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ABSTRACT

Examination of human apolipoprotein A-I revealed a segment of eleven
amine acids that repeated itself 13 times in succession without any additional
intervening amino acids between the beginning of the repeals {amino acid 93}
and their end at the carboxyl terminus of the sequence. The segments are not
identical, but the pattern of their physical and chemical properties is highly
conserved. The pattern is shown io be suitable to the formation of alpha helices
with an amphipathic character consistent with the formation of a micellar
structure, a process entirely appropriate 1o the protein’s known function in the
blood stream as a lipid carrier. The simplest hypothesis to account for repeated
segments is a series of unequal crossovers. But such a series implies that some
segments are more closely related to each other than they are to others, that
is, they have a “phylogenetic” relationship, It is shown that anly a small frac-
tion of all possible phylogenies are consistent with a set of segments arising
by simple unequal crossing over. Nevertheless, it is shown that the apolipo-
protein A1 segments are readily interpretable as the result of simple unequal
crossing over. Moreover, the crossover constraint applies with as much force
to segments larger than a gene as o segments within a gene, and this is
shown to require that the human gamma (Gly) hemoglobin gene lie to the
left, rather than to the right, of the other non-alpha human hemoglobin
genes, a conclusion for which there is no direct genetic evidence currently
available.

THE process of unequal crossing over will create, in one of the daughter

strands, a tandem pair of identical segments whose size is proportional to the
extent of inequality in that crossover. If the process is repeated, one may obtain
a linearly ordered set of paralogous segments. (‘T'wo segments are paralogous if
they trace their common origin to the same unequal crossover event; they are
orthologous if they trace their common origin to their most recent common
ancestral parent.) The very nature of this process and the resulting sequential
order of the segments on the chromatid imposes severe constraints on the nature
of historical and evolutionary relationships compared to those possible if they
were orthologous segments from as many taxa. It is the purpose of this paper:
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(1), to show two examples, one that leads to multiple genes and one that leads
to partial internal duplications; (2), 1o illustrate how one might infer the order
of the genes in the former case and how one might distinguish among possible
evolutionary histeries in the latter case, and (3), to suggest necessary future
developments that would improve such analyses and, specifically. to set forth
several conjectures that need verification. This work was previously reported al

La Table Ronde (Fircu 1976).

MATERIALS AND METHODS

The sequences analyzed here are all of human origin and are the hemoglobins alpha
(BruauntrzER 2t af, 1961; HiLL and KonicspErc 1962), beta (BRAuNITZER et al. 1961}, gamma
{ScuroupeER et of. 1963, 1968), and delta {Incram and STRETTON 1962; JonNES 1964} and the
apolipoprofein A-I (Baker, GorTo and Jackson 1973). Greek letters are used to designate seg-
ments and, except where specifically indicated, have nothing to do with hemoglohins.

The methods of analysis were those for finding putative homology (Frrcu 1966, 1972) and
for determining the most parsimonious evolutionary history of an amino acid sequence given
a phylogeny, that is, given a specific set of ancestral relationships (Fircu 1971; Frreu and
Farnis 1974). The latter procedure was incorporated into a program that systematically formu-
lated all possible sets of ancestral relationships,

RESULTS

Phylogeny of segments arising by unequal crossing over: Any set of homol-
ogous sequencies may be examined with the purpose of inferring their phylo-
genetic relationship. When the observed differences stem from the fixation of
mutations at a locus following speciation, the result is a species phylogeny and
the homologous sequences are said to be orthologous. An early example of this is
the phylogeny of 20 species, ranging from fungi to man, that was inferred from
as many cytochremes ¢ by Frrcu and MarGOLIASH (1967). Alternatively, when
the observed differences stem from the fixation of mutations at various loci fol-
lowing gene duplication, the result is a gene phylogeny and the homologous
sequences are said to be paralogous. An early example of this is the phylogeny of
the four human hemoglobins inferred by Incram (1963). We shall be con-
cerned here only with paralogous segments. It should be recognized, however,
that unequal crossing over does not necessarily lead to multiple genes, but can
as well lead to the lengthening of a single gene. Either process leads to a set of
tandemly repeated segments. Since the discussion to follow does not depend upon
whether the repeated segment includes a complete gene Jocus or only a portion
of a locus. T shall use the term segment to mean the repeated element in general.
Given g gene sequences (say cytochromes ¢) from as many taxa, the number of
labelied bifurcating branching rooted trees that might describe their evolutionary
history is 1.3.5 . . . . (2g-3). producing nearly a mole (3 X 102%) of trees for g as
small as 21. But if the g sequences are the ordered segments arising from multiple
unequal crossovers, the number of possible trees consistent with the crossover
process is greatly reduced. This constraint is peculiar to paralogous products. Tt
is the consequences of this paralogous constraint that we wish to investigate. In
the material to follow, all crossovers are unequal, so that the length of the
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chromatid will be lengthened or shortened by the amount of the inequality. We
shall consider only those single crossovers that lengthen it.

It is important to understand the one-to-one relationship between the various
crossover hypotheses and their respective tree depictions. For this, a formalized
version of the unequal crossover process is presented in Figure 1. On the top
two lines are shown two strands unequally aligned. The extent of inequality is
shown by the portion of the strand that has been circled. If a new strand is
formed from the segments of the two strands as shown by tracing the path along
the arrows (as if this were the result of a copy-choice replication, but the mech-
amism is in fact irrelevant), one gets the result shown in the third line immedi-
ately below. The segment of DNA in the circle has been duplicated and is
depicted by the presence of two tandem circles on the strand. The DNA on either
side of the duplicated portion is irrelevant to our discussion, but the line on
either side helps emphasize the continuity of the DNA and provides a context
for the significance of the circles, which represent the unit of duplicated material,
the segment,
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Figure 1.—Multiple unequal crossing over. The horizontal line, top, represents a strand
of DNA, The circle encloses the exact amount of DNA {the unit segment} by which the strand
below is offset to the right so that unequal erossing over produces a new strand (next line down)
which is longer than the former by the extent of the inequality and contains two identical
copies in tandem of the originally encircled DNA. We shall ignore the complementary strand
that is shorter by this amount. If this lengthened strand now undergoes a second unequal cross-
ing over with a copy of itself, there are three possible ways of doing so that are restricted %o
crossovers at the ends of the unit segments. These are shown in the lower portion of the figure.
The DNA strand is not shown within the circle unless it is a specific segment duplicated in the
crassover process. The capital letters to the left denote the three strands that are used in Figure 2
to show how these same events may be represented in the form of a phylogenetic tree,
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Consider now the effect of a second Crossover using two copies of the already
lengthened strand. There are only three simple outcomes: the left segment is
duplicated, the right segment is duplicated, or both segments are duplicated.
These are shown in the left, middle and right portions at the bottom of Figure 1.
In keeping with a useful practice henceforth followed, the circle does not show
the strand segmert within it unless it contains a segment that is duplicated in
the crossover process.

The results of a specific succession of crossovers as represented in Figure 1 can
also be represented more compactly in the form of a phylogenetic tree showing
ancestor-descendent relationships as shown in Figure 2. Examine Figure 2a. It
has three levels (A, B and C) and their circles represent precisely the circles in
Figure 1, levels A,BandC,in the progression o the lower left crossover product.
The middle crossover product is represented in. Figure 2b.

It one had in hand an amino acid sequence showing three long consecutive
tandemly repeated segments in the order o-f-y, how would one Jdistinguish
between the two possible phylogenies, 2a and 2b? If the segments are jdentical
one cannot, but consider the following example. Following the first crossover
five amino acid replacements occurred in each segment over ai extended period
of time so that the two units differed in ten amino acids. Then the second cross-
over occurred and a similar time elapsed during which five amino acid replace-
ments occurred in each of the now three segments. At the end of that time, the
two segments arising from the most recent CrossOveT will differ by ten arnino
acids and each will differ by 20 amino acids from the third. This can be readily
visualized by placing a 5 on each of the connecting links of the trees 2a and 2b.
Thus the question posed at the beginning of the paragraph is simply answered
by determining whether the middle segment, B, is more similar to the « or the ¥
segment; 1f the former, the answer is 2a; if the latter, 2b.

Given that the order of the segments is a-8-y and that each segment admitted
five distinguishing amino acid changes following each of the unegqual cross-
overs, it is not possible that the « and y segments differ by 10 and both differ
by 20 from 8. If this were the observation, it would imply the phylogeny shown
in Figure 2c. Then, however, the segment order is wrong. To put them in the
proper order would require the tree 10 be redrawn as in Figure 2d. But no ¢ross-
over process restricted as we have done can produce this result, Thus we have an
example of a constraint imposed by the nature of the crossover process that
restricts the set of permissible solutions to a proper subset of all the possible
phylogenies of the segments, or two out of three in this simplest possible case.

It is useful to make more precise some meanings and properties of trees which,
mathematically, are a subset of all possible graphs, where a graph s defined as a
collection of points (nodes) and lines (links) joining pairs of points. A graph 1s
connected if there is at Jeast one collection of links that would trace a path from
any node to any other node. 1t 1s minimally connected if for every pair of nodes
there is only one such path. A tree then is a minimally connected graph. Thus
it has no paths that form loops and the nunaber of links is one less than the num-
ber of nodes.
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Ficure 2-—Trees of three segments derivable by unequal crossing aver, Each circle repre-
sents a segment of DNA that may be either a complete gene or a portion of a gene (but all of
the same size), the sequence continuing on either side of the circle(s). Cireles with a line
through the center undergo unequal crossing over to produce two tandem copies of the segment.
Trees a and b are the anly two pessible such crossover trees if the order of the segments in the
DNA is a-8-v. The three rows of circles that form these trees are, from iop to bottom, the

to give the rooted tree of that letter above. Empty circles are not nodes as defined here, See text
for details.

The degree of a node is simply the number of links to it. All the gene segments
that we observe are represented as nodes at the tips (exterior nodes) of our tree.
All other nodes are interior nodes and represent ancestors of two or more seg-
ments at the tips. An unrooted, strictly bifurcating tree is a tree in which all
interior nodes have degree three, A rooted bifurcating tree is a tree in which all
the interior nodes but one have degree three; the one exception, called the root,
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has degree two. Given g gene segments, there will be g — 2 interior (ancestral)
nodes in an unrooted strictly bifurcating tree and g — 1 interior nodes in a rooted
bifurcating tree. In biological trees, the root is intended to mean the most recent
ancestor common to all descendents. We shall consider only bifurcating trees,
higher furcations arising as special cases in which some links are of zero length.

The trees examined thus far in Figure 2 are all rooted. Each circle containing
a Greek letter or a bar through itisa node. Those with Greek letters are the gene
segments and have degree one. The node at the apex has degree two and is the
root. All others {exactly one in this case) have degree three. One can obtain an
unrooted tree by removing the root and joining by a single link the two nodes
to which the root has previously been connected. In Figure 2e is shown an
unrooted tree for three segments drawn so as to remove any implications of order
among the segments and to eliminate the directionality implied by descent from
some ultimate ancestor. If one were to install a root in Figure 2e at the Jocation
noted by the “‘a”, one would get the topological equivalent of the rooted tree, 2a.
Similarly, a root at the location “b’" would yield the equivalent of the tree 2b.
Locating a root on the third link would give tree 2c, but it is not shown because
e is intended to show how the roots of trees obtainable under the paralogous
constraint are related to the unrooted trees for the same number of segments.

It is instructive to note here that our ability in the practical case to recognize
the correct tree (2a or 2b) is dependent upon two features. One feature is the
interval between the first and second crossovers, since there must have been suffi-
cient divergence so that the two resulting bifurcations are not seen as an effec-
tively single trifurcation. The other feature is that any inequality of rates of
fixation of mutations in the various lines must not be so great as to obliterate
the divergence established between the crossover events, It is only necessary that
the 8 line evolve sufficiently rapidly relative to the « and y lines, over a suffi-
cient time span, for Figure 2c to represent the tree one would obtain by the simple
examination of the sequences themselves. While the only unacceptable tree 1s,
in this instance, capable of being inferred solely as a consequence of Jocating the
root of the tree on the wrong branch of the unrooted tree (Figure 2e), we shall
see, at the level of five segments, that there are trees not part of the acceptable
subset that cannot be obtained simply by altering the location of the root. In
summary, for three segments, «, 8, and v, there 1s only one unrooted tree with
three possible locations of the root, only two of which are acceptable if the order
of «, 8, and v in the chromatid is known. If the order is unknown, all trees are
interpretable in the context of unequal crossing over.

A similar analysis for four segments is shown in Figure 3, which illustrates a
duplication followed by a reduplication of the left segment to give three segmen s,
and then another duplication of the first (3a), second (3b) or third (3c) segment.
If one reduplicates the right rather than the left segment, one can obtain the
mirror images of 3a, b and c as seen in 3f, e and d, respectively. But trees 3¢ and
d are not merely mirror images, they are topologically equivalent, since they
differ only in the temporal order of the independent second and third duplica-
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Ficure 3.—Trees of four segments derivable by unequal crossing over. Symbols and mean-
ings are the same as in Figure 2, except that no trees inconsistent with the crossover constraint
are shown and tree g depicts a crossover in which the length is increased by two units in a
single crossover. On the unrooted trees below, cne link contains an arrow with two letters
because trees ¢ and d are equivalent, that is, are isomorphous topologically, differing only in the
temporal order of the duplications on the left and right side of the root. There are only three
possible unrooted trees for four segments,

tions. Said differently, two trees differing only in the lengths and orientations of
their branches are topologically equivalent.

At the level of four segments, it is possible for the first time to increase the
number of segments by more than one at a single crossing over. This is shown
in 3g, which is the tree representation of ‘the case shown on the right side of
Figure 1. Note that this produces a crossing of the links to «, v, 8, 3. Thus we
observe that a simple expansion of segments by unequal crossing over may lead
to a correct phylogeny of those segments in which the order of the segments in
the phylogeny is not their order in the chromatid. Nevertheless, the constraints
on this disordering are severe as the number of segments increases.

There are three possible unrooted trees for four taxa and these are shown in
Figure 3h, i and j. If one places the root at any point marked by a lettered arrow,
one gets the tree above corresponding to that letter. Since each topology has five
links on which one might choose to place the root, there are 3 x 5 = 15 possible
rooted trees. The nine links without arrows imply nine trees that are not accept-
table under the constraints imposed by the crossover model. However, since every
unrooted structure has at least one link that could be the root of an acceptable
tree (z.¢., has a link with a lettered arrow), all nine other trees might be obtained
given a sufficient disparity of substitution rates among lines. A parsimony proce-
dure (that tree is best that requires the fewest gene or nucleotide substitutions)
might still give an acceptable tree despite the disparity in rates. This is the case
because one can only get an unacceptable tree under a parsimony procedure if
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there is a sufficient disparity in pairs of links to which the fixation of parallel and
back mutations are assigned. This results from the fact that parsimonious proce-
dures are independent of any assumptions about rate.

Carrying the analysis to five segments leads to the results shown in Figure 4.
This figure is identical in concept to those previously examined, although the
circles previously used to intensify the feeling of contiguity of segments in the
sequence have been omitted for clarity and the segment identifiers, «, 8, v, &,
and e, have been omitted from the branch tips.

The top three rows show the 24 possible evolutionary trees for five tandem
segments obtained solely by one-unit crossovers. The set is mirror symmetrical
between 41 and 4m. As before, there are equivalent topologies. They are c = e;
d=i=m; h=j=n; k=o0=gq; l=p=u; and t = v. Thus there are only 14
distinguishable rooted topologies.

There are 15 possible unrooted trees for five taxa and all 24 of the one-unit
crossover trees are assignable to only five of them as shown in the upper row of
Figure 5. It will be noticed that over these five topologies there are precisely
15 links between « and ¢, and each link is the location of a root for one of the
acceptable trees.

The bottom row of Figure 4 shows the eight possible evolutionary trees for five
tandem segments when one of the crossovers is of two units. The first four trees
have their two-unit crossover when the sequence is three segments long and
they are mirror symmetrical between b’ and ¢’. The last four trees have their
two-unit crossover when the sequence is only two segments long and they are
mirror symmetrical between f” and g’. There are no equivalent topologies.

AAA D AAAD
YYYIYYY:
IVYYYYYY,
YYYIYYY,

Fiourr 4-—Rooted trees of five segments derivable by unequal crossing over. Symbols and
meaning similar to Figures 2 and 3 except that the circles and the final segments’ names a-e
have been omitted. Trees & through x have only 1-unit crossovers whereas a’ through h' have
one 2-unit crossover each.
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Froure 5.—Unrooted trees of five segments derivable by unequal crossing over. These trees
have the same relationship to those in Figure 4 as those in the lower part of Figure 3 have to

& root will yield 4 tree acceptable under the crossover constraint,

These last eight rooted topologies are assignable to six of the {5 unrooted top-
ologies as shown in the middie row of Figure 5. Not all of tree links on these
topologies are possible roots for acceptable trees. There are (Figure 5, bottom)
four unrooted topologies to which no acceptable tree is assignable. In sum, there
are 105 possible trees of which only 22 are acceptable, that 1s, conform to the
constraints of segment formation by unequal Crossing over.

The enumeration of all possible trees for six segments consistent with the
paralogous constraint is not shown. There are, however, only 42 different (non-
equivalent) trees among the 720 possible trees one can obtain solely by one-unit
crossovers. There are 50 others that involve two. or three-unit crossovers. Also,
only 14 of the 105 possible unrooted topologies are required to account for those
42 non-equivalent unit-crossover trees and there are, among those 14 unrooted
topologies, precisely 42 different links connecting the first to the fifth segment,
and on each such link is the root of one of those non-equivalent irees.

Ezamination of protein sequences: The homologous alignment of the hemo-
globins js patently obvious and their phylogeny has been inferred previously
starting with INcram (1963). In Figure 6 is shown the phylogeny for five human
hemoglobin loci. The alpha locus is separated in the figure because it either re-
sides on a different chromosome or s sufficiently remote that it recombines gt
random with the other loci, but its presence in the scheme is important to the
cross-checking of the phylogeny against known genetic facts.

Internal homology in apolipoprotein: The analysis of human apolipoprotein
A-L which is 245 amino acids long, for internal homology (see Figure 7) re-
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Ficurre 6.—Gene phylogeny of human hemoglobin, The tree shows the phylogenetic relation-
ship of five paralogous human hemoglobins as determined from their aminoc acid sequences and
shown in the manner of the previous figures to illustrate the tree’s consistency with what might
be expected under the crossover constraint. The order is one of only two that are consistent with
the genetic evidence. The a locus is separated from the other four because either jt resides on
snother chromosome, or is sufficiently distant so as to recombine freely.

vealed a significant amount {p < 10-"). When the details were examined to
discover the register shifts thal were contributing to the excess occurrences of
paired regions with small numbers of minimum required nucleotide changes
(i.., less than 22), it was discovered that 57 of the 104 cases had register shifts
22, 33, 44, 53 and 77 suggesting a repeat unit of 11 amino acids. Moreover, 21
additional cases had register shifts of 43, 54 and 87 suggesting the same length
of repeat, but a gap of one amino acid somewhere between the paired regions.
Further examination revealed a startling thirteen-cycle repetition of these eleven
amino acids as shown in Figure 8, which is the sequence, reading from left to
right from the top, of residues 94 to 239. This eleven-residue repetition has been
independently observed by Barker and Davrorr (1976, 1977) and McLAacHLAN
(1977). Note the presence of a single gap of one residue introduced at the right
end of the second row to optimize the alignment. McLacuLan (1977) places the:
gap as I do; BargEer and Dayuorr (1977) place it two residues further on.

The color is indicative of the character of the amino acid (as defined below).
A given amino acid is either circled or blocked in its celor on the following basis.
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Froune 7.—Probability plot of the cumulative frequencies of pairs of 22.amino-acid segments
as a function of the number of mutations {nucleotide substitutions) required for changing the
coding from one segment to the other The length of sequence examined (span) was 22; the
average mutation value was 1.45 nucleotide substitutions per random pair of amino acids; the
mean value over a length of 22 amino acids was 31.93 nuclectide substitutions + 3.140; the
number of sequence pairs examined was 20,503; from the method of Firem (1970), x> =382
for ane degree of freedom which implies a probability of a result this extreme occurring by
chance of p < 2 % 10-%. This arises from a corrected log likelihood ratio test that divides the
distribution between 22 and 23 mutations required. Bankea and DayHorr (1977) give a standard
measure that implies a p < 2 % 10~ and McLacuranw (1977) gives one datum that shows
P € 10-* that this much internal similarity could arise by chance. The filled circles are the
actual observations, the solid line is the expected cumulative frequency for a sequence of the
same composition but no internal homology.

If a columnn contains six or more amino acids of the same character, all amino
acids possessing that character in that column are blocked in. All cases of that
character not in such a column are simply circled in that color. There is neither
cysteine nor isoleucine present in thie region. The remaining seven amino acids,
glycine, alanine, serine, theonine, asparagine, glutamine and histidine, are called
indifferent and are not colored.
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There are many interesting features to this alignment. All six prolines (yel-
low) occur in the same column. Of the 42 hydrophobic amino acids (green}, 33
occur in only three columns, 3, 6 and 10, numbered from leit to right. Of 27
acidic amino acids (red), 19 eccur in only two columns, 4 and 5. Of 24 basic
amino acids (blue), 16 fall in only twg columns, 7 and 9. This leaves only three
columns, 2, 8 and 11, whose character is not assigned and which we will call the
indifferent columns. There is a strong bias against an amino acid possessing any
character other than an indifferent character if it is not of the same character
as the column generally. Of 25 acid, basic and hydrophobic amino acids not in
their characteristic columns, all but three occur in the indifferent columns. The
only exceptions are a glutamine In column 1, an arginine in column 3 and a
Jeucine in column 5. The number of places available to amino acids in non-
indifferent, characterized columns not of the same character are 24, 25 and 26
for the basic, acid and hydrophobic residues respectively. The number of places
in the indifferent columns is 38 (13 rows X 3 columns — 1 gap). From this it is
easy to calculate that 9.928 of the 25 characterized (colored) amino acids not in
a column of their own celor would be expected by chance to have appeared in
another colored column. This gives a chi-square value, for one degree of freedom,
of 8.02 and a probability of occurring by chance that is less than 5 % 10°*. Thus
there is not only a characteristic pattern, but there is significant nonrandomness
in the exceptions to the pattern. This is mirrored in the following statement. Only
three of the eight colored columns contain an amino acid of another color, but
all three indifferent positions contain at least one representative from each of
the groups, acidic, basic and hydrophobic.

The pattern peculiarities do not end there, however. There is a strong sugges-
tion of a potential repeating alpha helix. It 1s most easily visnalized on the “heli-
cal wheel” introduced by SCHIFFER and Epmunpson (1967) and shown in Fig-
ure 9. The repeating sequence is represented by the most common amino acid in
the column, except for the three indifferent columns, which are represented by
the column numbers. These representations are placed upon the circle as if one
were looking down the helix from the amino terminus and projecting the residues
onto a plane perpendicular to the helical axis. Each residue appears 100° further
around the helix from the preceding residue, so that after 18 residues and five
trips clockwise around the helix, the nineteenth amino acid would project onte
the same position as the first. Proline was given to position 1 and the repre-
sentative sequence continued on around for eleven positions in the three-letter
code. It may be observed that proline residues occur mostly only in every other
row so that the cycle might well continue on for 22 residues before encounter-
ing another helix-disrupting proline. This is shown by repeating, for seven more
positions, the representative sequence, except that proline is represented by the
number 12 (as if it were indifferent) according to the assumption on which the
continuation into the next segment is based.

It is immediately apparent that all the hydrophobic positions cluster at the
bottom of the circle and all other residues cluster above them. This is precisely
the kind of relationship that should stabilize helical structures either through
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indicates a gap of one residue introduced at the end of the second row to optimize homology.

Colors indicate proline (yellow, P); aspartate or glutamate (red, D and E);

arginine or lysine

iblue, R and K); and methionine, valine, leucine, phenylalanine, tyrosine or tryptophan (green,
M, V,L, F, Y and W). The remaining amino acids, glycine, alanine, serine, threonine, aspara-
gine, glutamine and histidine (G, A, $, T, N, Q and H), are uncolored and called indifferent.
Any column containing six or more amino acids of a single color is said to possess that character

and the coloring is then blocked in, otherwise the color is simply in a surrournding circle.
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Ficure 9—Helical wheel for the generalized eleven-aming-acid repeat in human apolipo-
protein A-I. The generalized sequence is Pr0—2ALau-Glu-Glu-Leu-Arg-S-L}rsALeuJ1 and is the
most common amino acid in each non-indifferent column. The indifferent positions are simply
shown by the position number. The helical wheel is intended to represent an alpha helix, each
residue 100° further around than the previous. After 11 residues, the repeat unit starts over

. again except that proline is replaced by an indifferent 12. The view is looking down the helix.

The color coding is the same as that in Figure 8.
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interaction with each other or in combination with other compounds to form
stable micelles, as might be anticipated for a serum protein designed as a carrier
for lipids.

In such a scheme as that in Figure 9, any two amino acids that are separated
on the circumference by only one or two other residues are not only on the same
side of the helix but are also on consecutive or neighboring loops or turns of the
helix and capable of interacting with each other. It is therefore interesting 10
note that on each side of the hydrophobic region there is a pair of amino acids,
one acidic and one basic, on adjacent strands. Still more intriguing is the fact
that every time the acid residue on the left side of the helix is replaced by an
mdifferent residue (position 4; replaced 4 times out of 13) the basic residue
(position 7) is also replaced. A similar but less complete correspondence occurs
on the right side (positions 5 and 9).

Of the positively charged residues not appearing in columns 7 and 9, three
appear in the indifferent column 11 which is next to the left-hand arginine group.
In every case there is an acidic group in the corresponding indifferent column
8 so that again a relationship between oppositely charged pairs is frequently
ohserved,

Also interesting is the fact that over half (5 of 9) of the hydrophobic residues,
appearing other than in their characteristic positions, appear in position 2 (= 13
in next repeat). This would have the effect of expanding by a few degrees the
area of hydrophobicity. But in three of the five cases where position 2 is hydro-
phobic. position 3 has had its hydrophobic residue replaced by an indifferent resi-
due, so that the overall effect is perhaps more to preserve an area of hydrophobic-
ity than to extend it..

The phylogeny of the apolipoprotein segments: There are many indications
that the 22-unit segment formed by the first duplication of the 11-amino-acid
segment was the fundamental basis for subsequent unequal crossovers. These
indications include the fact that most 11-unit segments are more similar to the
11-amino-acid segment one unit removed than to the adjacent 11-amino-acid
segment. Visually, this is seen in Figure 8 by such features in every other row as
the prolines in position 1, the nonhydrophobic residues of position 3 (and the
two nonleucine hydrophobes), and the nonacidic residues of position 5. With this
concluston one can then visualize the remainder of the phylogenetic problems as
the history of a 22-amino-acid repeat to give rise to seven such tandem structures.
These seven units are composed of the amino acids shown in Figure 8 plus the
remaining six C-terminal amino acids of the sequence, namely TKLNTQ, plus
the immediately preceding N-terminal amino acid D.

These seven segments were put on separate cards and treated as if they were
seven orthologous sequences from seven different taxa to see what phyolgeny
they would give, and whether that phylogeny was consistent with the crossover-
constrained phylogenies. A program tested all 945 possible unrooted trees (root-
ing does not affect the parsimony accounting) for their most parsimonious result.
There was a single most parsimonious tree that required 103 nucleotide substitu-
tions, three that required 104 and fifteen that required 105. The least parsimon-
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ious trees, of which there were 6, required 118 nucleotide substitutions, The dis-
tribution was reasonably Gaussian except that the range was slightly contracted.
If no parallel or back mutations had been necessary, the best tree would have
required only 80 nucleotide substitutions.

The best phylogeny consistent with the paralogous crossover constraint re-
quired 105 nucleotide substitutions, This is shown in Figure 10. It requires one
two-unit crossover with the order of the crossover events as shown. Although
there are several equivalent topologies, all of the others would mply a greater
disparity of evolutionary rates in the different lines of descent, A measure of the
accuracy of estimates may be obtained from the requirement that segment pairs
(8, ) and (e, ) originated simultaneously in the two-unit crossover. The most
parsimonious account for this tree shows the 8, { common ancestor to be an
average of 11.3 nucleotide substitutions from taday’s segments and the ¢, y com-
mon ancestor to be an average of 12.6 nucleotide substitutions away. This is rea-
sonable agreement, but shows that the overall order of the duplications is in
some doubt, since the 8,y common ancestor is 10.8 nucleotide substitutions
away, on average, and its ancestor with segment « is only 13.3 nucleotide sub-
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Fioune 10.—Best phylogeny of seven consecutive 22-amino-acid segments of human apolipo-
protein A-I consistent with the crossover constraint, The tree encompasses residues 93-245.
Segment 8 has only 21 amino acids because of the gap inserted to optimize the homology. Note
the two-unit crossover at the fourth unequal crossing over. The most parsimonious accounting
for this tree requires 105 nucleotide substitutions. The best tree of all requires only 103 nucleotide
substitutions but is not consistent with the crossover constraint,
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stitutions away from its descendent segments, The upper duplicaticns are 18.4
and 19.3 nucleotide substitutions away and suggest a fairly long evolutionary
interval between the sequence of three segments and the sequence of four
segments.

DISCUSSION

Nature of the crossover restraint: 1 have considered only unequal crossovers
that increase the length of the gene or increase the number of genes. It is my
conjecture that with the removal of the constraint against unequal crossovers
that produce deletions, all possible phylogenetic relationships become explicable,
provided we continue to permit multi-unit crossovers. An excellent simple case
of explaining an otherwise unacceptable tree is illustrated in Figure 3g. An
unequal crossing over that now eliminates the § segment leaves three segments
whose relationship is the case in Figure 2d that was unacceptable under the
crossover constraint as formulated. The price for this explanatory power is, how-
ever, the postulation of additional crossovers and the postulated creation of seg-
ments for which there is no evidence, except that the data are not otherwise
susceptible to a crossover explanation for their origin.

How many of the various possible nonequivalent trees are in fact acceptable
under the crossover constraint? In Table 1 is a set of the numbers as known to
this point for a number of segments from one to seven as shown in the first
column. Tt is already known that the number of rooted trees for & segments iy
simply the product of all successive odd numbers up to 2g-3 and this number is
shown in column 2. '

TABLE 1

Characteristics of various trees

g T 0, o0, A, A, U U, U,
t 0 { 1 0 0 0 0 0
2 1 2 2 1 0 t 1 0
3 3 6 4 2 0 f 1 0
4 15 24 8 5 1 3 2 1
5 105 120 16 14 8 15 5 6
6 945 720 32 42 50 105 14 32
7 10395 5,040 64 132 P 945 42 ?

& is the number of gene segments; T is the number of non-equivalent rooted trees for g gene
segments and equals IT(24—3) for t < & < g; 0, is the number of orderings of g distinguishable
things and equals g!; Oy is the number of orderings of the g things on the tips of & tree obtainable
by rotations about the g—1 ancestral nodes and equals 29-1; A, is the number of trees acceptable
under the constraints of the crossover process given that all erossovers increase the length of the
sequence by a single unit; A, is the number of acceptable trees when at least one crossover
increases the sequence length by more than one unit; U is the number of unreoted trees of all
types; U, is the number of unrooted trees that would Rive at least one acceptable tree correspond-
ing to those in A | if the root were properly located; U, is the corresponding number for accept-
able trees in the A, group. It is expected that the unrooted trees of U, and U, necessarily
contain no trees in common: it is certainly true for values of g < 6.







