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Table 1 5'-terminal nucleotide analysis of in vitro labelled mitochondrial
poly(A)-containing RNA 16 and 128 rRNA

Percentage of total *’P radioactivity*

RNA species AMP CMP GMP UMP
12S rRNA 91.8 1.9 2.0 4.2
Poly(A)-containing RNA 16 83.6 1.3 8.2 7.0

The 5'-terminal nucleotide was determined by exhaustive digestion of the in
vitro labelled RNAs with nuclease P1 (ref. 14; Calbiochem) and fractionation of
the products on PEI-cellulose TLC plates, as previously described!'.

* The values refer to the radioactivity which migrated from the origin. The
percentage of the input radioactivity recovered from the origin was, respectively,
1.0 and 1.6% for 12S rRNA and RNA 16.

nucleotides in the RNA 16 preparation, during the 5'-end
labelling reaction, or may be due to the formation, during the
enzymatic or chemical degradation of the RNA, of oligonucleo-
tides with different phosphate end-groups (2’,3'-cyclic phos-
phate, 2’ and 3’ phosphate). Similar bands migrating in abnormal
position have been observed, previously'' and in the present
work, in the sequencing gel patterns for 12S rRNA. The reading
of the first few nucleotides of the sequence near the 5'-end was
made somewhat difficult by the presence of these extra bands;
beyond the fifth nucleotide, however, the sequence could be
read unambiguously. The sequence obtained is shown in Fig. 4,
aligned with the DNA sequence of the COII gene region. The
entire 29-nucleotide stretch of RNA 16 which has been
sequenced appears to be colinear with the DNA sequence. The
striking result is that the 5'-end of the RNA corresponds pre-
cisely to the first nucleotide of the COII coding sequence.

The observation that the COII mRNA starts directly at the
initiator codon raises interesting questions about the mechanism
by which the mitochondrial ribosomes attach to this messenger.
In all eukaryotic mRNAs analysed so far there is a stretch of
variable length which precedes the initiator codon and which is
assumed to be involved in ribosome attachment™. Similarly, in
Escherichia coli mRNAs there is a 5'-noncoding segment
containing a ribosome binding site'”"'®, A single exception to this
rule has been described, namely that of the A repressor nRNA
involved in repressor maintenance’®. In this case, it was argued
that the lack of a strong ribosome binding site could account for
the low efficiency of translation of this mRNA. In the case of the
mitochondria from human cells (and probably from other ani-
mal cells) it is reasonable to think that the special features of
their ribosomes make them suitable for binding directly to the
initiator codon. It will be interesting to see whether the lack of a
5'-noncoding stretch is a general feature of mitochondrial
mRNAs in HeLa cells. Preliminary observations indicate that
another mitochondrial poly(A)-containing RNA in these cells,
RNA 15, starts with an AUG, which may be the initiator codon
for the polypeptide coded by this RNA (unpublished obser-
vations).
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Structural and functional
diversity in 4-a-helical proteins

Patricia C. Weber & F. R. Salemme

Department of Biochemistry, New Chemistry Building, University of
Arizona, Tucson, Arizona 85721

Protein crystallographic studies show that many structural
arrangements appear as common features among proteins which
are otherwise unrelated in sequence or function. One of the
more recently recognized recurring protein structural motifs
is a nearly parallel arrangement of four a-helices to form a
sequentially connected left-twisted bundle'. We describe here
the geometrical properties of these structures and suggest how
they relate to the functional and aggregate properties of these
molecules.

Currently known proteins which incorporate a 4-a-helical
bundle as their dominant structural feature include (1) the
haemerythrin subunit and related monomer myohaemerythrin,
which are non-haem iron-containing oxygen transport proteins
derived from marine worms>™, (2) the apoferritin monomer,
which associates to form a hollow, 24-subunit cube-octahedral
aggregate functioning in iron storage®, (3) tobacco mosaic virus
(TMV) coat protein®’, (4) the monomeric haem protein,
Escherichia coli cytochrome bsq, (ref. 8), and (5) the dimeric
cytochrome ¢’ from Rhodospirillum molischianum®.,

Figure 1 schematically compares the known 4-«-helical
subunit structures in cylindrical projection. Although the mole-
cules clearly differ in their a-helix, connecting loop, and overall
chain lengths, they share a similar overall folding plan in that
each is composed of four sequentially joined a-helices (A-D)
arranged in a roughly fourfold symmetrical bundle having a
net left-handed twist. As shown in recent treatises on helix
packing'®"', individual «-helices can be described, to a first
approximation, as twisted parallelepipeds having a square cross-
section. It is consequently obvious that the observed arrange-
ment of four nearly-parallel a-helices to form an array having a
square cross-section minimizes the accessible surface area of the
structure as a whole'?. Additionally, if it is assumed that these
molecules fold from an intermediate state having preformed
a-helices'®'?, it can be seen from inspection of Fig. 1 that all
sequential helix pairs and intervening connecting loops have a
net right-handed superhelical character. This is a well known
chiral effect observed in several other protein structural
domains'*? and is presumed to arise through some intrinsic
property of extended polypeptide chains that confers stability on
conformations having overall right-handed supercoil charac-
teristics”* %", In the present case, these right-handed supercoiled
connections provide the most efficient connectivity pattern for
the bundle, since alternative left-supercoiled connections would
necessitate the formation of a much larger loop passing around
the entire molecule (Fig. 1).

Analysis of the available coordinate®® or literature data®’
shows the helix packing in these molecules to be quite intimate,
the mean adjacent interhelix axis distance of closest approach
being 9.6 A, with a standard deviation of 1.4 A. Interhelix
angles are remarkably similar, the mean interhelical angles for
adjacent and diagonally related helix pairs being 162.0+5.8°
and —158.2+7.0° (meanzs.d.), respectively'”. The near
constancy of the adjacent pair interhelix axis angle at ~18°
(180°—162°) reflects the fact that the individual helices can only
make intimate and extended packing arrangements when their
axes are relatively tilted at an angle equal to twice the a-helix
pitch angle (~9.0°; ref. 28). Although a detailed description of
all the 4-fold symmetric, sterically acceptable 4-a-helical
arrangements lies outside the scope of this communication, it
can readily be demonstrated that in fact there exists a variety of
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Fig. 1 Schematic representations of
the 4-a-helical protein structures. a,
Schematic representation of helical
packing; b, schematic representation of
chiral connectivity; c-g, examples of
proteins showing these characteristics:
¢, haemerythrin and myohaemerythrin;
d, cyctochrome bsg,, ¢, TMV protein; f,
cytochrome ¢'; g, apoferritin. Note that
the connectivity pattern shown here and
in Fig. 3 of the apoferritin monomer is
one of two possibilities (the alternative
being left-handed®) either of which
appears equally consistent with the
current electron density map inter-
pretation (P. M. Harrison, personal
communication). Each molecule is
illustrated as a cylindrical projection of
a common arrangement of four a-
helices which are sequentially connec-
ted to form a bundle having an overall
left-handed twist about the approxi-
mate 4-fold bundle axis of symmetry.
This arrangement results in a right-
handed (R) supercoiled connectivity
pattern between adjacent helices, a
feature previously observed in several
other protein structural domains**-22,
In b, for example, we compare right-
and left-hand connected helix pairs with
analogous 3-a- domains.

related packing arrangements which are both consistent with the
observed geometry and have overall symmetric interactions.
Further, as can be shown by an appropriate helix-net represen-
tation?®, the interhelix angle of 18° is a value which is uniquely
associated with the attainment of regular periodic interactions
between all helix pairs in a 4-a-helical bundle. In Fig. 2a, we
show a packing model®® of a representative symmetric
arrangement which illustrates these points, and a similar
representation of the actual packing interactions in cytochrome
bss2 is shown in Fig. 2b. These structures are clearly related, and
so the previously reported occurrences of high internal sym-

Fig. 2 Packing geometry in 4-a-heli-
cal proteins. a, A ‘broomstick’ packing
model® in which each helix is
represented as a helix axis line with
5.6 A radial vectors'® passing through
Cp. All adjacent helix pairs have inter-
helix axis angles of 18° and interaxis
close-approach distances of 9.6 A, so
that the structure as a whole has the
average geometrical properties of the
observed structures. The structure
shown has nearly equivalent local pack-
ing interactions (for example, dotted
connection)  which  approximately
repeat in the direction of the long axis of
the bundle. (We note here that the
interactions between the residues of
straight a-helices can, at best, be only
quasi-equivalent along the bundle axis.
This situation differs from that observed
insuperhelical fibrous structures®®.) The
arrangement as a whole has 222 point
group symmetry, as a consequence of
which each face of the bundle presents a
packing surface with a diad axis of
symmetry. The structure shown is only
one of many possible symmetrically
related arrangements which share a
common overall geometry. 5 Shows a
broomstick representation of the helix
packing interactions in cytochrome bs¢,
(ref. 8). The packing interactions in this
molecule are not as regular as the model
in a, because the residues of the real

metry in 4-a-helical structures®”*® would seem to reflect the

symmetrical packing requirements for helices in these bundles.

Because the a-helices in the 4-a-helical bundle structures are
straight, they must necessarily diverge from their point of closest
interhelix axis approach. Figure 2¢—f illustrates this behaviour
for several 4-a-helical proteins, and demonstrates both that the
helical bundles of these structures have been truncated near
their points of closest interhelix axis approach, and that the
spatial divergence of the helices, which results as a consequence
of the helix packing requirements, serves to create the internal
binding pocket for the incorporated prosthetic groups.

protein have different packing volumes, and the helical bundle comprising this molecule has been truncated near the region of closest interhelix approach (see ¢), with
a concomitant reduction in apparent packing symmetry. Nevertheless, comparison of a and b clearly shows the helix packing in these structures to be related. c-f
Show helix axis representations (including close approach interhelix vectors) for several molecules. As shown, all are truncated versions of a generalized 4-a-helical
bundle model, which incorporate prosthetic groups in the internal cavity created by the spatial divergence of the individual helices away from their points of closest
approach. An arrow indicates the N to C polypeptide chain sense in each helix. ¢, Cytochrome b, (ref. 8). The position of the noncovalently bound haem group is
indicated by a solid square. d, Myohaemerythrin®. Solid circles indicate the location of the bound iron atoms. e, Haemerythrin®. Iron positions are largely conjectural.
f, Cytochrome ¢’ dimer® showing positions of the covalently bound haem prosthetic groups.
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Myohaemerythrin ~ TMV coat protein

Haemerythrin

TMYV helix-disc

Fig. 3 Schematic representations of the 4-a-helical proteins illustrated as

sub-domain arrays of a generalized 4-a-helical divergent bundle model.

Broad arrows indicate the relationship between the monomeric and aggre-

gate structural properties of the respective moiecules. Details are given in
the text.

Figure 3 shows the known proteins of this class illustrated as
truncated variations of a generalized 4-a-helical packing model,
and summarizes some additional features of their structural and
aggregate properties. For example, in addition to the molecules
described in Fig. 2, TMV coat protein also clearly appears to be a
truncated divergent bundle structure, which instead of
incorporating a prosthetic group, has a 8-sheet at its divergent
end which serves to ‘brace’ the helices apart®. The apoferritin
monomer, in contrast, incorporates neither of these features®
and so its helices pack more symmetrically with an equal extent
of interhelical divergence at either end of the bundle. As a
consequence, the most extensive pairwise monomer interaction
in the cube-octahedral aggregate structure is a symmetrical
dimer (Fig. 3) having interhelical interactions which are
geometrically similar to those within each monomer®. As
described in Fig. 2a, the symmetrical 4-a-helical packing
arrangements which best satisfy the steric requirements of
interhelical packing also generate diad axes of symmetry relat-
ing surface residues in adjacent helix pairs. As a result, the
apoferritin subunits can pack to generate a dimeric structure
whose symmetry is similar to that of the monomer.

The truncation of the divergent bundles of the remaining
structures precludes the existence of diad symmetry axes on
their faces, with a consequent reduction of their aggregate
packing symmetry. In cytochrome ¢’ for example, the monomers
pack about a molecular diad axis which is independent of any
symmetry elements of the monomer helix arrangements (Fig. 2).

TMYV coat protein differs from the preceding molecules in that
it forms aggregates having either 17- or 16.3-fold radial sym-
metry®’ in which each monomer makes different sets of pairwise
helical interactions with its neighbours. However, to a good
approximation, the interhelical angle between diagonally
related parallel helices of the truncated divergent bundle defines
the apical angle of a pyramidal prism circumscribing the mole-
cular subunit (Fig. 3). The average observed value for this angle

is 22° (180°—158°, see above), which corresponds closely to the
angle subtended by each subunit in both the TMV disk
(360°/17 =21.2°) and helix (360°/16.3 =22.1°) structures.

To summarize, it has been shown here that the structural
similarity among the 4-«-helical proteins can be attributed to
what are basically physical requirements of helix packing and
chiral connectivity. Consequently, it is not surprising that this
structural arrangement should recur throughout the course of
evolution, since it evidently possesses considerable scope for
functional and superstructural diversity.
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help with the computer graphics work. This work was supported
by NIH grants GM21534 and GM25664, the University of
Arizona Computer Center, and a Dreyfus Teacher-Scholar
Award to F.R.S.
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Do the chromosomes of the kiwi
provide evidence for
a monophyletic origin of the ratites?

Leobert E. M. de Boer

Biological Research Department, Royal Rotterdam Zoological and
Botanical Gardens, Rotterdam, The Netherlands

The extensive literature on the origin of the ratites focuses
mainly on three questions: are the ratites mono- or polyphyletic,
did they evolve from flying ancestors, and are they primitive or
advanced? Opinion tends to accept a common descent from
flying ancestors for the large ratites (for a summary of ideas see
ref. 1). They would have evolved on Gondwanaland some time
in the Cretaceous and have become dispersed over the southern
continents after its fragmentation®*. However, the position of
the small New Zealand kiwis, in many respects the most peculiar
of all birds, is still a matter for conjecture. The chromosome
complements of the large ratites have been found to be remark-
ably uniform®®. The chromosome set of the kiwi, described
here, clearly links up with these, which may be recorded as
another indication for monophyly of all ratites. It also indicates
that we are dealing here with very ancient karyotypes.
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