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MOLECULAR STRUCTURE OF
NUCLEIC ACIDS

A Structure for Deoxyribose Nucleic Acid

WE wish to suggest o structure for the salt
of deoxyribose nucleic seid (D.N.A.). This
etructure has novel features which are of considerable
binlogical interast,

A structure for nueleic scid has already been
proposed by Pauling and Corey'. They kindly made
their manuseript available to us in advance of
publication,  Their model consisis of three inter-
twined chains, with the phosphates near the fibre
axiz, and the basea on the outside. Tn our opinion,
this structure is unsatisfactory for two reasons :
(1) We believe that the material which gives the
X-ray diagrams is the salt, not the free acid. Without
the acidic hydrogen atoms it is not clear what forees
»olﬂu. hold the structure l.ogo[]u r, eapecially as the

ly ch near the axis will
mpa] em_h other. (2] Some of the van der Waals
distances appear to be too small.

Another three-chain structure has also been sug-
gosted by Fraser (in the preas). TIn hiz model the
phosphates are on the outside and the bases on the
inside, linked together by hydrogen bonds, This
structure us deseribed is rather ill-defined, and for
this reason we shall not eomment
on it.

We wish to put forward a
radically different structure for
the salt of deoxyribose nuclsie
seid.  This structure has two
helieal chains each eoiled round
the same axis (see diagram).
have made the usual chemical
assumptions, namely, that each
chain oonsists of phosphate di-
ester groups joining 3-p-deoxy-
ribofuranose residues with 3°,5°
linkages. The two chains (but
not their bases) are related by a
dyad perpendicular to the fibre
axis. Both chains follow right-
handed heliees, but owing to
the dyad the. sequences of the
atoms in the two chains run
in opposite directions,  Each
chain  loosely resembles TFur-
berg's* model No. 1; that is,
the basss are on the inside of
the helix and the phosphates on
the outside. The configuration
ribbans symbolize the of the sugar and the atoms
bwo  phephste—sugal - pear it is close to Furberg's
chadng, amd the horl e
zontal Tods the g}'r:l'o"{ aLand:r_dcrmﬁg\}l]{-f.Lum » the
basce holding | sugar heing roughly perpendi-

al
e i iotl  cular to the attached base, Thers
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is & residue on each chain every -4 A, in the z-divec-
tion. We have asmumed an angle of 36° between
adjacent residues in the same chain, so that the
structure repeats after 10 residues on each chain, that
is, after 34 A, The distance of a phosphoruz atom
from the fibre axis is 10 A, As the phosphates are on
the outside, eations have sasy access to them.

The structure is an open one, and its water content
is rather high. At lower water contents we would
expect the bases to tilt so that the structurs could
hecome maore compact .

The novel feature of the structure is the manner
in whieh the two chains are held together by the
purine and pyrimidine bases, The planes of the bases
are perpendicular to the fibre axis. They are joined
together in pairs, & single base from one chain being
hydrogon-bonded to a single base from the other
chain, 8o that the two lie side by side with identical
z-co-ordinates. One of the pair must be & purine and
the other & pyrimidine for bonding to ocour. The
hydrogen bonds are made as follows : purine position
1 to pyrimidine position 1; purine position 6 to
pyrimidine position 6.

I it is assumed that the bases only oceur in the
strocture in the most plausible tantomeric forms
(that iz, with the keto rather than the emol oon-
figurations) it is found that only spenific pairs of
bases can bond together. These pairs are : adenine
(purine} with thymine {pyrimidine), and guanine
(purine)} with eytosine (pyrimidine).

In other words, if an adenine forms one member of
& pair, on either chain, then on thess assumptions
the other member must be thymine ; similarly for
guanine snd eytosine, The sequenee of bases on a
single chain doss not appear to be restrieted in any
way. However, if only spacific pairs of bases can be
formed, it follows that if the sequence of bases on
one chain is given, then the sequencs on the other
chain is automatically determined.

It has been found experimentally™* that the ratio
of the amounts of adenine to thymine, and the ratio
of guanine to eytosine, are always very olose to unity
for deoxyribose nueleie seid.

It is probably impossible to build this strueture
with & ribose sugar in place of the deoxyribose, as
the extra oxygen atom would make too close a van
dar Waals contact,

The previously published X-ray data®s on deoxy-
ribose nucleic acid are insufficient for a rigorous test
of our strueture. Bo far as we can tell, it is roughly
compatible with the experimental data, but it must
be regarded as unproved until it has been ehecked
against more exact results. Some of these are given
in the following communications, We were not aware
of the details of the results presonted there when we
devised our structure, which rests mainly though not
entirely on published experimental data and sterco-
chemical arguments,

Tt has not escaped our noties that the specific
pairing we have postulated immediately suggests a
poasible copying mechanism for the genetic material.

Full datsils of the structure, ineluding the con
ditions assumed in building it, together with a set
of co-ordinates for the atoms, will be published
elsawhere,

We are much indebted to Dr. Jerry Donchus for
constant advioe and criticiam, especially on inter-
atomio distances. We have also been stimulated by
& knowledge of the general nature of the unpublished
exparimental results and idess of Dr. M. H
Wilking, Dr. R. E. Franklin and their eo-workers as
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King's College, London. One of us (J. D. W.) haa been
aided by a fellowship from the National Foundation
for Infantile Paralysis.
I Dn Warsow
F. H. O Ontex
Medical Research Counoil Unit for the
Study of the Moleeular Structure of
Biclogical Systems,
Cavendish Laboratory, Cambridge,
April 2,
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Molecular Structure of Deoxypentose
MNucleic Acids

Whrse the biologieal properties of deoxypentose
nueleic acid saggest & molecular structure con-
taining great complexity, X-ray diffraction studies
deseribed here (ef. Astbury®) show the bagic molecular
oonfiguration has great simplicity. The purpose of
this communication is to describe, in o preliminary
way, some of the experimental evidence for the poly-
nucleotide chain configuration being helieal, and
existing in this form when in the natural state. A
fuller acoount of the work will ba published shortly.

The strueture of deoxypentoss nucleic acid is the
same in all species (although the nitrogen base ratios
alter considerably) in nuoleoprotein, extracted or in
cells, and in purified nucleate. The same linear group
of polynucleotide chaine may paclk together parallal
in different ways to give erystalline' -, semi-erystallina
or paracrystalline material, In all eases the Xoay
diffraction photograph consists of two regions, one
determined largely by the regular spacing of nuclso-
tides along the chain, and the other by the longer
apacings of the chain configuration. The sequence of
difforent nitrogen basea along the chain is not mads
vigihle.

Oriented paracrystalline deoxypentoss nueleic acid
(‘structure B’ in the following conumunieation by
Franklin and Gosling| gives a fibre disgram as shown
in Fig. 1 (cf. tef. 4), Astbury suggested that the
strong 3-4-A, reflexion ecorresponded to the inter-
nuecleotide repeat along the fibre axis. The ~ 34 A,
layer lines, however, are not due to a repeat of a
polymuelectids composition, but to the chain con-
figuration repeat, which eauses strong diffraction as
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Flg. 1. Fibre diagran nfdmn mnuu nur]nr acid frame B, cofi.
ihre nxis vertie:

the innermost maxima of each Bessel function and
the origin. The angle this line makes with the equator
is roughly equal to the angle between an element of
the helix and the helix axis. If a unit repeats n times
along the helix there will be a meridional reflexion
{of ¥} on the nth layer lina. The helical c--mﬁgﬂmti:m
produces side-bands on this fund s
the effect® being to reproduce the intensity dmtnhul ion
about the origin around the new m‘lﬁm. an the ath
layer line, correaponding to O in Fig, 2,

We will now briefly analyse in physical torms some
of the effects of the shape and size of the ropeat unit
or nueleatide on the diffrsction pattern. First, if the
nueleotide consists of a unit having eiroular symmetry
about an axis parallel to the helix axis, the whole
diffraction pattern is modified by the form factor of
the nucleotide. Second, if the nueleotids consists of
& series of points on 8 radius at right-angles to the
helix axis, the phases of radiation scattered by the
helices of different diameter passing through each
point are the same. & ion of the corresponding
Bessel functions gives reinforcement for the inner-

the nueleotids ohaing have higher density than the
interstitisl water. The absence of reflexions on or
near the meridian immediately suggests a helical
siructurs with axis parallel to fibre length.

Diffraction by Helices

It may be shown® (also Stokes, unpublished) that
the intensity distribution in the diffraction pattern
of a series of points equally spaced along a helix is
given by the squares of Beasel functions. A uniform
continuous helix gives a series of layer lines of spacing
corresponding to the helix piteh, the intensity dis-
tribution along the nth layer line being proportional
to the square of Jy. the nth order Bessel function.
A straight line may be drawn approximately through

Fig. 2. Diffractlon pattern of syatem of helless sorresponding to
w5 of Besscl

structure of decxypentoss nucleic ackd, The Squase

I ane
second, third and AfL Jayer laes GF ball of the poc
&t 2 A diameter and Temalnder distributed alomg
at o given radius belog proportional o the Gl A
o the tenth Iayer Ilme elmilse funetions are plotied FE Am onter
neter of 12 A,
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Quantitative proteomic analysis to decipher the
differential apoptotic response of bortezomib-treated
APL cells before and after retinoic acid differentiation
reveals involvement of protein toxicity mechanisms
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promyelocytic loukema colls before and after retinolc add-lndu:od differentiation, We iw-d
that apoptosis level after bortezomib treatment is higher in NB4 cells than in differentiated
NB4 nelh Tommpurm)y proteln variations upoa bortezomid trestment in both NB4 cel

ic analysis based on iTRAQ peptide labeling

followed by dnunlhlk with in-] homederdepd sarips. This stategy reveded the regulation
of 14 proteins principally involved in protein stress resporse and apoptosis in NB4 cells after
proteasome inhibition, Alogether, our results suggest that the differential level of apoptosis
induced by bortezomib treatment in both N84 cell populations could result from distinct

proteln toxicity level.
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1 Introduction

The ubiquitin-proteasome system (UPS) allows targeted pro-
win degradation and represents an essential celhdar process
that contributes o the regulation of many cellular mecha-
nisms induding cell cycle progression, signal tnunsduction,
stress response, apoptosis and protein quality control A dys
function of this system can lead to several pathologies like
inflammation disorders, neurclogical diseases, and cancers.

*Currens addeess: Dr, David Calligaris, Mass S} Ladora-
twory, GIGA Resesech, Universigy of Liege, mm Belgiam,

** Additional aushor. Dr. Odile BurletSchile,
Emait Odde Schikz @ipbs.

‘www.proteomics-joumnal.com
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The UPS akso represents a pharmacobogical target in can-
cer therapy as ilkustrated by the use of proteasome inhibétors
to treat several malignancies [1]. Bortezoeib (Velcade®, for-
merdy PS-341) was the fint proseasome mhibitor approved by
the FDA for the treatment of mudtiple myeloma (MM) and
relspsed mande :nl] lyuq.hmu [2.3} This agent and mote

filzomib or NP1.0052 are
nnrmdy being evaluated in combination with other agents
in patients with solid tumors [4,5].

Proteasome inhibitors have antiproliferative or proapop-
totic activity against cancer cels through multiple mecha-
nisms like stabllization of cellcyde regulators and proapop-
totic factors, induction of ER stress, activation of the un folded
protein resporse (UPR), inhibition of the nuclearfacior kappa
B inflamuatory pathway, and increased generation of reac-
tive axygen species {6} The in vitro and in vivo effects of
proteasome inhibitors are tumor-dependent explaining the
different therapeutic efficacy of Swese drugs. Many studies
where performed %o decipher these mechaniams but mostof
them where targeted on specific pathways and only few global
transcriptomic and/or proteormic analyses were performed 10
discover new and unexpected modes of action [7-9] ar ©
explain the sensitivity varition to p inhibition of
different cell lines from a same cancer [10].

Another important festure of peoteasome inhibinrs is
their selocthvity for samer cels in patients. For eample, MM
call lines are up %0 40 times more sensitive to $he proa pop-
totic effiects of bortezomib (BZ) than are periphenl blood
mononuder cells from heakthy ndividuals [11]. The exact
mechanisms explaining this selectivity arenet yot known but
several hypotheses were already proposed based on the gen-
erd idea that protessome inhibitor sensitivity is linked w
proliferation andar derogulated cell cycl 6,42}

In the present study, we aimed to mnewlmjmnw
the differential effects of BZ wward mulignant and mature
bematopoletic odls from the mme lineage. The NB4 cell
line was used as a mode] because these acute promyelocytic
levikeria (APL) cells are able to differentiste along the granu-
laq\u pahnywbm axposed nuﬂmxxld (RA) leading o

pically mature phi locywes (13, 14], The
level of apoptosis measured after BZ treatment proved that
NBA cells are more sensitive to proteasome inhibition than
the RA-differentiased NB4 (NB4 + RA) olls, A quantitatie
proteomic analysis using TRAQ technology was set up w0
compare the protein vadations upon BZ treatment in NBA
and NBA 4 RA cells. To decipher the early events leading w0
the apoptotic cascade initiation, the protein variations were
followed atseveral time points thanks to the multiplex TRAQ
reagents $at are ideally suited for time course studies. Based
o0 our past experience with the development of the MEPaQ
software to extrnc quantiative duts from isotopic kibeling
experiments wsing either [CAT or SILAC methods [15], in-
bhouse scripts were elaborased to analyze the iTRAQ quant-
tative data. The results obtained suggest that NB4 cells are
mote affected by protein soxicity than NB4 4 RA cells afier
BZ treatment,

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weirheim
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2 Materials and methods

2.1 Cell culture and differentiation

Promyelocyic NB4 el [13] were cultured in RPMI 1640

) with 10% feul bovi (PAA Lab-
aratories), 2 mM ghitamine and 1% penicllinstrepromycin
(Invitrogen). Cells were grown in a humidified atmosphere
& 37°C and 5% CO,. Cell viability was assessed by standard
trypan blue dye exclusion asay. Expone: m.:,mum
cells were seeded at 2 x 10° cells/ml 16 h prior allerms RA
treatment (Sigms-Aldrich, St Louis, MO: final concentration
of 10-* M). Differentiation was assessed by the percentage of
nitro bloe tetrazolium (Sigma)-positive cells.

22 Apoptosls analysis by flow cytometry

NBA4 cells in Jogarithmic phase growth or afier different days
of RAinduced differentiation were treated or not (contral)
with 0.1 6M to 1 xM BZ for up to 48 b, BZ (Velcade®) was
generously provided by Millennium Pharmaceuticals Inc.
(Cambridge, MA. USA}. Apoptotic cells were assemied us-
ing the Annexin V-FITC/propidium iodide desection kit sup-
plied by BD PharmingenTM (Sanjose, CA, USA) as described
previosdy (1],

23 Colllysates, insolution digestion, and ITRAQ
labeling

Duplicate samples (3 and b) of NBA cellsin logarthmic phase
growth or after 3 days of RA-induced difformtiation (NB4
+ RA) were treated or not (control) with 10 nM BZ. Cels
were harvested by centrifugation before (0 h) and 6, 12, and
24 b afer troatment. Colls were washed three times with ice
cold PBS, frozen in liquid nitrogen, and stored at —80°C un-
til furder use. The harvested cells were resuspended in lysis
buffer (10 mM HEPES, pH 7.5, 10 mM KC1, 1 mM MgQ,)

ining proteass mhik {Roche, Indianapolis, Indi-
ana, USA). Crude cell extraces were centrifuged for 10 min
2t 800 x g and the resulting supernatants were centrifuged
at 100 000 x g for 1 b, The katter supernatants correspond
0 the cywsolic extracts and protein concentration was de-
termined using the BioRad Protein Asmy (BioRad, Her
cules. CA, USA). A total of 100 pg of protein per each time
point was used for iTRAQ labeling. Triethylammonium bi-

b dndedecylad. i Aed

N

smmple to reach a final concentration of 0.5 M and 0.01%, re-
y. Proteins were then reduced and alkylated accord-

ing to the TRAQ kit manufsceirer’s instruction (Applied
Biosystema), Samples were digested with trypein (Sequence
grade Modified. Promega, Madison, W1, USA) using 1:50 ra-
noa()}"CwemJghL l.lxlm;'hhlhleRAQ resgents was
formed according to f jons and as
dotailed in Supporting Information Tablv 1. After isobarkc

‘www. proteomics-joumal com
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Where is the knowledge we have lost in
information?

T. S. ELIOT, CHORUSES FROM THE Rock (1934)
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Why is TDM important?

Publishers: enrich published content, add value
for customers, develop new products

Researchers: identify new hypotheses, discover
new patterns, facts, knowledge

Corporate R&D (e.g. pharma): as above,
accelerate drug discovery and development,
maximise value of information spend

Commercial users: develop new products based
on cross-publisher mining & entity extraction —
patents, drug discovery, product information
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Ahead of us, there is merely ... more stuff

WILLIAM GIBSON, DISTRUST THAT PARTICULAR FLAVOR
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Barriers

Access: how can users get hold of content for text
mining?

Content formats: no standard cross-publisher format
Evaluation: understanding user needs & use-cases

Uncertainty: what is allowed by law? What use can be
made of TDM output?

Business models: lack of established business/pricing
models, e.g. access to unsubscribed content

Scale: defining & managing demand — bilateral
licensing unlikely to be scalable
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Intermediary services
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Industry initiatives

STM-PDR: model license for pharma
PLS: clearing-house for requests

Publishers Association: click-through license

Copyright Clearance Center: pilot TDM
platform

CrossRef: ‘Prospect’ TDM solution
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Intermediary services - benefits

Single point of access and delivery
Standard licensing terms for all end-users
Speed and ease of access

Extensible and scalable

Potential to cover long tail of publishers &
end-users

Enables confidential access (essential for
pharma)
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Potential outcomes

Gain a better understanding of user & market
needs

Develop services that manage content access and
delivery in a scalable and extensible manner

Eliminate needs for much bilateral licensing &
individual negotiation

Potential to develop new business models for
content access (e.g. unsubscribed content)

Solutions allow for extension into the academic
research/library space — solves further significant
access issues
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