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Biotechnology Is a broad discipline in which biological
processes, organisms, cells or cellular components are
exploited to develop new technologies. New tools and
products developed by biotechnologists are useful In
research, agriculture, industry and the clinic. (nature.com)

Body of knowledge related to the use of organisms, cells or cell-
derived constituents for the purpose of developing products which are
technically, scientifically and clinically useful. Alteration of biologic
function at the molecular level (i.e., GENETIC ENGINEERING) is a
central focus; laboratory methods used include TRANSFECTION
and CLONING technologies, sequence and structure analysis
algorithms, computer databases, and gene and protein structure
function analysis and prediction. (NCBI, MeSH Database) ,
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Molecular chaperones in protein
folding and proteostasis

F. Ulrich Hartl', Andreas Bracher' & Manajit Hayer-Hartl

Most proteins must fold into defined three-dimensional structures to gain functional activity. But in the cellular environ-
ment, newly synthesized proteins are at great risk of aberrant folding and aggregation, potentially forming toxic species.
To avoid these dangers, cells invest in a complex network of molecular chaperones, which use ingenious mechanisms to
prevent aggregation and promote efficient folding. Because pm(cm molecules are highly dynamie, constant chaperone

). Recent adv:

surveillance is required to ensure protein (pr

uggesi that an age-related decline

in proteostasis capacity allows the manifestation of various promn aggregation diseases, including Alzheimer’s disease

and Parkinson’s disease. Interventions in these and numerous

other pathological states may spring from a detailed under-

standing of the pathways underlying proteome maintenance.

macromolecules. They are involved in almost every biological

process. Mammalian cells typically express in excess of 10,000
different protein species, which are synthesized on ribosomes as linear
chains of up to several thousand amino acids. To function, these chains
must generally fold into their ‘native state) an ensemble of a few closely
related three-dimensional structures'”. How this is accomplished
and how cells ensure the conformational integrity of their proteome
in the face of acute and chronic challenges constitute one of the most
fundamental and medically relevant problems in biology.

Central to this problem is that proteins must retain conformational
flexibility to function, and thus are only marginally thermodynamically
stable in their ph\\mluyca]m\]lunmuu A substantial fraction ofal
proteins in eukaryotic cells (20-30% of the total in mammalian cells) even
seem to be inherently devoid of any ordered three-dimensional structure
and adopt folded conformations only after interaction with binding
partners’. Aberrant behaviour of some of these metastable proteins, such
as tau and a-synuclein, can give rise to the formation of fibrillar aggregates
that are associated with dementia and Parkinson's disease. Thus, protein
quality control and the maintenance of proteome homeostasis (known as
proteostasis) are crucial for cellular and organismal health. Proteostasis is
achieved by an integrated network of several hundred proteins’, including,
most prominently, molecular chaperones and their regulators, which
assist in de novo folding or refolding, and the ubiquitin—proteasome
system (UPS) and autophagy system, which mediate the timel
of irreversibly misfolded and aggregated proteins. Deficiencies in
proteostasis have been shown to facilitate the manifestation or progre
of numerous diseases, such as neurodegeneration and dementi;
diabetes, peripheral amyloido: sosomal storage dise
cancer and cardiovascular di A major risk factor for m
d]]\\’knt-« is advanced age. Indeed
that ageing is linked to a gradual decline in cellular proteostasis capacity™”.

Here we discuss recent insights into the mechanisms of chaperone
assisted protein folding and proteome maintenance. We focus on how
proteins use the chaperone machinery to navigate successfully the
complex folding-energy landscape in the crowded cellular environment.
Understanding these reactions will guide futare efforts to define the
proteostasis network as a target for pharmacological intervention in
diseases of aberrant protein folding,

P roteins are the most versatile and structurally complex biological

Fundamental role of molecular chaperones
Many small proteins refold after their remaval from denaturant in vitro,
in the absence of other components or an energy source. This signifies
that the amino-acid sequence, encoded in the DNA, contains all of the
necessary information to specify the three-dimensional structure of a
protein’. However, research over the past couple of decades has firmly
established that in the cellular environment, many proteins require
malecular chaperones to fold efficiently and on a bll]]l]&,]&m]]\ relevant
timescale’. Why is this extra layer of compluxn\ it
Although small proteins may fold at very fast ~pud~ (within
microseconds), in dilute buffer solutions, larger, multidomain proteins
ake minutes to hours to fold', and often even fail to reach their
native states in vitro. The folding of such proteins becomes considerably
more challenging in vive, because the cellular environment is highly
crowded, with total cytosalic protein reaching concentrations of
300-400 g I, The resultant excluded volume effects, although
enhancing the functional interactions between macromolecules, also
strongly increase the tendency of non-native and structurally flexible
proteins to aggregate'”. It s ther that the fundamental
requirement for molecular chaperones arose very early during the
evolution of densely crowded cells, owing to the need to minimize
protein aggregation during folding and maintain proteins in soluble,
vet conformationally dynamic states. Moreover, as mutations often
disrupt the ability of a protein to adopt a stable fold'", it follows that the
chaperone system provides a crucial buffer, allowing the evolution of
new protein functions and phenotypic traits'".

Some basics on protein foldin
Because the number of possible
«can adept is very large, folding reactions are highly complex and
heterogeneous, ngon the cooperation of many weak, non-covalent
interactions. In the case of soluble proteins, hydrophobic forces are
particularly important in driving chain ‘_(\Udpn_ and l}ll. burial of non
polar amino-acid residues within the interior of the protein (see r
for a discussion of membrane protein folding). Considerable progr
has been made in recent years in understanding these
through biophysical experiments and theoretical anal
current madel, polypeptide chains are thought to
shaped potential energy surfaces as they progress,

and how it can go awry
onformations a protein chain

plore funnel
along several

Depart t Gallular Biachamisiry, Max Planch Instituta cf
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Phage T4 virions poised on the surface
of an E. coli cell. (Courtesy of Cornell
Integrated Microscopy Center.)

molecule released by rupture of a
single T4 capsid
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equipment, and to Dr. G, E, R. Deacon and the
captain and officers of R.R.S, Discovery II for their
part in making the observations,
le?géo])?' B., Gerrard, H., and Jevons, W., Phil. Mag., 40, 140
(1920).
3 Lnnulé-]{lgghﬂ. M. 8., Mon. Not. Roy. Astro. Soc., Geophys. Supp.,
n_Arx, 8., Woods Hole Papers in Phys, Ocearog. Meteor., 11

l‘i) (11?50)
‘Ekman, V. W., Arkiv. Mal. Astron. Fysik. (Stockholm), 2 (11) (1005).

MOLECULAR STRUCTURE OF
NUCLEIC ACIDS

A Structure for Deoxyribose Nucleic Acid

E wish to suggest a structure for the salt

of deoxyribose nucleic acid (D.N.A.). This
structure has novel features which are of considerable
biologieal interest.

A structure for nucleic acid has already been
proposed by Pauling and Corey’. They kindly made
their manuscript available to us in advance of
publication. Their model consists of three inter-
twined chains, with the phosphates near the fibre
axis, and the bases on the outside. In our opinion,
this structure s 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 forces
would hold the structure together, especially as the
negatively charged phosphates near the axis will
repel each other. (2} Some of the van der Waals
distances appear to be too small.

Another three-chain structure has also been sug-
gested by Fraser (in the press). In his model the
phosphates are on the outside and the bases on the
inside, linked together by hydrogen bonds. This
structure as described is rather ill-defined, and for
this reason we shall not comment
on it.

We wish to put forward a
radically different structure for
the salt of deoxyribose nucleic
acid. This structure has two
helical chains each coiled round
the same axis (see diagram). We
have made the usual chemical
assumptions, namely, that each
chain consists of phosphate di-
ester groups joining f-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 helices, 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 bases are on the inside of
the helix and the phosphates on
('Ji'aiémglﬂr":;l;k‘ﬂj,ll‘)g’;vx the outside. The configuration
ribbons symbolize the ©f the sugar and the atoms
two phosphale—sugar * near it is close to Furberg's
chains, and the hori- | A
zontal rods the pairs of standard configuration’, the
b”“hﬂm'fi? ”"v‘-"*‘-‘"’l sugar being roughly perpendi-

g8 oular o tha attached base Thare
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is & residue on each chain every 3-4 A. in the z-direc-
tion. We have assumed an angle of 36° between
adjacent residues in the same chain, so that the
strueture repeats after 10 residues on each chain, that
is, after 34 A. The distance of a phosphorus atom
from the fibre axis is 10 A. As the phosphates are on
the outside, cations have easy 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 structure could
become more compact.

The novel feature of the structure is the manner
in which 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, a single base from one chain being
hydrogen-bonded to a single base from the other
chain, so that the two lie side by side with identical
z-co-ordinates. One of the pair must be a purine and
the other a 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.

If it is assumed that the bases only oceur in the
structure in the most plausible tautomeric forms
(that is, with the keto rather than the enol con-
figurations) it is found that only specific pairs of
bases can bond together. These pairs are : adenine
(purine) wit‘,h thymine (pyrimidine), and guanine
i SV i o

In other words, if an adenine forms one member o
a pair, on either chain, then on these assumptions
the other member must be thymine ; similarly for
guanine and cytosine. The sequence of bases on a
single chain does not appear to be restricted in any
way. However, if only specific pairs of bases can be
formed, it follows that if the sequence of bases on
one chain is given, then the sequence on the other
chain is automatically determined.

o
of the amounts of adenine to thymine, and the ratio
of guanine to cytosine, are always very close to unity
for deoxyribose nucleic acid.

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

The previously published X-ray data®® on deoxy-
ribose nucleic acid are insufficient for a rigorous test
of our structure. So far as we can tell, it is roughly
compatible with the experimental data, but it must
be regarded as unproved until it has been checked
against more exact results. Some of these are given
in the following communications, We were not aware
of the details of the results presented there when we
devised our structure, which rests mainly though not
ontu'ely on pubhshad experimental data and stereo-

It }uﬁ not esmped our notice that the specific
pmrmg we have pastulamd munadmtely suggesfa a

uding
ditions assumed in building it, togebher with a set
of co-ordinates for the atoms, will be published
elsewhere.

We are much indebted to Dr. Jerry Donohue for
constant advice and criticism, especially on inter-
atomic distances. We have also been stimulated by
a knowledge of the gencral nature of the unpublished
experimental rosults and ideas of Dr. M. H. F.
Wilking Dr. B F. Franklin and thair eco-workers at
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King's College, London. One of us (J, . W.) has been
aided by a fellowship from the National Foundation
for Infantile Paralysis.
J. D. Watson
F. H. C. Cricx
Medical Research Couneil Unit for the
Study of the Molecular Structure of
Biological Systems,
Cavendish Laboratory, Cambridge,
April 2.
‘I'auling. L. e and Corey, R. B ., Nature, 171, 346 (1058); Proc. U.S.
. Sei., 39, 84 (1953).
=Furbe.rg S _ada. Chen. Scaml 8, 034 {1952).
’Chmmf E for references see Zamenhof, S., Brawerman, .. and
, Bischim. et Biophys. Acta, 9, 402 (1052).
‘WVMt G R J Gen. Physiol., 38, 201 (1952).

* Astbury, W. T., S¥mp, Soc. Exp. Biol. 1, Nucleie Acid, 66 (Camb.
Univ. T'ress, 1047).

'\\'llklns. h;(]g 3{ and Randall, J. T., Biochim. et Biophys. Acta,

Molecular Structure of Deoxypentose
Nucleic Acids

WHILE the biological properties of deoxypentose
nucleic acid suggest & molecular structure con-
taining great complexity, X-ray diffraction studies
deseribed here (cf. Astbury!) show the basic molecular
eonfiguration has great simplicity. The purpose of
this communication is to describe, in a preliminary
way, some of the experimental evidence for the poly-
nucleotide chain configuration being helical, and
existing in this form when in the natural state. A
fuller account of the work will be published shortly.

The structure of deoxypentose nucleic acid is the
same in all species (although the nitrogen base ratios
alter considerably) in nucleoprotein, extracted or in
cells, and in purified nucleate. The same linear group
of polynucleotide chains may pack together parallel
in different ways to give crystalline’-?, semi-crystalline
or paracrystalline material. In all cases the X-ray
diffraction photograph consists of two regions, one
determined largely by the regular spacing of nucleo-
tides along the chain, and the other by the longer
spacings of the chain configuration. The sequence of
different nitrogen bases along the chain is not made
visible,

Oriented paracrystalline deoxypentose nucleic acid
(‘structure B’ in the following communication by
Franklin and Gosling) gives a fibre diagram as shown
in Fig. 1 (cf. ref. 4). Astbury suggested that the
strong 3-4-A. reflexion corresponded to the inter-
nucleotide repeat along the fibre axis. The ~ 34 A.
layer lines, however, are not due to a repeat of a
polynueleotide ¢omposition, but to the chain con-
figuration repeat, which causes strong diffraction as
the nucleotide chains have higher density than the
interstiiial water. The absence of reflexions on or
near the meridian immediately suggests a helical
structure 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 Bessel funetions, 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 J,, the nth order Bessel function.
A straicht ne mav he drawn anmravirea falo $hrersoh

AP.I’l] 25, 1953 VoL. 171

Fig. 1. Fibre diagram of deoxypentose nucleic acid fronr B. coli.
Fibre axis vertl

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
(J o) on the nth layer line. The helical configuration
produces side-bands on this fundamental frequency,
the effect® being to reproduce the intensity distribution
about the origin around the new origin, on the nth
layer line, corresponding to € in Fig. 2.

We will now briefly analyse in physical terms some
of the effects of the shape and size of the repeat unit
or nucleotide on the diffraction pattern. Firat, if the
nucleotide consists of & unit having circular 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 nucleotide consists of
a series of points on a 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. Summation of the corresponding
Bessel functions gives reinforcement for the inner-

— o
e o SN .
| 2 A A z
N T .
- Al A i
P
s . B B
— NG B /'-\
o

Fig. 2. Diffraction pattern of systemn of helices corresponding to
structure of deoxypentose nucleic acid. The squares of Dessel
functions are plotted about 0 on the equator and on the first,
second, third and fifth layer lines for half of the nucleotide mass
at 20 A. diameter and remainder distributed along a radius, the
mase at a given radius being proportional to the radius. About
C an the tenth layer line jons are plotted for an outer
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We wish to thank Prof. J. T. Randall for encour-
agement ; Profs. E. Chargaff, R. Signer, J. A. V.
Butler and Drs. J. L. Watson, J. D. Smith, L.
Hamilton, J, C. White and G. R. Wyatt for supplying
material without which this work would have been
impossible ; algo Drs. J. D. Watson and Mr. F. H. C.
Crick for stimulation, and our colleagues R. E.
Franklin, R. G. Gosling, . L. Brown and W, E. Seeds
for discussion. One of us (H.R.W.) wishes to
acknowledge the award of a University of Wales
Fellowship.

M. H. F. WiLkINs
Medical Research Council Biophysics
Research Unit,
A. R. STokEs
H. R. WiLsox
‘Wheatstone Physics Laboratory,
King's College, London.
April 2,
* Astbury, W. T., Symp. Soe. Exp. Blol., 1, Nueleic Acid (Cambridge
Univ. Press, 1947).
* Riley, D. P., and Oster, G., Biochim. et Biophya. Acta, 7, 626 (1951).
: wn%ss(.]%%lgl. ¥., Gosling, R. G., and Seeds, W. E., Nature, 167,
¢ Astbury, W, T., and Bell, F. O., Cold Spring Harb. Symp. Quant.
Biol., 8, 108'(1938).
*Cochran, W., Crick, F, H. C., and Vand, V., Acta Cryst., B, 681 (1052).

*Wilkins, M. H. F., and Randall, J. T., Biochim. et Biophys. Acta,
10, 192 (1953).

Molecular Configuration in Sodium
Thymonucleate

Sorrum thymonucleate fibres give two distinct
types of X-ray diagram. The first corresponds to a
crystalline form, structure A, obtained at about
75 per cent relative humidity ; a study of this is
described in detail elsewhere'. At higher humidities
a different structure, structure B, showing a lower
degree of order, appears and persists over a wide
range of ambient humidity. The change from 4 to
B is reversiblo. The water content of structure B
fibres which undergo this reversible change may vary
from 40-50 per cent to several hundred per cent of
the dry weight. Moreover, some fibres never show
structure 4, and in these structure B can be obtained
with an even lower water content.

The X-ray diagram of structure B (see photograph)
shows in striking manner the features characteristic
of helical structures, first worked out in this laboratory
by Stokes (unpublished) and by Crick, Cochran and
Vand®. Stokes and Wilkins were the first to propose
such structures for nucleic acid as a result of direct
studies of nucleic acid fibres, although a helical
structure had been previously suggested by Furberg
(thesis, London, 1949) on the basis of X-ray studies
of nucleosides and nucleotides.

While the X-ray evidence cannot, at present, be
taken as direct proof that the structure is helical,
other considerations discussed below make the
existence of & helical structure highly probable.

Structure B is derived from the crystalline structure
A when the sodjum thymonucleate fibres take up
quantities of water in excess of about 40 per cent of
their weight. The change is accompanied by an
increase of about 30 per cent in the length of the
fibre, and by a substantial re-arrangement of the
molecule. It therefore seems reasonable to suppose
that in structure B the structural units of sodium
thymonucleate (molecules on groups of molecules) are
relativelvy free from the influence of maioh b yeiwe
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Sodium deoxyribose nucleate from calf thymus, Structure B

molecules, each unit being shielded by a sheath of
water. Each unit is then free to take up its least-
energy configuration indepondently of its neighbours
and, in view of the nature of the long-chain molecules
involved, it is highly likely that the general form will
be helical®, If we adopt the hypothesis of a helical
structure, it is immediately possible, from the X-ray
diagram of structure B, to make certain deductions
as to the nature and dimensions of the helix.

The innermost maxima on the first, second, third
and fifth layer lines lie approximately on straight
lines radiating from the origin. For a smooth single-
strand helix the structure factor on the nth layer line
is given by :

Fp = Ju(2nrR) exp i n(y + =),

where Jy(u) is the nth-order Bessel function of w, r is
the radius of the helix, and R and ¢ are the radial
and azimuthal co-ordinates in reciprocal space?; this
expression leads to an approximately linear array of
intensity maxima of the type observed, corresponding
to the first maxima in the functions J,, J,, J 3, ete.

If, instead of & smooth helix, we consider a series
of residues equally spaced along the helix, the trans-
form in the general case treated by Crick, Cochran
and Vand is more complicated. But if thero is a
whole number, m, of residues per turn, the form of
the transform is as for a smooth helix with the
addition, only, of the same pattern repeated with its
origin at heights mc*, 2me* . . . ote. (¢ is the fibre-
axis period),

In the present case the fibre-axis period is 34 A.
and the very strong reflexion at 3-4 A. lies on the
tenth layer line. Moreover, lines of maxima radiating
from the 3-4-A. reflexion as from the origin are
visible on the fifth and lower layer lines, having a
Jy maximum coincident with that of the origin series
on the fifth layer line. (The strong outer streaks

-which apparently radiate from the 3-4-A. maximum

are not, however, so easily explained.) This suggests
strongly that there are exactly 10 residues per turn
of the helix. If this is so, then from a measurement
of Ry the position of the first maximum on the nth
layer line (for n 5-€), the radius of the helix, can be
obtained. In the present instance, measurements of
?A’AR“ R, and Ry all lead to values of r of about
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Since this linear array of maxima is one of the
strongest features of the X-ray diagram, we must
conclude that s erystallographically important part
of the molecule lies on a helix of this diameter. This
can only be the phosphate groups or phosphorus
atoms.

If ten phosphorus atoms lie on one turn of a helix
of radiug 10 A,, the distance between neighbouring
phoesphorus atoms in & molecule is 7-1 A, This cor-
responds to the P .. . P distance in a fully extended
molecule, and therefore provides a further indication
that the phosphates lie on the outside of the structural
unit.

Thus, our vonclusions differ from those of Pauling
and Corey*, who proposed for the nucleic acids a
helical structure in which the phosphate groups form
a dense core,

We must now consider briefly the equatorial
reflexions, For a single helix the series of equatorial
maximma should correspond to the maxima in
Jo(2nrR). The maxima on our photograph do not,
however, fit this function for the value of » deduced
above. There is a very strong reflexion at about
24 A. and then only a faint sharp reflexion at 9-0 A.
and two diffuse bands around 5-5 A. and 4-0 A,
This lack of agreement is, however, to be expected,
for we know that the helix so far considered can only
be the most important member of a series of ecoaxial
helices of different radii ; the non-phosphate parts of
the molecule will lie on inner co-axial helices, and it
can be shown that, whereas these will not appreciably
influence the innermost maxima on the layer lines,
they may have the effect of destroying or shifting
both the equatorial maxima and the outer maxima
on other layer lines.

Thus, if the structure is helical, we find that the
phosphate groups or phosphorus atoms lie on a helix
of diameter about 20 A., and the sugar and base
groups must accordingly be turned inwards towards
the helical axis.

Considerations of density show, however, that a
cylindrical repeat unit of height 34 A, and diameter
20 A, must contain many more than ten nucleotides.

Since structure B often exists in fibres with low
water content, it seems that the density of the helical
unit cannot. differ greatly from that of dry sodium
thymonucleate, 1-63 gm./em.® 115, the water in fibres
of high water-content being situated outside the
structural unit. On this basis we find that a cylinder
of radius 10 A. and height 34 A. would contain
thirty-two nucleotides. However, there might
possibly he some slight inter-penetration of the
cylindrical units in the dry state making their
effective radius rather less. It is therefore difficult
to decide, on the basis of density measurements
alone, whether one repeating unit contains ten
nucleotides on each of two or on each of three
co-axial molecules, (If the effective radius were 8 A.
the eylinder would contain twenty nucleotides.) Two
other arguments, however, make it highly probable
that there are only two co-axial molecules.

First, a study of the Patterson function of structure
A, using superposition methods, has indic&tefl' }}}&t
there are only two chains passing through & primitive
unit cell in this structure. Since the 4 = B trans-
formation is readily reversible, it seems very unhke!y
that the molecules would be grouped in threes in
structure B. Secondly, from measurom_emﬂ on the
X-ray diagram of structure B it can readily be shown
that, whether the number of chains per unit is two
or three, the chains are not equally spaced along the
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fibre axis. For example, three equally spaced chains
would mean that the nth layer line depended on J
and would lead to a helix of diameter about 60 A,
This is many times larger than the primitive unit
cell in structure 4, and absurdly large in relation to
the dimensions of nucleotides. Three unequally
spaced chains, on the other hand, would be crystal-
lographically non-equivalent, and this, again, seems
unlikely. It thereforo seems probable that there are
only two co-axial molecules and that these are
unequally spaced along the fibre axis.

Thus, while we do not attempt to offer a complote
interpretation of the fibre-diagram of structure B,
we may stato the following conclusions. The structure
is probably helical. The phosphate groups lie on the
outside of the structural unit, on a helix of diameter
about 20 A. The structural unit probably consists
of two co-axial molecules which are not equally
spaced along the fibre axis, their mutual displacement
being such as to account for the variation of observed
intensities of the innermost maxima on the layer
lines ; if one molecule is displaced from the other by
about three-eighths of the fibre-axis period, this
would account for the absence of the fourth layer
line maxima and the weakness of the sixth. Thus
our general ideas are not inconsistent with the model
proposed by Watson and Crick in the preceding
communieation.

The conclusion that the phosphate groups lie on
the outside of the structural unit has been reached
previously by quite other reasoning'. Two principal
lines of argument were invoked. The first derives
from the work of Gulland and his collaborators?, who
showed that even in aqueous solution the —CO and
—NH, groups of the bases are inaccessible and
cannot be titrated, whereas the phosphate groups are
fully accessible. The second is based on our own
observations' on the way in which the struectural
units in structures A and B are progressively separated
by an excess of water, the process being a continuous
one which leads to the formation first of a gel and
ultimately to a solution. The hygroscopic part of
the molecule may be presumed to lie in the phosphate
groups ((C;H;0),PO,Na and (C,H,0),PO,Na are
highly hygroscopic®), and the simplest explanation of
the above process is that these groups lie on the
outside of the struetural units. Moreover, the ready
availability of the phosphate groups for interaction
with proteins can most easily be explained in this way.

We are grateful to Prof. J. T. Randall for his
interest and to Drs. ¥. H. C. Crick, A. R. Stokes and
M. H. F. Wilkins for discussion. One of us (R.E.F.)
acknowledges the award of a Turner and Newall
Fellowship.
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