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cocultures is gap junctional transfer of a communicator of
hormonal stimulation. If this hypothesis is supported by further
investigation, it is possible that the phenomenon of intercellular
communication may have a biologically relevant role in the
transmission and regulation of hormonal stimulation in various
mammalian organs.
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Three-dimensional reconstruction of the fibres

of sickle cell haemoglobin
Gene Dykes, Richard H. Crepeau & Stuart J. Edelstein

Section of Biochemistry, Molecular and Cell Biology, Cornell University, Ithaca, New York 14853

Three-dimensional reconstruction of electron micro-
graphs of the 20-nm diameter fibres of HbS reveals an
inner helical core of four strands surrounded by an
outer helix of 10 strands to give a total of 14 strands.
The strands are arranged with roughly hexagonal pack-
ing to produce an unusual helical structure which
features a variety of intermolecular contacts and a non-
circular cross section.

SickLE cell disease has long been recognised' and the role
of a haemoglobin variant in the disease was specified in
1949 (ref. 2). An active effort to understand the structure
of the fibres of haemoglobin S that lead to the symptoms of
the discase has occurred only recently. Structural studies’™*
with X rays and electrons have led to the proposed specific
structural models. Two distinct forms of fibres of haemo-
globin S have been identified by electron microscopy on
negatively stained samples—17-nm diameter fibres with
striations perpendicular to the fibre axis‘ and 20-nm
diameter fibres with striations diagonal to the fibre axis®"™°.
In studies with sickled cells, both classes of fibres were
observed, but the 20-nm diameter fibres were found in much
greater abundance’. In studies on fibres from gelled
haemolysates, only the 20-nm diameter fibres have been
observed®®*. It therefore seems that under most conditions
the 20-nm diameter fibres are the predominant form. In
this report we describe the analysis of these fibres with
three-dimensional image reconstruction methods, using
Fourier transform techniques'®™'. For the first time an
inner core structure for the fibres is revealed.

0028-0836/78/0272— 0506$01.00

Analysis of the 20-nm diameter fibres of haemoglobin S
has gone through several stages as the quality of micro-
graphs improved and the analysis progressed from real
space measurements® to optical transforms’™®, and now to
computer reconstructions. The initial optical transforms re-
vealed meridional reflections at about 1/30A4, pairs of
reflections at about 1/60 A, and pairs of reflections close to
the equator. A splitting of the 1/30 A reflection was
observed with fibres prepared from haemolysates®®, and
the splitting has also been apparent in fibres from sickled
cells. Various forms of polymorphism within the 20-nm
diameter fibres have been considered, but we are now in-
clined to the view that the 20-nm diameter fibres are a
homogeneous class, but of such complexity that very long
regions of fibres must be examined. This view is strength-
ened by our work with computed transforms in which a
consistent pattern of reciprocal maxima can be obtained
from fibres prepared either from sickled cells or gelled
haemolysates. The Fourier transforms give a highly com-
plex pattern of reciprocal space maxima with approxi-
mately 30 resolvable maxima on 20 layer lines, suggesting
that interpretations from the less well resolved optical
transforms were incomplete and variable. The Bessel orders
to each of the maxima of the transform have now been
assigned, permitting three-dimensional reconstructions of
the fibres to be carried out. The results of these reconstruc-
tions are presented here.

Images of the fibres and their Fourier
transforms

Electron microscopy images of the fibres of haemoglobin
S were recorded on samples negatively stained with 2%
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Fig. 1 Negatively stained image and reconstructions of fibre of
HbS. a. Micrograph of fibre of HbS prepared from a sickled
cell by direct lysis with negative stain on the electron microscope
grid. b, Two-dimensional reconstruction of the fibre of HbS
using computer reconstruction techniques with the maxima from
the Fourier transform displayed in Fig. 2. The output is recorded
from a Tektronix graphics terminal. ¢, Two-dimensional recon-
struction as in (b), but with only the maxima of layer lines 1-6
of the Fourier transform used.

phosphotungstate on high resolution grids, as described
previously®. A Philips EM 301 electron microscope was used
and images were recorded with minimum beam exposures.
A typical fibre is presented in Fig. 1 and shows the periodic
variation in apparent diameter that is a consistent feature.
Short regions of striations parallel to the fibre alternating
with regions having a more cross-hatched appearance are
also evident. To compute Fourier transforms of the fibres,
electron microscope plates were digitised with a Syntex
AD-1 autodensitometer. This instrument was interfaced to
a Nova computer equipped with tape and disk drives and a
Tektronix graphics terminal, permitting the digitisation,
transformation and reconstruction to be carried out on the
same computer. The development of this on-line image
reconstruction system has greatly facilitated our studies,
enabling us to easily compute numerous transforms on
many different fibres. Only after a consistent Fourier trans-
form pattern of amplitudes was found repeatedly were we
prepared to accept its validity, since it has several un-
common features. A transform showing these various
features is reproduced in Fig. 2. Many maxima are present
clustered into three regions: a region near the equator, a
region in the middle of the transform (around layer line 24)
corresponding to spacings in the vicinity of 1/60 A, and a
region near the top of the transform (around layer line 49)
corresponding to spacings in the vicinity of 1/30 A. These
same regions were identified in earlier optical transforms™”,
but the complexity of the various maxima within each
region was not appreciated, since it was beyond the resolv-
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ing power of the optical diffractometers used. Two-dimen-
sional reconstructions, which do not require assignment of
Bessel orders, give good agreement with original fibres, as
seen in Fig. 1b. Thus, the Fourier amplitude map shown in
Fig. 2 represents the 20-nm diameter fibres and the next
step was to evaluate the information contained in the map.

Assignment of Bessel orders

For most of the fibre structures of proteins previously
analysed by Fourier methods, patterns considerably less
complex than Fig. 2 were obtained"” and the maxima could
be reconciled with a single helical lattice. In the fibres of
haemoglobin S the reciprocal space pattern is composed of
contributions from several overlapping families of lattices,
including contributions from structural elements at the
interior of the fibres. The final assignment of Bessel orders
to each maxima was therefore a difficult process and several
approaches were used (a detailed description of each
approach will be published elsewhere).

First, the question of whether a particular maximum
arose from an even-ordered or an odd-ordered Bessel func-
tion was determined in the usual way'': by evaluating
whether the left and right members of each pair were in
phase (corresponding to even order) or out of phase (cor-
responding to odd order). The resuits of this analysis were
unambiguous and indicated that the maxima in the central
region of the transform (layer lines 21-28) were all of odd
order, whereas all other maxima (on layer lines 1-6 and
46-51) were of even order.

Second, efforts were directed at assigning the absolute
Bessel order for a given maximum as the ratio of phase
change per degree of tilt (parallel to the fibre axis) for
micrographs recorded at various angles with the goneo-
meter stage, as described by Finch'’. This method was only
partially successful, principally because it required record-
ing several images from each fibre and the quality of the
computed transforms decreased markedly with successive
exposures. Nevertheless some useful information was
obtained, particularly for the maxima near the equator, for
which the data indicated a trend from low to high Bessel
orders with increasing layer line number (for layer lines
1-6). In addition, the same Bessel order was indicated for
the multiple maxima of a given layer line.

Third, we developed a new approach to assigning Bessel
orders based on a combination of real space and Fourier
space reconstruction methods. The basis of this approach
was to compute a two-dimensional reconstruction of the
fibres using only the reflections from layer lines near the
equator (1-6) to give a reconstructed analogue of the fibre
with an array of continuous strands, as shown in Fig. lec.
This idealised fibre had an apparent repeat of 3,000 A. A
real space algorithm''** was then used to deduce the cross
section of the idealised fibre, assuming that each increment
along the length of the fibre corresponded to a specified
degree of rotation. The outcome was an elliptical cross
section composed of four inner strands and 10 outer
strands. Transforms of structural models based on this pat-
tern gave near-equatorial reflections similar to those seen
on the transforms of haemoglobin S fibres and rotations of
the model permitted the Bessel orders of the reflections to
be assigned'®. The rotations indicated that layer lines 1-6
contained reflections of Bessel orders 2, 4, 6, 8, 10 and 12,
respectively. Once these assignments were made, the Bessel
orders of the reflections on the higher layer lines could also
be determined, using the traditional reasoning of lattice
building. For example, layer lines 5, 27 and 49 can be con-
nected by a lattice line with maxima of Bessel orders 10, 5
and 0 on the three layer lines, respectively. The various
assignments are summarised in Table 1. In effect, a distinct
reciprocal space lattice can be drawn for ecach of the 12
distinct maxima on each side of the first six layer lines

©1978 Nature Publishing Group
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Fig. 2 Fourier transform amplitude map of fibre of HbS. The map was obtained by computer transform of a 256 x 256 array of densities

correspending 1o a region of the HbS fibre digitised on the Syntex AD-1 autodensitometer. The computations were performed on a Nova

computer and the output displayed as integers corresponding to increasing density levels on a high-speed printer. Regions of density above

background were outlined in black to aid visualisation and the various layer lines of the maxima are numbered on the right. The first layer
line corresponds to a spacing along the fibre axis of 1,500 A.

with other points of the reciprocal space lattices lying
among the maxima on layer lines 21-28, and with addi-
tional lattice points on layer lines 46-51. The clusters at
the middle and higher ranges of lattice lines contain fewer
maxima than in the near-equatorial region, since lattice
points from more than one lattice are superimposed in
several cases among the maxima in the middle and upper
regions of the transform.

Three-dimensional reconstructions

The arrangements of strands can be visualised by recon-
structing the near-equatorial reflections in three-dimensions.
Such a reconstruction is shown in Fig. 3. The cross-section
indicates that the fibres are packed with individual strands
in a hexagonal array. An important feature of the struc-
ture is that the four inner strands are not equivalent, but
occur in two pairs. Thus, the distance between two of the
inner strands (1! and 13 in Fig. 3) is greater than the
distance between the other two inner strands (12 and 14 in
Fig. 3). The outer strands also occur with a family of
radial spacings. This inequivalence in the radii of the
strands results in a noncircular, roughly elliptical cross
section.

When three-dimensional reconstructions are computed
using the reflections of Table 1 to 60 A resolution, density
varies along the length of each of the 14 strands and the
appearance of the sections depends on the position along
the fibre axis. By following individual strands through many
such sections and noting the level of maximum density,
the locations of molecules along the strands of the inner
and outer core can be deduced. This information is sum-
marised in the form of a surface lattice in Fig. 4 and as a

sphere model in Fig. 5. Data at higher resolution (to 30 A)
may reveal subunit orientations in addition to the location
of molecules and this point is currently under investigation.

Fig. 3 Three-dimensional reconstruction of fibre of HbS. This
reconstruction was computed using the maxima of layer lines
1-6 (corresponding to thc two-dimensional reconstruction of
Fig. l¢) in order to permit each of the 14 strands to be clearly
displayed in the same reconstruction. In reconstructions which
also include maxima from higher layer lines, densities from cer-
tain strands are reduced or absent and compilations of many
such reconstructions from different positions along the fibre axis
permitted the overall helical pattern of the fibre to be specified,
as displayed in Fig. 4. This figure is a photograph from the
Tektronix terminal with densities displayed in terms of contour

lines.
4 ©
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Table 1 Layer lines and Bessel orders for Fourier transforms

Layer line Bessel order No. of maxima
1 2 4
2 4 3
3 6 2
4 8 2
5 10 1
6 12 1

21 -7 1
22 -5 1
23 -3 2
24 —1 3
25 1 1
26 3 1
27 5 1
28 7 1
46 —6 1
47 —4 2
48 -2 2
49 0 2
50 2 1
51 4 1

The Bessel orders are as assigned to the maxima of the respective
layer lines of the transforms of the fibres. For layer lines with more
than one maxima, as indicated in the column on the right, each
maxima was characterised by the same Bessel order. These data are
a composite from several transforms, as individual transforms may
have one or more reflections absent.

Implications of the 14-stranded structure

The long-range goal of the structural studies on fibres of
haemoglobin S is to bring the analysis to atomic resolution,
so that the particular amino acid residues at each inter-
molecular contact can be specified. The complexities in the
structure of the fibres revealed in this report suggest that
description of the intermolecular contacts in atomic terms
will be more difficult than previously imagined. It is thus
not surprising that the list of sites on the haemoglobin S
molecule where changes can alter fibre formation is
growing'®™*', It now seems likely that many positions on

Fig. 4 Surface lattice of the fibres of HbS. The 14 strands of the
fibres are displayed with a numbering system corresponding to
the designations in Fig. 3. For each strand the centre of its radial
distance is indicated at the top of the surface lattice. The outer
10 strands are represented with filled circles and the inner 4
strands with open circles. Because of the differences in the radii
of the strands, the lines of the surface lattice cannot all be straight.
The data are not sufficiently precise to specify exactly the small
perturbations from linearity, so the surface lattice is arbitrarily
drawn with the left-handed S-start diagonal lines linear. The
inner four strands occur at two pairs of radii such that a pseudo
I-start helix (dashed line) has a slope which alternates between
two angles, which differ slightly, at each intersection with an
inner strand.
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Fig. 5 Solid sphere models of the helical elements of the fibres

of HbS. The models present the outer strands (on the left); the

inner strands (in the centre) in alignment with the outer strands

such that the narrow diameter region of the inner strands

corresponds to the narrow diameter region of the outer strands,

and a cutaway version (on the right) showing both inner and
outer strands in proper juxtaposition.

the molecule participate in the self-association process in-
volved in fibre formation once the thermodynamics have
been tipped towards fibre formation by the primary Glu—
Val transition. A large number of distinct classes of inter-
molecular contacts are implied by the variety of nearest-
neighbour interactions, but some simplifications in the
distinctions between contacts may develop through applica-
tion of the principle of quasi-equivalence which has been
useful in other supramolecular structures, particularly
viruses.

The new structure of the fibres may also help to explain
the exceptionally high order in the kinetics of fibre
assembly” ™ and the high density of gels”. Our preliminary
calculations based on the l4-stranded model indicate that
the densities of closely packed fibres are consistent with the
fibre pellet concentrations reported by Ross et al.**. In fact,
the close hexagonal packing of the individual strands is an
arrangement which may maximise the quantity of protein
in a volume element of the fibres. It remains to be seen
whether similar packing will emerge as a general pattern
for helical protein assemblies. One example already re-
ported is the seven-stranded cable of glutamine synthetase®
which has a hexagonal cross-section. The advantages of
hexagonally packed cables have been appreciated for some
time* "**, particularly units with three strands and seven
strands®®. If this series is extended, 10-stranded and 14-
stranded structures would also be predicted, with the HbS
structure presented here as an example of the latter.

The complexities of the I4-stranded structure now make
it less likely that data on intermolecular contacts from
crystals of single molecules of haemoglobin S® will be
directly applicable to the intermolecular contacts of the

©1978 Nature Publishing Group
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fibres. However, the fact that the bundles formed by stirring
haemolysates™ are crystalline arrays of fibres in the form
described here® offers a possibility of obtaining data to
higher resolution by crystallographic means which, in con-
junction with existing atomic models for individual
molecules of HbS®, could be sufficient to specify molecular
orientations within the fibres and the stereochemistry of the
contacts.

This work was supported by the USNSF (grant BMS74
00012) and NIH (HL-13591 and CA-14454).
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Gene K, a new overlapping gene in

bacteriophage G4

D. C. Shaw*, J. E. Walker, F. D. Northrop, B. G. Barrell, G. N. Godsonf & J. C. Fiddes}

MRC Laboratory of Molecular Biology, Hills Road, Cambridge, UK

A third overlapping gene in the isometric bacteriophages
has been identified by nucleotide sequence analysis of the
G4 genome and by isolation and microsequence analysis of
the new protein. Five nucleotides are used in all three
translational reading frames of the DNA.

Tue single-stranded DNA bacteriophage G4 is closely related
to phage ®X174 (ref. 1); its genome has the same overall
structure as that of ®X174 (J.C.F., B.G.B. and G.N.G.,
unpublished), and despite a 409, base sequence difference,
codes for a similar set of 10 proteins.

The complete nucleotide sequence of ®X174 revealed that
2 of the 10 genes so far identificd overlap and are translated
in a different reading frame®~*. An examination of all three
translational reading frames of the complete sequence has
revealed several other possible overlapping genes (coding
for proteins of more than 20 amino acid residues) which have
the following characteristic features®. An open translational
reading frame of at least 60 nucleotides comes before a ter-
mination codon in the same phase, and the ATG initiation
codon is preceded by a sequence complementary to the 3’ end
of the 16S ribosomal RNA. This presumed ribosome-binding
site should be at least three nucleotides long and be within
15 nucleotides of the initiation codon®?, Sequences very similar
to at least two of these putative genes have also been found
in phage G4 (J.C.F., B.G.B. and G.N.G., unpublished).

*Permanent address: Department of Physical Biochemistry,

John Curtin School of Medical Rescarch, Australian National
University, Canberra, Australia.

tPermanent address: Radiobiology Laboratories, Yale University
School of Medicine, New Haven, Connecticut 06510.

IPresent address: Department of Biochemistry and Biophysics,
University of California, San Francisco, California 94143,

We now provide evidence from nucleotide sequencing
combined with protein chemistry, for a hitherto unknown
phage-specified protein whose amino acid sequence corres-
ponds to one of these nucleotide sequences.

This gene has been named K following the convention
adopted for ®X174. Gene K overlaps genes B, A and C and
is the third example of an overlapping gene in the isometric
phages. Two regions of gene K briefly overlap with two other
genes simultaneously so that all three translational reading
frames of the DNA can be used.

DNA sequence analysis of gene K

Inspection of the DNA sequence of bacteriophage ®X 174 (ref. 5)
in the gene A/B and C region revealed a potential new trans-
lational reading frame extending from the ATG at nucleotide 51
to the TGA termination codon at position 210. The ATG was
preceded by a GGA sequence eight nucleotides upstream
which is complementary to the nucleotide sequence shown
boxed at the 3 end of 16S rRNA, that is, 5 GAUCACC-
[OCCJUUAGu 3. This sequence has been shown to be involved
in the initiation of protein synthesis®*. This possible new gene
(gene K) would code for a protein of 56 amino acids. The
initiation codon overlaps the termination codon of gene B and
extends through the end of gene A into gene C.

To see if this potential gene is conserved in the related
bacteriophage G4 the DNA sequence in this region was deter-
mined using the "plus and minus’ method, and more recently,
the new chain termination method of Sanger er al.®. Autoradio-
graphs of three gels showing the sequence of the G4 gene K
region are shown in Fig. 1. Because of the high homology
between the ®X174 and G4 DNA sequences in this region it was
possible to use the ®X 174 Tag [ fragment 9 as a primer with G4
viral or complementary DNA strand using the chain termination
method (Figs 1a and le¢, respectively). This fragment extends
from nucleotide 61 to 93 (Fig.2). The Tay Lsite(T CGA)attihe
57 end of this fragment is conserved in G4 but the site at the 3’
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