
of the suger and the atoms
‘mear it 18 close to Furberg's

‘atandard configuration’, the

sugar being roughly perpondi-

cular to the attnched base. There
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is & rosidue on esch chain every 3-4 A, in the s-direc-
tion. We have amumed an angle of 36% botween
adjacent residnes in the same chain, so that the
structure repests after 10 residuss on each chain, that
ia, after 34 A. The distence of a phosphorus stom
from the fibre axia is 10 A, As the phosphates are on
the outaide, cations hive easy aooess to tham.

The structurs = an open one, and its water content
is rvther high. Al lower water contents wa would
expeot the bases to tilt so that the structure could
become more compact.

The novel featurn of the structure ia the mannor
in. which the two chaina are held together by the
purine and pyrimidine basos, The planes of tha bases
are perpendicular to the fibre axia. They aro joined
together in pairs, a single base from one chain
hydrogen-bondsd o o singls base from tho other
ehain, so that tha two lis #ide by sids with identical
z-go-ordinates, One of the pair must be & purins and
the other & pyrimidine for bonding to oceur. The
hydrogen bonda are made as follows : mmpmadm
I to pyrimidine position 1; purine position § to
pyrimiding poaition .

If it is assomed thet the bases only oeour in the
structure in the most plausible tsutomerie forms
(that is, with the keto rether than the enol con-
figurations) it is found that only specific pairs of
bases can bond together. Those pairs are : sdenine
(puring) with thymine (pyrimidine), and guanine
{parine) with cytosine (pyrimidines).

In ather words, if an adenine forms ons member of
& pair, on cither chain, then on these sssumptions
the other member must be thymine ; similarly for
guaning and oytoams. The aequeme of bases on &
single chain does not appear to be restricted in any
way. Howewer, if only specific pairs of basss can be
formed, it follows that if the sequonce of bases on
ong chain is given, then the sequencs on the other
chain is automatieslly determined.

It has been found experimontally®* that the ratio
of the amounts of adenme to thymine, and the ratio
of guanine to cytosine, are slways very alose to unity
for deoxyriboss nucleio aecid.

It is probably impossible to build this strocturs
with & ribose sugar in place of the deoxyribose, as
the sxtra oxygen atom would make too close s van
der Waals contact.

Thas pl'e\-‘im-lﬂly ublishusd X-roy data®* on deoxy-
ribose nueleio seid are ineufMcient for & ngnmua Leat
of our atrusture. So far as we esn tell, it is ronghly
compatible with the experimental data, but it must
be regarded as unproved until it has been cheolsed
against more exaot rosults. Some of thess are given
in the following communications, We ware not swane
of the detaila of the results presented there when we
devised our structure, which resta mainly though not
entirely on published experimental data snd storeo-
chemiocal

It has mot Bncaped our motios that the speeific
pamlﬁuwe have postulated immedistely soggests a

copying mechisnism for the I'eneﬂu maderial.

Fu.ll details of the structure, including the con-
ditions assumed in building it, together with a set
of eo-ordinetes for the atoma, will be published
elaewhere.

Wa sre much indebted to Dr. Jerry Donohus for
constant advice and criticim, nsp-;mp]!y on inter-
wtomie distances. 'We hawve also been stimulated by
& knowledge of the general naturs of the unpuhllshud
experimental results and wdess of Dr. M. H. F.
Wilkina, Dr. R. E. Franklin and their ao-workers at
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King's Collegs, London. One of us {F. D, W.} has besn
for Tnfuntila

. avdad by a follmhrp from the National Poundestion
Paralysis,

J. D, Watson
P. H. 0. Crior
Medical Research Douncil Tait for the
Study of the Molecular Structure of
Biologicsl Syaterns,
Cavendish I.abotam;r. Cambridge.
April 2
L Paalng, L., and Coree, B, B, Faivrs, 171, 3248 (0068} Pros. 5.
Nel. died. " 89 L1} mm}
* yurkang, B,, detw Chimm, Seamd,, §, (54 1'195;].

ik -o_Tor mufereny Tagmtnlol, £ L, .-
"m K, Mfﬂn:l‘gw\w deed, B, 402 (1058), Dz
LWystk . R, S e, Phiwial., 38, 201 (1952).

5, Ml-hll.-’. ;r T..]i.n‘:r B, Bxp. B 1, Fudela Acid, ©F (fCamb,

"Wlliim,'ll H. 7., and Randall, J. T., Binchim, o Bopkis, Ack,
10, 102 (1985},

Malecular Structire of Deoxypentose
MNucleic Acids

WHILE the bislogigal properties of decxypontose
nucleic neid suggest & molecular atrackure  oon-
taining great aomplexity, X-ray diffraction studics
desoribod hare (of, Asttury?) show the bagic molecular
configuration hee great simplicity. The purpose of
this communication s to describe, in a proliminary
wiy, soane of the experimentsl evidence for the poly-
rleotide chain configuration being helical, and
existing in this form when in the witursl state, A
fuller sccount of the wark will be putlished shortly.

Tho structure of deo toas nuslete acid jg the
same in all apecies (althongh the nitrogen base ratios
altor eonwderably) in nucleoprotein, axtracted or in
vells, and in purified nuoleate. The sarmn lnper gr

oup
of polynmeleatide ohaing mey pack togethor parsllel &

in diffepent wiys to mive eryatalline'-%, sami-cryetalline
ar parscrystalling meterial, In sll cases the X-ray
diffraction photog=aph consists of twu rogions, one
determitesd larpely by the reguolar spacing of mucleo-
tides slong ihe chain, and tho othar by the longer
spacings of the chain configiration. The sequence of
diﬁohllml- nitkogen bages along the chain is not made
wigible,

Orianted parascystalling desxypentose nuclaio acd
(‘etraeturg B' in the following conmmunication by
Franklin and Gosling) gﬁmn.g%m 2z shown
in Fig. 1 {of. ref. 4). Asthury m;ggm'ud that tha
strong §-4-A. mflexion correeponded ‘o the inmter-
nucleotide repest along the fbro axis. The ~ 34 A.
layer lines, however, are not dus to & repeat of »
pelynuckeotide composition, bt to the chain son-
figuration repeat, which causes strong diffesction as
the nualzctids chaine heve hi,gl'.c:r denaity than the
interstitinl water, The sbeencs of reflecions an or
near the meridian inmedistoly s 'r:l o helical
structire with axis parailel to fibe langt

Diffraction by Hellces

Tt may be shown® (sles Stokes, unpublished) that
the mtenaity distribution in the diffrection padtem
of » sorvies of pointz equally spased along a helix iz
&iven by the squares of Bessel functions. A uniform
eombitndus helix gives o sevias of layer lineg ofapn.cm,g
oorresponding to the halix pitch, the intensity dis-
tribution aleng the ath layer line being proportional
to the sguars of Ju, the stvh ovder Fesssl funetion.
A straight ling may be drawn spprozimately through

April 25, 1953 v i

OF

1. Fibe dingram of itose CNELT wchd IPom B, e,
T Fibire: axln vertical

the innermokt maxime of each Bessel function snd
the arigin. The angie this line makes with the squator
in roughly equal to the sngle between an element of
the helix and the helix axis. I8 nnit ropests n times
afong tha haliz thare will be & mesidional reflexicn
{74} on the nth layer line. The holieal configaration
produces side bands on this fundamental frequenay,
Lhneﬁml:“be:ingw ropraduce the intenaity disteibution
about the origin around the new origin, on the ath
layer line, corresponding to ' in Fig. 2.

Wa will now briefly anslyse in physiesl torms soome
of theg elfects of the shape ond arze of the ropent unit
or nuelestide on the diffrastion paltern, Fiest, il the
naclectide consizts of 4 onit heving sircular symroetey
about an axis parsllel to the helix axis, tho whols
diffraction pattern i3 madified by the form factor of
the nucleotitle. Seeond, if the nudleotide congists of
a sarige of pointe on & rediue ot right-angles to the
kelix axis, the phases of radistion scatierad by the
helices of different digmeter passing through eech
E’;:L ars the same, Summstion of the corresponding

ol Funotiony gives reinforcerment for the nnes-

_/ ;-\\_

Tig. 2. ™MPmetion paliern of mysdem of heldees vormesponding tn
edmoture of d.mrp‘;nm= nudei seid.  The squarees of B 1
Fumctioes are phitsd abomt (F om the squator snd on dhe

sepocil, thiod snd Bfth inyer Hnes for half of the pecdectile s
o4 20 Ao dismoter apd renosinder distribvoted s radlas, e

tloaal (o the oadins, :Lﬂl.i
cnnvnnwnhywuud-murlﬁn are pletiond [T an Huter
incseton 0




1959: KENDREW AND MYOGLOBIN

Scientific American 1961
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19¢2: PERUT A2 AND HEMOGLOBIN
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19631965 LOS ALAMOS

The Birth of the Monte Carlo Method .

When any sufficiently large nuclear explosion occurs within a container, unless the radioactive
material is propetly contained and the timing of triggering explosions petfect, neutrons stream out of
one side of the container. This leak causes an asymmetrical, much wealker, and more unpredictable
blast. In order to make the most potent blast possible, a series of complex events must be modeled
so that the radioactive material explodes symmetrically. This research appears under the hygienic
guise of solving the "neutron diffusion problem." Until 1943, when von Neumann and Stanley Ulam
worked on the neutron diffusion problem, there were essentially only two sorts of modeling
emploved by scientists and mathematicians to describe complex events: deterministic methods
(which are essentially applied mathematics) and variations on stochastic techniques (which were
known simply as simulation).

To get around the apparently inevitable incorporation of the random, von Neumann devised a third
kind of simulation called the "- Carlo" in homage to the games of luck he enjoyed in the
gambling capital of Europe. He held that random elements in simulations were unacceptable, a form
of contamination tantamount to cheating at cards. Indeed, his aversion to stochastic modeling and
his appreciation of rule-based games is at the heart of his epistemology. In the - Carlo
simulation, Von Neumann devised a non-stochastic formula for approximating the stochastic
operators in non-trivial simulations. Essentiallv, he had found a deterministic way to model random
events. At the same time, he had rigged the game in the house's favor. When the - Carlo
simulation worked, it suggested not only that we could describe nature without relving on
randomness or chance, but that nature itself was deterministic.

http://trace ntu.ac .uk/framel/ articles/borg/JuN himl
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In which biochemists observe models of giant molecules
as they are displayed on a screen by a computer and try

to fold them into the shapes that they assume in nature
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The Thread of Life: an introduction to
molecular biology. Based on the series of 1
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The WAY AHEAD (07/03/1964)
1 used & n] LIVING ARCHITECTURE The VIRUSES (29/02/1964)
&m‘w The MESSENGER OF THE GENES (15/02/1964)
MUCLEIC ACID The INFORMATION CARRIER (08/02/1964)
REPRODUCTION AND GENETICS (01/02/1964)
PROTEINS IN THREE DIMENSIONS (25/01/1964)
INSIDE THE CELL (11/01/1964)
The REVOLUTION IN BIOLOGY (04/01/1964)
SOLVING THE CODE (22/02/1964)
PROTEINS IN ONE DIMENSION (13/01/1964)

199C in Israel

But then something changed John’s plans: he had become friendly with Suzi Ambache.
Susi and her two sisters belonged to a Jewish family from South Africa. John, a slim good- Su E‘Q N
looking young man with a roundish face and dark hair, fell for Susi. John considered }‘j
matrimony and started learning Hebrew. On 6 August, John wrote once more to his
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LIFSON”S CONSISTENT FORCE FIELD
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MOVING OVER ENERGY SURFACE

@ bnergy Minimiz ation drops
into local minimum .

@ Molecular ',Dﬁn AMICS USes

thermal energy to move
smootklﬂ over surface .

bnergy, b ——

—— Position

@ Monte Carlo Moves are

random . Accept nith
probability exp (“AUAKT).
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MACROMOLECULAR ENERGY MINIMIAATION

Refinement of Protein Conformations using a Macromolecular

Energy Minimization Procedure

MicHAEL LEVITTT AND SHNEIOR LIFSON

Weizmann Institute of Science

J. Mol. Biol. (1969) 46, 269-279

Rehovot, 1srael
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Structure refinement
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DETAILED MODEL FOR tRNA

MICHAEL LEVITT NATURE VOL. 224 NOVEMBER 22 1969

MRC Laboratory of Molecular Biology,
Cambridge
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1969: MY tRNA MODEL WAS WRONG:

L essons for future




COMPUTER SIMULATION OF PROTEIN FOLDING

Michael Levitt* & Arieh Warshel*

Nature Vol. 253 February 27 1975

Department of Chemical Physics, Weizmann Institute of Science, Rehovoth, Israel
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Reduced models

Fold protein with 1000

steps of minimization.

Escape from local minima

with normal modes  jumps.




THEORETTICAL STUDIES OF ENZAZYMIC REACTIONS

J. Mol. Biol. (1976) 103, 227-249

A. WaRrsHEL AND M. LEvVITT

Medical Research Council Laboratory of Molecular Biology
Hills Road, Cambridge CB2 2QH, England

and

Department of Chemical Physics
The Weizmann Institute of Science
Rehovot, Israel

Most cited lmj far




STRUCTURAL PATTERNS IN PROTEINS

Nature Vol. 261 June 17 1976

Michael Levitt

MRC Laboratory of Molecular Biology, Hills Road, Cambridge CB2 2QH, UK

Cyrus Chothia

Service de Biochemie Cellulaire, Institut Pasteur, 75724 Paris, France
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ACCURATE SIMULATION OF PROTEIN DYNAMICS IN SOLUTION

MICHAEL LEVITT* AND RUTH SHARON

Proc. Natl. Acad. Sci. USA
Vol. 85, pp. 7557-7561, October 1988

Department of Chemical Physics, Weizmann Institute of Science, Rehovot 76100
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Alpha-Hclices Unfolding in Solution




SIMULA

ING_HYDROPHOBIC EFFECT

@4 nanosecond MD

simulations.

@ Periodic water boxes .

220 mM to 2 Molar

concentration solution.




L A Ben}enes in a
periodic box of
watey .

@ Simulate for 1

ns at 298 K.

@ See clustering .
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A LARGE, DIVERSE GROUP

Jenelle Bro\ﬂ

@ Marie Brut
@ Gaurav Chopra
@ Xuhui Huong
@ Nir Kalisman
@ Peter Minary

@ Sergco Moreno
@ Joto RoArLgues

@ Avraham Samson
@ Andrea Scaiewics
@ Gunnar Schroeder
Alena Shmyggelska
@ Adeline Sim

@ Chris Summa
@ Michoel Sykes
@ Dohlia Weiss
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FUTURE

MOo\eléng

SIMALTFTED MODELS FOR FOLDING
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NATURAL VARIABLES for DNA & PROTEINS
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NATURAL MOVES FOR RNA MODELING HARD
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SYSTEMATIC SEARCH OF RNA STRUCTURES
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TOY MODELS OF PROTEIN UNIVERSE

® ['ake one seguence and try each shape.
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o Calculate the eneray of each seguence

on each shape: by=-1, Epp=kp=-1.

00 - - '? oLach seguence
+ + + :_ B selects the
! shape or
‘-0— -0— ﬂ shapes that

are most
:E stable for & .
Q—.—Q—




WHAT IS SPECTAL ABOUT SELECTED SHAPES?
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each of the folds

shown here .




AN ISLAND OF FUNCTION

® Proteins with seguences on the island have the needed
function.  They can multiply and evolve

For our model |
the loL%est island
(s populated L‘ﬂ

3LYG seguences.




EVOLVE BY MUTATION

‘Q\o\r\ge Gny one amino acid Gt random

PPHPPPHPPHHPPHPHHPPHPHHH

\Y
PPHPHPHPPHHPPHPHHPPHPHHH

Clonal

Reproduction

©Michael Levitt 10



MUTATION POPULATES EDGE OF ISLAND

¢ With mutation
seg uences have many
dfferences from
central seguence.




EVOLVE BY RECOMBINATION

® (hoose two parents at random from population

PPHPPPHPPHHPPHPHHPPHPHHH
HPHHPPHPHHHPPHPPPHPPHHPP

® Choose 6 random cross—over point and meroe

Pt 1 PPHPPPHPPHHPPHPHHP PHPHHH
et 2 HPHHPPHPHHHPPHPPPHPPHHPP

!

PPHPPPHPPHHPPHPPPHPPHHPP

Sexual ]

A HPHHPPHPHHHPPHPHHPPHPHHH
production




RECOMBINATION POPULATES MIDDLE OF ISLAND

¢ With dominant
recombination seguences
are much closer to the
central sequence.
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SINGLE AND MULTT-DOMAIN SEQUENCES

~——Domain AX3 Single— Domain
— Domain PQR
Domain AX3 Domain PQR |
—| Domain PQR Domain AX3
ABA AX3 tyx =




EXPONENTTIAL MULTI-DOMAIN GROWTH WITH TIME
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MDAs are grouing rapidly while SDAs hardly change.

Seg uence Covemge s high and increosing .




UNIQUE UNIVERSE

MNAS, 2009




THE CORE MACHINERY OF LIFE

Package DNA

Fold Protein
Protein

Nucleotides .7'

Make RNA ==

Ribosome

Make Protein




NUCLEOSOME NORMAL MODE 2




70S RIBOSOME NORMAL MODE 2




Chaperonin Eu NORMAL MODE 1
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PANDE FOLDING AT HOME

http://www.stanford.edu/group/pandegroup/folding/education/

®fold proteins on 100,000

computers using the program

Folding

as a Screen Saver!

® Most Powerful resource in the
world .




MOLECULAR DYNAMICS CAN
. ® SIMULATE PROTEIN FOLDIDKG

Vil Hﬁ“a K‘@ @g
in . =5
headpiece . \@M\%@\ er @f&x

(3¢ amino & T @Vrg%

o‘céo\ﬂ f«ﬁ'

For small proteins can fully simulate folding .

Pande Group




FOLDING PROTEINS WITH ANTON

Improved side-chain torsion potentials for the
Amber ffO99SB protein force field

Kresten Lindorff-Larsen,' Stefano Piana,' Kim Palmo,' Paul Maragakis,' John L. Klepeis,'
Ron O. Dror,' and David E. Shaw"**

L D. E. Shaw Research, Mew York, Mew York 10036

2 Center for Computational Biology and Bioinformatics, Columbia University, New York, Mew York 10032
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GBW UNFOLDS AND FOLDS
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QUANTUM MECHANICS

E ab

i =min{Z(Uff (t,t,;R,,R,)+U, (r,,))

+ZUfV(ta;R)}+ZU£S(RGb)

where Rab —

Ug (taﬂ’tb;Ra’Rb) :ZaZbﬂRmb;O’O)_l_QJQJﬂrab;ﬁix’ ﬁ@)

+szmea +ta _Rb| ;ﬁ)aﬂ'o)
+Z,0,¢(R, +t,—R,|;0,7,)

2
0.’ (rab) = 5055 (1 +[ Nzr“”m ] }exp[— Nzr“bw ]
W, +W, W+ W,

U™ (t,;R) = alo (1- \/l—i(ta—tﬂ)zJ

where ), =—)_ LM | Wy
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R, +min(R ,R,)

R,-R,| and 7, =|(R,+t,)—(R, +t,)|

Algodign PNAS 102:7829 (2005)




WATER AROUND CEO
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@ Oxygen
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SUMMARY

MOo\eléng

SIMALTFTED MODELS FOR FOLDING

= =
L Sebm e 0 e ey
B T B neingytin rld
S .
al ey
N N -
‘ Ax: il”\hgi g g *;’;ﬁ (é‘@ %
j e e oo
TN L

LIFSON'’S CONSISTENT FORCE FIELD
ue simoademiear 8 LUK
Al Bk M g T ]

+Z K’[t—cu(npf]] AN ;"a
N Ve Mo . ]

+NZ¢[('»TA2('Xﬂ The *. ’_f:

——
== S
N partid chary —

PANDE FOLDING AT HOME

Mot Poneerlil vesosmce in the

Simulation -

1950 1960 1770

1990

1000

Models for

Evolution

Large-—Scale

Structure

Accurate

Simulation

2010




PERUT Z: MORE SCIENCE AFTER NOBEL PRIZE
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THE END




