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Summary. Certain as yet poorly defined functions
of DNA appear to involve collectively domain-sized
sequences. It is proposed that most sequence seg-
ments within a domain may be either functionally
superfluous or instrumental, depending on how many
related sequences are present in the domain. When
redundant and functionally dispensable, such DNA
segments presumably still have to conform to com-
positional or sequence-motif patterns that charac-
terize the domain. In its relations with neighboring
sequences, such DNA is required to be ‘“‘polite.”
Polite DNA is DNA that, without being crucially
involved in function, is subject to constraints of
conformity and, through its base composition, re-
spects a function for which it is not required. This
concept is developed by contrasting the distribution
of specific and general functions over DNA with
this distribution as found in proteins and by distin-
guishing functional compatibility from pivotal
functionality. The sequence constraints to which
heterochromatin as well as, apparently, long
interspersed repetitive sequences are known to be
subject seem to imply that DNA, even when it does
not carry out a pivotal function, is indeed, at the
very least, required to be polite.

Key words: Polite DNA — Noncoding sequence
functions — Sequence motifs — Junk DNA — Nat-
ural selection

Introduction

The structure of contemporary genomes can be inter-
preted either primarily as an evolutionary build-up
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of functional features or primarily as accumulated
effects generated by spontaneous and nonselected
processes. How much function and how much non-
functional effects have contributed to the structure
of contemporary genomes is one of the most hotly
debated questions in molecular evolution today.

The tendency has been to consider that eukaryote
DNA is divided between sites involved in specific
functions (coding sequences and specific cis-acting
noncoding sequences endowed with regulatory roles)
and a large majority of functionless sites. Nowadays
this extreme view is less widely held. Even the pro-
ponents of the ““neutral theory’ are not lagging be-
hind others in accepting, indeed emphasizing, the
evidence in favor of evolutionary constraints im-
posed by negative selection, constraints that are seen
to affect increasingly numerous and diverse parts of
the genome (Kimura 1983). There was a time when
evolutionary modifications in certain fast changing
parts of proteins, notably the fibrinopeptides, were
considered to reflect the true neutral mutation rate.
Driven from this position, first by Barnard et al.
(1972), the neutral mutation rate then held on to
the third codon positions, in spite of the fact that
there had been early warnings to the effect that this
was an uncomfortable location for it to lodge in
(Zuckerkandl 1965; Zuckerkandl and Pauling 1965).
Having emigrated again, the neutral mutation rate
landed on the pseudogenes, perhaps once again im-
prudently (Vanin et al. 1980). There is no telling
when and where, if anywhere, the peregrinations
through the genome of the true neutral mutation
rate will end.

That functionality may be pervasive in vertebrate
genomes is suggested by the recent observation that
these genomes are divided into a certain number of
compositional sectors, in each of which composi-
tional characters at the third codon positions closely



match compositional characters in flanking se-
Quences outside of the genes (Bernardi et al. 1985;
Bernardi and Bernardi 1985, 1986, 1987). In each
sect_or the constraints imposed upon third codon
positions (Jukes 1978; Grantham et al. 1980) and
noncoding sequences are, on the average, essentially
the same, Moreover, during their evolution, eu-
karyote genomes, or significant sectors thereof, are
seen to undergo directional changes in base com-
position. Once these changes have occurred, the new
compositional patterns would appear to be con-
served over longer evolutionary periods than would
be expected if the compositions and the sequences
1o which they correspond were changed largely by
random drift. Though random drift might still be
frequent, there probably are other, superimposed
processes,

These superimposed processes might, to be sure,
b§ attributable to something other than function-
ality. Gene conversion (Zimmer et al. 1980) and
Processes leading to related effects subsumed under
the term molecular drive (Dover 1982); or secto-
nally variable trends in introducing replicational
Crrors; or mutagenic effects differing qualitatively in
fllﬁ"erent paris of the genome; or regional variations
m tf'le efficiency of DNA repair mechanisms (Mad-
hf{nl etal. 1986) all might be invoked though mostly
_Wllh limited plausibility, to counter a selectionist
mtqrpretatkm of the results of Bernardi and his as-
Sociates. However, the correlation found by Ber-
nardi and Bernardi (1986, 1987) in poikilothermic
animals between GC content and ambient temper-
ature considerably strengthens the case in favor of
a functional connection for GC content.

_ In this paper I wish further to explore the func-
tional connections of most of the noncoding se-
Quences and the concept of their functionality itself.

Evidence for Functional Involvement of the
Bulk of Noncoding Sequences

We can expect that we are dealing with underlying
functions rather than with nonselected effects if two
Conditions can be shown to hold:

(1) that evolutionary random decay would have
effaced the observed regularities over the evolu-
tonary time elapsed since these regularities ap-
Peared, and

(2) that these regularities are so structured that
they cannot easily be explained by nonselected pro-
cesses that would restore them after they decayed.

Over significant sectors of noncoding DNA se-
Quences regularities have been found that, I believe,
tend to satisfy both these conditions.

Systematic regularities can have the form of de-
fined sequences; or of sequence motifs; or of com-
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positional features. Recurrent compositional fea-
tures will antomatically lead to recurrent sequence
motifs, provided the latter are given enough degrees
of freedom of variation. Sequence motifs are defined
as short runs of nucleotides, a certain fraction of
which is free to vary from repeat to repeat, while
another fraction, not always in the same positions,
remains constant (Zuckerkandl 1981).

One of the main pieces of evidence for systematic
regularities is sequence features that are instru-
mental in the precise positioning of nucleosomes. It
was originally thought that sequence specificity did
not exist in the case of the histones and of the nu-
cleosomes that they build up (Prunell and Kornberg
1978). More recently, however, a sequence-deter-
mined phasing of nucleosomes has been observed.
This phasing may be due either to an organizing
boundary (Kornberg 1981) or to reiterated sequence
features, and it seems that, at least for certain genes,
the latter is the case (Benezra et al. 1986). Similar
data relate to some nonhistone chromosomal pro-
teins (NHCPs). In certain regions of primate ge-
nomes a High Mobility Group (HMG) protein,
a-protein, appears to bind to nucleosomes on the
basis of a direct interaction with a reiterated se-
quence motif whereby the nucleosomes are precisely
positioned along the DNA (Strauss and Varshavsky
1984).

The sequence characters of DNA that define the
spacing of the nucleosomes recur every 190 or 200
bp in mammals. This has perhaps most convinc-
ingly been shown for the mouse 8-globin gene region
of DNA (Benezra et al. 1986). The findings are in
accord with unpublished observations that Dr. Steve
Burbeck made in 1982 at the Linus Pauling Institute
(Palo Alto, CA) by studying sequence motif period-
icities in DNA with the help of a Fourier transform
method that he had worked out. Similar periodic-
ities have been noted in “nude” eukaryotic DNA
by Udvardy and Schedl (1983) in regard to the
methylation of cytosine residues, and again in nude
DNA by Keene and Elgin (1984), who found the
periodicities in the form of preferred cleavage sites,
using micrococcal nuclease or, with the same result,
the intercalating 1,10-phenanthroline-cuprous com-
plex. The latter authors have analyzed noncoding
sequences in the vicinity of 18 Drosophila genes and
of 2 mammalian genes and noted consistently sim-
ilar cleavage patterns. While not evident in coding
sequences, the patterns extend to the larger inter-
vening sequences.

It had been predicted that intervening sequences
would participate in the pattern of periodic repeats
of sequence motifs (Zuckerkandl 1981), the idea
being that such reiterated sequence motifs would
function in the binding of certain proteins, thought
to carry out certain structural and regulatory func-
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tions. It had also been predicted that such periodic
binding sites would not generally be found within
the coding sequences, and it was proposed that a
general function of intervening sequences was to
break up the continuity of coding sequences so that
they could not seriously interfere with the stability
of higher order polynucleotide structures. Data now
at hand are compatible with these views.

Certain regularities of sequence features of DNA
are difficult to explain in terms of nonfunctional
effects of self-generated sequence multiplication
(Doolittle and Sapienza 1980; Orgel and Crick 1980)
and sequence correction (Dover 1982) processes, or
of nonselected DNA slippage leading to ‘“‘cryptic
simplicity” (Tautz et al. 1986). Interestingly, we may
here bring in satellite DNA, which in the eyes of
not a few is as good “junk” DNA (Ohno 1972) as
junk DNA comes. The HS-a satellite DNA in ro-
dents (Fry and Salser 1977) is an example of a highly
repetitive simple sequence present in species whose
common ancestor is distant enough for the contem-
porary sequences to be expected, if they freely accept
mutations, to differ from each other more than they
do. Such sequence invariance does suggest, though
not demonstrate, functional involvement. Further
evidence in support of some function of satellite
DNA is provided by differences in frequency of se-
quence divergence at different nucleotide positions
in the basic repeat unit of several satellites (Brutlag
1980). Sequence can be highly conserved at certain
nucleotide sites and quite variable elsewhere.

The strongest evidence in support of the concept
that satellite DNAs—at least some of them —must
conform to constraints is provided by the finding
that not only does a-satellite in cells from the Af-
rican Green Monkey display sites for the binding of
a specific nonhistone chromosomal protein, the
a-~protein already mentioned, but these sites are so
spaced as to span the length of the core of a nu-
cleosome on the one hand (145 bp) and that of linker
DNA (27 bp) on the other (Strauss and Varshavsky
1984). One is led to infer that evolutionary con-
straints bear on the sequence of this satellite so as
to bring about reiterated binding to DNA, with ap-
propriate reguiar spacings, of the HMG-type protein
and thereby to ensure a proper phasing of nucleo-
somes. If satellite DNA is junk, it is, at the very
least, neatly packaged junk. The packaging can hard-
ly be maintained over evolutionary time without
the intervention of at least negative selection, It is
of course possible and I would say credible, Miklos
and Gill (1981) notwithstanding, that satellite DNA
is neatly packaged because it has a specific function,
such as to fix interphase chromosomes at certain
points in the nuclear membrane (see Hutchison and
Weintraub 1985).

Periodically recurring sequence motifs generated

by spontaneous processes with no connection to nat-
ural selection would be supposed to accept neutral
mutations indefinitely. The periodicities would be
effaced at the rate of at least 1% fixed nucleotide
substitutions per million years.! It is asking rather
much of neutrality to maintain or restore sequence
characters in such a way that they happen to coin-
cide quite generally and to remain coincident with
the period of nucleosomes. That functional neu-
trality is not the master of the field of the noncoding
sequences is also suggested by the constraints spread
over the approximately 60 kb of the anthropoid
B-globin gene complex. This complex is evolution-
arily rather stable in its overall organization and
accepts substitutions at a rate of only about 0.2%
per million years (Barrie et al. 1981; Jeffreys 1982).
Neither the coding sequences alone, which represent
about 8% of this complex, nor these sequences in
combination with the small fraction of highly con-
strained cis-acting regulatory sequences can be held
responsible for most of the slowdown relative to
what is considered the neutral substitution rate.

When rather distantly related species are being
compared, as is the case of the comparison between
the a-satellites of kangaroo rat, guinea pig, pocket
gopher, and antelope ground squirrel (Fry and Salser
1977), one would expect any “master” sequence from
which “slave’ sequences are generated or, if preex-
isting, are corrected, to be itself the object of mu-
tational change. Master and slave sequences: I am
using Callan’s (1967) old terminology. It is unlikely
that the conservation of master sequences could take
place without the intervention of natural selection
and the presence of a function. Admittedly, in selfish
DNA (Doolittle and Sapienza 1980; Orgel and Crick
1980), sequences necessary for its maintenance
would be expected to be conserved over long evo-
lutionary periods. The structure of satellite DNA
however does not encourage one in the thought that
satellite DNA may be selfish. When selfish DNA
does occur, what is conserved presumably is the
sequence apparatus for selfish replication and trans-
position, not any further sequence features that
spread through the genome with the help of this
apparatus. Furthermore, if selfish DNA sees to it,
as an expression of its selfishness, that it remains in
a state proper for its own packaging, it ceases to be
altogether self-centered in that it adapts itself to the
genome that it inhabits.

! From the data of Miyata and Yasunaga (1981) and those of Li
et al. (1981), discussed by Kimura (1983), and considering that
base substitutions in pseudogenes may not represent quite the
true neutral mutation rate, as suggested by the work of Bernardi
and collaborators, we may consider that a figure for the true
neutral mutation rate of 1% evolutionarily effective substitu-
tions per million years probably is on the low side.
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Table 1. Functional effects of DNA.* The variable relationships between function and the nucleotide substratum of function lead
one to distinguish between (1) specific functional effects involving specific individual nucleotides, (2) specific functional effects obtained
on the basis of low specificity of individual nucleotides and probably depending on compositional features reflected in recurring
Sequence motifs, and (3) general functional effects obtained on the basis of low or very low specificity of individual nucleotides

A. Specific functional effects based on sequence constraints of high to moderate specificity

~coding

~lranscriptional regulation based on promoters, enhancers, silencers (Laimins et al. 1986), homoeoboxes, 1opoisomerase 11 cleavage
Sites (Udvardy et al. 1985), functions linked to hypersensitivity to endonucleases (Larsen and Weintraub 1982; Weisbrod 1982;
Weintraub 1983), etc.

—Tegulation of processing and translation based on specific sequence features of RNA transcripts, for instance regulation of translation
rate by choice of nucleotide at the “silent” codon position (Zuckerkandl 1965; Ikemura 1985)

—Tegulation of replication based on short highly or fairly specific DNA sequences

=various functions linked to the binding by DNA, RNA, or by proteins of small RNAs, as required e.g. for processing of RNA
iranscripts (Schaufele et al. 1986)

~functions depending on rather specific local structures of DNA or RNA such as, in DNA, hairpin loops, and with a lesser degree of
Sequence specificity, the formation of z-DNA, and perhaps sequence-directed curvature (Hagerman 1986; Koepsel and Kahn 1986).
Certain functions linked to hypersensitivity to endonucleases

~aspects of transcription and replication depending on specific attachment sites of DNA domains to the nuclear matrix (Moreau et
al- 1982; Goldberg et al. 1983; Mirkovitch et al. 1984; Cockerill and Garrard 1986)

B. Specific functional effects based on sequence constraints of moderate to low specificity

~mass binding of certain proteins (see text), such as histone H1, insofar as it provides the chromosomal and nuclear structural basis
for different levels of regulation of gene expression as well as for DNA replication

~various functions with often as yet ill-defined structural bases, relating for example to interactions between chromosomes and the
Nuclear membrane (e.g., Hillicker and Appels 1980), to chromosome pairing, to recombination, to the functioning of centromeres
and telomeres (Holmgquist and Dancis 1979; Hutchison and Weintraub 1985), etc.

~Tegulation of cell size as a function of the ¢-value (Cavalier-Smith 1978, 1985)

C. General functional effects (as adjuncts to specific functional effects) based on sequence constraints of low specificity

~Spacer functions (might include pseudogenes that maintain a given distance between functional genes)

~regulation through features of base composition and sequence of the thermodynamics of DNA strand separation or of other physico-
chemical features with general effects on DNA structure and function (e.g., Blaisdell 1983, 1985)

—function of DNA packing. This includes the action of proteins that bind selectively to satellite DNAs (Blumenfeld et al. 1978; Strauss
and Varshavsky 1984), notably certain nonhistone proteins that co-purify with satellite-containing chromatin (Brutlag 1980)

L3 .
The present list is incomplete and the functions are often not independent

One cannot sustain the argument that the ob-
Served regularities may simply be due to their spon-
taneous restoration after decay. As the structure of
satellite DNA shows, spontaneous processes lead to
UTegularities within regularities of sequence com-
binations (Miklos 1985). Nucleosome packing ap-
De.ars to be too regular, regionally, for being main-
tained or recovered exclusively through spontaneous
Nonselected processes. Furthermore, as mentioned,
Bernardi and Bernardi (1986, 1987) provide sub-
Stantive arguments in favor of a selectionist inter-
Pretation of the coincidence between base compo-
Sition at silent codon positions on the one hand and

mhsequences flanking the structural genes on the
Other,

Packaging of DNA does not demonstrate DNA
function —beyond the general function of packaging.
Probably no “functionless” DNA would be toler-
ated, at least no large amounts of it would be, unless
1t can be properly packaged. Packaging may be es-

sential for appropriate transmission of DNA from
cell to cell and for functions linked to development
and differentiation. If so, all or essentially all DNA
may be subject to certain constraints in sequence
features that are essential for packaging. In this case
very little place may be left in genomes at which
one can determine the true neutral mutation rate.
This is the reason why I stated earlier in this article:
“There is no telling when and where, if anywhere,
the peregrinations through the genome of the true
neutral mutation rate will end.”

Evolution might preserve the required sequence
features either by a periodic or by a continuous re-
dress of their progressive decay. Consider the first
mode. If the function of special sequence features
in the bulk of noncoding sequences is limited to
packaging itself and most noncoding DNA is oth-
erwise nonfunctional, we may witness the frequent
regeneration of the reputedly nonfunctional DNA
from other nonfunctional DNA that is properly
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packageable, with an accompanying loss of no-lon-
ger-properly-packageable adulterated nonfunctional
DNA. One would have to postulate that such a se-
quence of events is ever-recurring. It could hardly
take place regularly without the intervention of nat-
ural selection at the stages of sequence elimination,
sequence regeneration, or both. The alternative is
an intervention of natural selection in a more or less
continuous mode rather than by periodic spurts,
namely in a mode that involves the substitution of
individual bases or the slippage of short sequences
(Tautz et al. 1986) rather than the replacement of
whole sequence-motif sectors and compositional
sectors. In either case, why should cells and organ-
isms take on the load of negative selection for the
benefit of junk? There may be an answer to this
question, to be proposed in this paper.

Functional Density in DNA: General and
Specific Functions

While the case for selectionist constraints in the bulk
of noncoding DNA sequences seems to be good, the
predominant contrary view notwithstanding, the
constraints on most noncoding DNA are relatively
weak in terms of individual nucleotides.

What kind of functions can be linked to relatively
weak constraints? If we were talking about proteins
rather than about DNA, we would say: weak con-
straints indicate the engagement of the amino acids
in general functions, not in specific functions. By
general functions may be designated those that are
helper functions, aimed at creating the proper mo-
lecular conditions for the specific functions to be
properly carried out (Zuckerkandl 1976a). Extrap-
olating from the situation found in the proteins one
would be tempted to surmise that nucleotides that
can be exchanged at rates that may not be far from
the *“true” neutral mutation rate (not to mention
nucleotide positions that can be freely lost or gained,
with their identity frequently unascertainable in the
process) either are functionless or, at best, partici-
pate in a minor way in some general function.

In fact it should be envisioned that in DNA the
freedom of individual nucleotide sites to carry any
of the four bases not only does not necessarily de-
note functionlessness, but does not even imply that
the functions of the regions of DNA where nucleo-
tides behave in this fashion are necessarily merely
general. In DNA the frequent substitution of indi-
vidual nucleotides may well be compatible with cer-
tain functions that deserve to be characterized as
specific. Table 1 lists specific and general functions
of DNA.

The definition of functional density (Zuckerkandl
1976a)—the proportion of sites engaged in specific
functions—can easily be applied to DNA sequences

such as promoters, in which the nucleotides com-
mitted to the specific functions, like amino acids in
proteins, are well defined and highly constrained.?
Because specificity of functions in proteins corre-
lates with a high degree of residue invariance, most
noncoding DNA would intuitively appear to have
a very low functional density. I believe this inference
not to be necessarily true, even though we are not
vet able to pinpoint the involvement of variable
nucleotide sites in specific functions and must there-
fore recognize that functional density, for most re-
gions of DNA, is not at present determinable.

Estimating functional density of DNA or proteins
obliges one not only to analyze in detail the ways
in which functions are connected to their structural
substrata, but also to sort out the commitments that
the same sequence elements can, and often do, make
simultaneously to different functions. Of interest to
us here is not the quantitative estimate of functional
density of DNA in the limited number of cases in
which it can already be made, but rather the insights
to be gained from the difficulties that arise when one
tries to apply this concept to DNA. These difficulties
are informative. They derive from the particular
way in which DNA sequence elements appear to
take charge of certain functions. Just as in proteins
specific functions involve specific amino acids and
specific amino acid sites, so in DNA specific func-
tions would be expected consistently to involve spe-
cific nucleotides and nucleotide sites. In a fashion
that is at variance with lessons learned from the
proteins, nucleotides appear in fact to conform to
certain functional imperatives by combining loose-
ness of sequence with specificity of effect.

2 The procedure of saturation mutagenesis, applied to the pro-
moter of the mouse g-major globin gene (Myers et al. 1986)
permits one to calculate the functional density (f.d.) of this pro-
moter. From positions —101 to —1 (cap site not included), i.e.,
over 100 nucleotide positions, there are about 27 positions at
which a substitution leads to a significant change in rate of tran-
scription. For this segment, then, f.d. is about 0.27, which is
about one-half or less than one-half of the f.d. of human hemo-
globin polypeptide chains, in terms of the amino acids (0.52,
miminum value; Zuckerkandl 1976a). In terms of the nucleotides
in the coding sequences for these chains, f.d. is only 0.35, or a
little higher when methionine and tryptophane are taken into
account, for which the third codon position is coding. When, for
more precision, the estimate is based on the nucleotide sequence
of the human 8-globin DNA sequence, the corresponding figure
is only 0.31, as calculated by Dr. Takashi Gojobori (personal
communication), and 0.32 taking into account met and trp. (A
further increase in the polynucleotide f.d. would result from
weighting the contribution of amino acids for which the third
codon position is coding in terms of the alternative purine or
pyrimidine.) Thus the f.d. of one of the noncoding sequences that
controls the transcription of the $-globin gene, the promoter, is
close to that of the structural gene itself. For specific functions,
coding and noncoding sequences can use a similar fraction of the
nucleotides.



. In proteins, practically all sites are either engaged
1 specific functions, or in general functions, or in
both. As an example, specific functions of a hemo-
globin molecule are the binding of heme and oxygen,
the binding of partner chains, the binding of the
proton that controls the Bohr effect, that of 2,3-
d}phOSDhOglycerate, of carbon dioxide, of haptoglo-
bin. Examples of general functions are ratios of polar
10 apolar amino acids, charge distribution and net
Charge, solubility, stabilization of a-helices, etc. In
proteins, scarcely any sites can ever be considered
as functionless. It must be assumed that specific
functlzon sites, in proteins, also contribute to general
functions, but that the specific function constraints
Overrule general function constraints to the extent
possible. When the imperatives of specific functions
tend lo interfere with the imperatives of general
functlonS, general function sites presumably must
make up for the molecular infirmity that would be
Created by the specific functions alone.

When it comes to applying the distinction be-
tween specific and general functions, the situation
In DNA is found to be quite different from what it
1S 1n proteins. First, proteins or polypeptide chains
are unambiguously defined molecular units. Within
DNA, molecular units are not uniquely defined.
There are a number of different ways, ideally, of
apportioning molecular units, or units of molecular
action, over a given region of DNA, all valid from
One point of view or another.?

Second, in polypeptides general functions rep-
Tesent the physico-chemical bases that permit the
Macromolecules to carry out their specific functions.
General functions do not exist independentiy of the
specific functions that they serve. In polynucleotides
there are few general functions in this sense. There
are for instance spacer functions of DNA and per-
haps the ability—if it is a function—of certain se-
duence characters to determine bends in the DNA
(Hagerman 1986), etc. The classification of func-
tons of DNA into specific and general given in Ta-
ble 1 is more problematic than is a corresponding
classification in the case of the proteins (Zucker-
kanc}l 1976a). Moreover the functions listed are often
not independent of one another.

‘ The third aspect of the distinction between spe-
cific and general functions that does not seem 1o

\“Q——-__

3 There are, for example, sequence segments characterized by a
h,‘gh degree of specificity of action and a high degree of evolu-
Uionary conservation, such as promoters; functionally linked sets
of such sequences, including 5' and 3’ cis-regulatory sequences
and the coding sequences: the unit formed by a set of introns and
¢Xons; the transcription unit; the relevant chromatin domain
(ch_l' omatin loop), which frequently includes several transcription
units (Scheer et al. 1976; Spring and Franke 1981). There might
In certain cases be an additional functional unit between the latter
wo (Zuckerkandl 1981, p 154; Lawson et al. [982).
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present special problems in proteins, but cannot be
applied to DNA in the same straightforward way,
hinges upon the fact that in proteins specific func-
tions are linked to particular sets of amino acid res-
idues and residue sites, whereas genera! functions
are spread over sites in a way compatible with sig-
nificant variability in the functional contribution of
individual sites. The collective effects of a number
of residues appear 1o be relatively fixed as far as the
resultant overall value of a physico-chemical pa-
rameter is concerned, but the pathways by which
these effects are achieved can be quite variable dur-
ing the evolution of certain proteins, such as the
hemoglobins. For instance, the same net charge of
a protein can be obtained by a large number of
combinations of different sequence characters. The
number of functionally tolerable combinations is
much reduced, however, by the fact that each res-
idue participates simultaneously in several general
functions and, in addition, may have a variable,
indirect effect on the specific functions. If the latter
circumstance is put in parenthesis, it may be said
that sequence elements at the sites of general func-
tions apparently count individually only inasmuch
as they contribute to an overall effect obtained more
or less interchangeably by their different combina-
tions. On the other hand, specific functions in pro-
teins are linked exclusively to sites whose identity
and occupancy are heavily constrained, even though
often not totally invariant in evolution.

In the case of certain specific DNA functions (Ta-
ble 1), the individual “residues” engaged in them,
the bases, also appear to have a great latitude in
sequence arrangements. How could regions of DNA
of high sequence variability carry out specific func-
tions? The answer is clear enough when the specific
function appears to depend exclusively on the quan-
tity of nucleotides involved, independently of their
nature and sequence (Cavalier-Smith 1978, 1985).
When, on the other hand, specificity of function is
linked to that of molecular interactions, it correlates
with high affinity constants, which in turn seem to
imply high sequence specificities. Again, in this case,
how can high functional specificity be compatible
with low sequence specificity?

Reconciling Specific Polynucleotide Function with
Variable Sequence: Mass-Binding Proteins

According to a concept presented earlier (Zucker-
kandl 1981) and since then also elaborated by Strauss
and Varshavsky (1984), proteins that bind to pe-
riodically recurring sites in chromatin, even though
they may bind with low affinity to their individual
DNA receptor sites, may, through protein-protein-~
DNA multiple cooperative interactions, form very
stable complexes and produce highly specific and
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topographically circumscribed effects. It may be that
the establishment as well as the undoing or trans-
formation of such complexes is involved directly in
the specific functions of cellular determination.

The concept of multiple cooperative protein-DNA
interactions could have relevance to the question of
the function of DNA domains. Not only in meta-
phase, but in interphase as well, chromatin is or-
ganized into a series of loop-shaped domains that
vary in length between ten or less and more than
one hundred kilobase pairs (kb)— 10 to 180 in the
mouse according to Hancock and Boulikas (1982)
(Cook and Brazell 1975; Benyajati and Worcel 1976;
Paulson and Laemmli 1977; Igo-Kemenes and Za-
chau 1978; Marsden and Laemmli 1979; Razin et
al. 1979; Zehnbauer and Vogelstein 1985). The loops
are stabilized at their base by interactions with spe-
cific proteins (e.g., Lebkowski and Laemmli 1982)
that form the so-called nuclear matrix or nuclear
scaffold (see Lewis et al. 1984). One may presume,
for instance, that the whole 8-globin gene complex
of man, plus an unspecified amount of sequences
that flank the complex, are located in one loop
(Stalder et al. 1980; Groudine et al. 1981).

In the retracted state, at least the larger loops must
form a higher order structure not otherwise present
in chromatin, and this structure is reasonably to be
assumed to be stabilized by representatives of a class
of regulator proteins that can be called mass-binding
proteins. This name seems appropriate because these
proteins bind to a relatively large number of sites
along the DNA or along the RNA transcripts, in
contradistinction to punctate-binding regulator pro-
teins engaged in more highly specific interactions
with one or a few receptor sites (Zuckerkandl 1981).
Regulators binding to promoters are of the latter
category, whereas histones are of the former.

Mass binding can be regulatory, as in the case of
histone H1 (Thoma and Koller 1977; Schlissel and
Brown 1984) and it is probably commonly, though
not always, cooperative (Renz et al. 1978; Ruiz-
Carillo et al. 1980). Mass-binding of nonhistone
chromosomal proteins occurs; it can be sequence-
specific (Strauss and Varshavsky 1984); the speci-
ficity involved is the attenuated specificity of
sequence motifs; the attenuation of this local spec-
ificity does not preclude a high specificity of the
overall interaction effect; and the interaction is co-
operative. These features, predicted to be of general
applicability in eukaryote genomes (Zuckerkandl
1981), with components of this picture proposed
earlier (Zuckerkandl 1974, 1976b), have been ver-
ified in some cases, with the exception, as far as
NHCPs are concerned, of widespread cooperativity.
Cooperativity very likely obtains in the case of the
a-protein (Strauss and Varshavsky 1984), though
not in the cases of the related HMG-14 and HMG-

17 (Mardian et al. 1980), nor HMG-1 and HMG-2
(Isackson et al. 1985).

It is well known that the condensation of eu-
karyotic chromatin is achieved through an extensive
hierarchical folding of DNA, which is mediated by
histones and nonhistone proteins (e.g., Ide et al.
1975; Sedat 1977; Georgiev et al. 1978). It seems
likely that in most cases the folding and unfolding
of chromatin are not mere effects, but functions, in
relation to transcription, replication, or cell divi-
sion. The mass-binding of certain types of proteins
such as HMGs has been found to be instrumental
in regional structural change (see Weisbrod 1982).
In highly repetitive DNA, some NHCPs have been
observed to replace quantitatively histone H1 (Mu-
sich et al. 1977, 1978). In another sequence envi-
ronment, protein IP,s, upon induction of differen-
tiation of mouse erythroleukemia cells, reaches 40%
of histone H1 (Keppel et al. 1977). These proteins
bind to nucleosome linker sequences, which directly
or indirectly participate, at least in certain genes, in
a sequence-determined phasing of the nucleosomes.

That the structure of Drosophila polytene chro-
mosomes is maintained by mass-binding proteins
has been suggested many years ago by the obser-
vation that the removal of the proteins by an al-
kaline urea solution conferred upon the polytene
chromosomes an appearance of lampbrush chro-
mosomes (e.g., Sorsa and Sorsa 1970; Bencze and
Brasch 1979).

In polytene chromosomes of Drosophila, many
bands display characteristic individual reactivities
to ionically altered environments (Lezzi and Robert
1972; Kroeger and Miiller 1973), no doubt express-
ing differences in DNA-protein interactions. These
different reactivities are likely to reveal differences
in DNA sequence characters and presumably also
differences in the varieties of mass-binding proteins
that may characterize different sets of bands.

Large-scale structural changes in DNA correlated
with determination and differentiation have become
apparent through the cytochemical work of Isidore
and Eileen Gersh (Amenta et al. 1973). These results
and their interpretation seem to have been largely
forgotten. Typically for forgotten earlier work, some
of the authors’ conclusions were the same as those
now drawn by molecular biologists. Recent studies
of the action of certain endonucleases led to the
rediscovery of the fact that determination and dif-
ferentiation are accompanied by structural changes
in chromatin and that chromatin passes through
structural stages of preparation for transcriptional
activity (Groudine and Weintraub 1982). There can
be little doubt that the large-scale structural changes
observed by the Gershes implicate mass-binding
proteins, though DNP structure might in fact be
partly determined by RNP (Simon et al. 1985),



There is evidence for the existence of proteins
that bind to RNA transcripts in a way that can be
characterized as mass binding (Macgregor 1980;
Economidis and Pederson 1983; Risau et al. 1983).
Some of these proteins display no specificity in re-
gard to the origin and sequence structure of the pri-
mary transcripts. This does not imply that they may
ot preferentially bind to certain sequence motifs,
as 1.he histone octamers of nucleosomes appear to
do in the case of at least some DNA. Other non-
histone chromosomal proteins are more selective.
Thus a protein that binds to transcripts from a set
9f about ten lampbrush chromosome loops has been
identified (Sommerville et al. 1978; Sommerville
1981). These original findings have been extended
to f}lr}her proteins and further sets of loops (Econ-
Omlc.hs and Pederson 1983; Lacroix et al. 1985). The
Studies of Beyer et al. (1980) show that the associ-
ation of protein particles with nascent RNA varies
Characteristically from gene to gene in a manner that
can be inferred to be polynucleotide sequence-de-
pendent,

Thu§ certain protein-RNA interactions in the
mass-binding (as well as punctate binding) mode
may participate in putting constraints on noncoding
DNA sequences. Admittedly, the functional rela-
Bonships involved here are not clear. Again, what
18 function, what is mere effect? It has been relatively
easy tp promote the idea of large amounts of totaily
fuﬂthonless DNA in the absence of any proof of
fupctlon. On the other hand, asserting that the pro-
teins that combine with RNA are functionless would
be anpther matter. There are proteins with unknown
function, but it would be implausible to conceive
of fl{nctionless proteins. All proteins indeed are
heavdy constrained in most of their amino acid res-
1dues. The main function of some of the proteins
that bind 10 RNA may well be linked to this very
l_nte.raction. Proteins binding to RNA transcripts thus
Indirectly suggest a functional connection for the
Corresponding DNA itself,

In the noncoding parts of genomes, the structural
Substratum of function may largely be something
Mmore diffuse than we are accustomed to conceive.
Such diffuseness does not imply weakness of a col-
lective functional effect of a string of nucleotides.
What we probably need to get accustomed to is the
hlerafchically different role played by individual nu-
cleotides in different parts of genomes. With respect
10 the function of the majority of the noncoding
seQu.ences, the individual nucleotide appears to be
a bmlding stone of lower rank than it is in the coding
Sequences and in the rather short noncoding se-
qul?nces endowed with the specific regulatory roles
of “punctate” regulation. To the majority of non-
coding sequences whole DNA segments may be what
individyal nucleotides are to the coding sequences.

19

Were much of the noncoding part of the genome
to participate, if only indirectly, in specific functions
of DNA, how could it be that noncoding DNA se-
quences can be gained and lost and be shifted around
to the extent to which they are (e.g., Lewin 1981;
Martin et al. 1983)7 Such observations seem to con-
tradict any involvement with specific function of
the sequences that so behave. To resolve this matter,
the particularities of noncoding DNA as a substra-
tum for certain functions should be further clarified.

DNA Function and Functional Compatibility

It is noteworthy that a large majority of books that
deal with biological functions refrain from stating
what function is. One cannot take its meaning for
granted, however, when one inquires about the func-
tional status of most noncoding DNA. In general
terms one may consider that a function is any ac-
tivity of a component of a system when that activity
is part of the coherent operation of the system. More
specifically, one may define a biological function as
any effect that participates in the organism’s capac-
ity to respond to, to exercise control over, and to
gain or maintain independence from, the environ-
ment, all features that are expressed in the survival
of the organism and the species and are established
by positive or conserved by negative (stabilizing)
natural selection.

One might infer from this definition that any fea-
ture of DNA that is positively selected or protected
by negative selection is clearly functional and any
feature that is not so selected, nonfunctional. How-
ever, nonselected features can be “hitchhiking’ with
selected ones. Moreover, in the case of DNA things
are further complicated because of the apparent ex-
istence of distinct modes of functionality. With re-
spect to function, four categories of DNA sequences
need to be distinguished: sequences endowed with
a pivotal function; sequences exerting detectable ef-
fects without filling a function, but compatible with
functions carried out by closely-linked sectors of
DNA; sequences without either function or effect,
yet functionally compatible like the preceding ones;
and sequences without function that do not display
compositional or sequence features characterizing
functional compatibility in the region of DNA con-
cerned.

While certain cases covered by these categories
will be taken in hand by the “neutral theory” (Ki-
mura 1983), selectionists, curiously, can also stake
claims on some of the same DINA segments because
of the findings of Bernardi and collaborators (1985,

1986, 1987). These findings can indeed be construed
to imply that not only pivotal function, but probably
also functional compatibility may be selected for (as
suggested, though not demonstrated, by trends in
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base composition encompassing whole chromo-
somal bands and whole genomes) and the elimi-
nation of functional compatibility may be selected
against (as suggested by the evolutionary stability
of base composition in large sectors of noncoding
sequences).

The distinction between functional modes is best
explained with the help of a hypothetical example.
When different domains of chromatin form high
order structures, including the highest order struc-
ture that they are capable of forming, one of max-
imum compaction, this process can be expected to
occur through the binding of certain mass-binding
proteins. Let us consider the possibility that the dif-
ference between compacted and noncompacted do-
mains exists in interphase chromosomes, that the
difference is of relevance to gene regulation, and that
there exists a set of structural variants of chromo-
somal proteins that bind with different affinities to
different sets of domains, as a function of different
predominant characters of base composition and
sequence motifs. Such a situation would imply com-
positional and sequence constraints involving large
regions of noncoding DNA. An alternative hypoth-
esis leads to essentially the same expectation in re-
gard to evolutionary constraints on noncoding parts
of the genome. Namely, one may suppose that there
is in every cell a set of variants of mass-binding
proteins with preferential affinities for RNA pri-
mary transcripts, the latter being characterized by
certain predominant base compositions and non-
coding sequence motifs.

Thus two alternatives are considered: Every cell
contains variants of mass-binding proteins that bind
with different affinities (1) to different sets of chro-
matin domains (loops) as a function of the domains’
base composition, and/or (2) to different sets of pri-
mary RNA transcripts as a function of the tran-
scripts’ base composition. Both situations would re-
sult in compositional constraints imposed upon
sectors of noncoding DNA and upon silent codon
positions.

The insertion into noncoding DNA of sequences
that do not conform to the local sequence charac-
teristics may well, beyond a threshold of length of
individual or summed insertions, lead to disrup-
tions or potentially damaging destabilizations of the
high order structures, whether we deal with deoxyri-
bonucleoprotein structures or with ribonucleopro-
tein structures. We shall assume that this holds for
at least one of the two types of polynucleotide. The
concept is illustrated in Fig. 1. We shall postulate
that it is functionally important to maintain the po-
tential to form the highest order structure in certain
chromatin loops or to maintain, temporarily, the
higher order structure of the transcripts, or both.
We shall say that the DNA sequence features that

permit these structures to be formed, even though
the sequences may be of low functional density, car-
ry out a pivotal function. A function involving whole
DNA domains or large parts of them relative to a
much smaller fraction of coding sequences would
imply and thus explain, albeit partially, the exis-
tence of a “c-value paradox” (Zuckerkandl 1981).4

In this situation, a sufficient percentage of the
sequences of the loop must have the base compo-
sition of those sectors of DNA that the relevant
mass-binding regulator proteins preferentially in-
teract with, and the distribution over the loop of
these compositional sectors must be adequate. The
insertion into the loop of additional sequences of
the proper base composition might under certain
circumstances lead to additional stabilization of the
loop or of the correspondingly larger RNP structure
synthesized on the loop; or RNP may change in
some other property depending on size or confor-
mation. There will undoubtedly be a change in the
nature or concentration of some products of the
enzymatic hydrolysis of the primary RNA tran-

4 There are really two distinct parts to the c-value paradox. One
part of the paradox is presented by eukaryote genomes of minimal
size (see Cavalier-Smith 1978), in which there always is also a
large excess of noncoding over coding sequences. The other part
of the paradox arises as, for each evolutionary grade, the c-value
varies from species to species between this minimum and a max-
imum. The range of this variation is limited in reptiles, birds,
and mammals. It is notoriously striking in urodele amphibians.
Of particular relevance is the way the further excess of DNA is
distributed over the genomes. It is apportioned over both indi-
vidual chromomeres and individual loops as they appear in lamp-
brush chromosomes (Macgregor 1980; Callan 1981; Scheer and
Sommerville 1982). In particular, there are additions of noncod-
ing sequences to individual loops, which are reflected in increased
lengths of primary transcripts (Lengyel and Penman 1975; Scheer
and Sommerville 1982). The two parts of the c-value paradox
are probably not explainable in the same terms. The excess of
noncoding sequences in minimum size genomes (c-value paradox
I) is, in my opinion, likely to be significantly linked to structural
requirements imposed by genetic functions (Zuckerkandil 1981).
The variable excesses over this excess, which one may refer to as
c-value paradox II, may be largely explainable in terms of DNA
acting on cellular functions by its mere bulk, namely primarily
on cell size (Cavalier-Smith 1978, 1985). There may be other
functional connections for **c-value paradox I1.” The idea that
c-value paradox II might be genecrated by the spreading in the
genome of selfish DNA is difficult to reconcile with Keyl’s (1965)
observations on band widths in polythene chromosomes of dif-
ferent subspecies of Chironomus thummi. Keyl found that the
DNA content per chromomere varied in the simple ratios 2, 4,
8, or 16, the higher values being confined to the same subspecies.
He predicted the existence of loops as units of replication (Zehn-
bauer and Vogelstein 1985) and explained the observed doublings
in the DNA content of chromosome bands by a doubling of such
loops. The mechanism that he proposed or related mechanisms
(Hancock and Boulikas 1982) may well also apply to the urodele
genomes (Gall 1963) and may largely account for the process
leading to c-value paradox II. It has not been definitively settled
where the driving force for such an evolutionary process lies.
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Fig. 1, . Schematic illustration of the effects of domain size and
of the distribution of sectors of different average base composition
on the overa]l structure of DNP loops. (a), (b): the dependence
of the highest order DNP structure on domain size. (a) Noncom-
pacted, smal| domain, e.g., 5 kb (b) Compacted larger domain,
€2, 50 kb. (c), (d): effects of different distributions over domains
of sectors of different average base composition. (~) sectors of
gi1ven average base composition, {—) sectors of different average
b§S° Composition. The domains are represented in the same rel-
attvely extended state as in (a). In (c), the sectors represented by
t}“e_ Wiggled line predominate. Sectors of different base compo-
sTuons are short enough so as not to destabilize substantially the
h}ghef order structure defined by the interaction between a spe-
lelC protein and the compositional sectors represented by the
wiggled line. (d) A long stretch of DNA of different average base
composition is included in the domain. It is assumed that in this
€ase the highest order DNP structure is destabilized

Senipt. A change in concentration of some RNAs
coulq thus be dependent upon a change in length of
Tepetitive DNA. Such changes, again, are effects—

€ inserted sequence would not be ineffectual. Yet
the effects need not be functional. (Though mere
effects can eventually be turned into functions, we
Suppose that this has not occurred.)

In regard to DNP and perhaps even to RNP struc-
ture, relatively short additional transcribed se-
quences, and certainly short additional nontran-
scribed sequences, may in fact have no detectable
effects. Thus additional sequence insertions may take
Place that neither exert a function nor produce an
effect. This is when there is no ambiguity in char-
acterizing the additional insert as functionally neu-
tral. Still, in order to be so, we here suppose that
the additional insert must by its composition, if not
by ?ertain sequence features, be functionally com-
Patible with other regions of the loop. Base com-
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position therefore is not functionally neutral in this
functionally neutral insert. The insert remains neu-
tral only as long as the base composition remains
functionally adapted, “compatible.”

Now let deletions occur. Let us assume that, in
the case considered, the exact position of the dele-
tion is not critical, but the amount is. This is a
reasonable assumption, since there must be a critical
loop size on either side of which the highest order
structures are different. To be stabilized, each order
of DNA structure indeed requires 2 minimum length
of DNA, and this minimum increases with the order
of the structure. Up to a certain extensiveness, the
deletion will not compromise the function of the
noncoding sequences in the area, in this case the
potential stability of the loop’s highest order struc-
ture. Beyond this point—not a very sharp boundary,
one may presume —function will be impaired. Sim-
ilarly, in the case of large RNP particles, it is possible
that the length of the RNA transcript may be de-
creased by a certain amount without a qualitative
change occurring, but if the transcript is further
shortened, a radically new structural and functional
situation may be created, conceivably even in regard
to messages emitted by the cell, if parts of the RNA
transcripts filled such a function. A guantitative
change in such messages, coded for by repetitive
DNA, could have repercussions for the organismal
phenotype, and would represent a change in a spe-
cific function.

It is not possible to impart the attribute of pivotal
functionality to any particular part of the sequence
subject to deletions in our example, nor can the
quality of mere functional compatibility be localized
in any other part. Pivotal function, functional com-
patibility, and functional neutrality as well jointly
pervade the large DNA segment that we suppose to
be the target of deletions. It is clear that the func-
tionalists and the neutralists have no reason ever to
end their dispute over who this DNA segment be-
longs to. (It must be stressed that the neutrality re-
ferred to here is functional neutrality; whether or
not a DNA insert or its deletion are neutral in the
sense of spreading in a population by random drift
is a matter that is not affected by the present dis-
cussion.) The controversy between the functional-
ists and the functional neutralists would perhaps die
down if it were realized that, in appearance para-
doxically, but according to the logic of special prop-
erties of noncoding DNA, various modes of func-
tionality and nonfunctionality can simultaneously
take hold in a diffuse fashion of the same sector of
DNA.

When an increasingly extending deletion has
reached the threshold above which function is im-
paired, then the remaining part of the original in-
serts, whichever part it happens to be, becomes
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functionally pivotal. It is now a functionally pivotal
noncoding sequence, even though it does not differ
in any significant way from many other sequences.
It has become pivotal by virtue of the fact that it
now represents a sequence of minimum length.
“Junk” in DNA thus may not be inherent in se-
quences, but in their ratios to others.

If the hypothetical example analyzed has enough
realistic features, a straightforward, simple appli-
cation of the notions of functional neutrality and
nonneutrality is to be proscribed. These notions blur
what appears to be a necessary distinction between
pivotal functionality and functional compatibility.
Special features of the noncoding parts of eukaryote
genomes seem to oblige us to face up to this com-
plication.

Evolutionary conservatism of sequence motifs or
local base composition may be mistaken for a sign
of effective or indispensable functionality, when it
really is only a manifestation of conserved func-
tional compatibility.

Conversely, the absence of evolutionary conser-
vatism may mistakenly be taken as an indication of
nonfunctionality. This is, for example, the case of
the very large quantitative variations, from species
to species, of repeated sequences, especially of the
highly repeated simple sequences (Miklos 1985).
Such variations in the amounts of any given type
of satellite have nourished the impression that sat-
ellite DNA is functionless. From a functional point
of view, however, the primary structure of such se-
quences is likely to be much more important than
their quantity, beyond a certain threshold of quan-
tity. Within some, probably imprecise, lower and
upper boundaries, the quantities (and primarily they)
of such sequences may be functionally neutral char-
acters.

We have referred here to structure-function re-
lationships in long stretches of noncoding DNA along
which the conservation of function does not in gen-
eral require a conservation of individual nucleo-
tides. Such relationships apparently can also be found
in much shorter noncoding regions in which specific
functions are linked to a somewhat more stringent
conservation of individual nucleotides. Thus the en-
hancer region of human cytomegalovirus appears to
contain redundant sequence motifs that are all func-
tional, but can be individually dispensed with. “En-
hancers seem to be generally forgiving of all kinds
of sequence manipulations™ (Serfling et al. 1985).
We seem to deal here with an excess of functional
polynucleotide sequences that all conserve their
functionality, presumably through some negative
(purifying) selection, and yet are not all required for
function. Each in turn probably could become func-
tionally critical (pivotal), if the size of the enhancer
were reduced to its minimum.

Is Interspersed Repetitive DNA Polite?

Short and long interspersed repeated DNA se-
quences (SINEs and LINEs), along with highly re-
peated simple-sequence heterochromatic DNA, to-
gether represent significant fractions of the genomes
of higher eukaryotes. These sequences, especially
SINEs and LINEs, are widely distributed through
the genomes of higher eukaryotes (Singer 1982;
Miklos 1985). They are found to differ considerably
in numbers and distribution, as well as sometimes
in kind, between even closely related species. Can
one reasonably expect sequences that have been in-
serted into genomes at a large number of sites in
recent evolutionary times to conform to local con-
ditions of base composition and thus ensure that
much of the moderately to highly repeated DNA,
which encompasses selfish (Doolittle and Sapienza
1980; Orgel and Crick 1980) and reputedly ignorant
(Dover 1980) DNA, will in fact prove to be polite?
By polite, I mean respectful of general constraints
and of functions carried out regionally by other DNA.
Heterochromatin seems to form a base-composi-
tional environment of its own and contains few genes
(Hilliker and Appels 1980). The question therefore
is of concern especially with respect to SINEs and
LINEs. SINEs are only of the order of 0.3 kb long,
which may be small enough for them, even if they
lack “civic sense,” not to disrupt significantly any
compositional neighborhood. Furthermore, it is not
excluded as yet that they fill a pivotal function
(Schmid and Shen 1985), and they may well interact
specifically with a nucleosome-phasing protein
(Strauss and Varshavsky 1984). The length of LINEs,
on the other hand, is of the order of § kb. There can
be several types of LINEs per genome, and each
sequence type can be represented about 10* to 10°
times (Singer 1982).> LINEs therefore represent a
challenge to the concept of polite DNA. Data, so
far, are scarce. The concept is, however, supported
by the findings of Meunier-Rotival et al. (1982), who
studied the major family of LINEs in the mouse.
Remarkably, not only are these repeat sequences
confined to particular DNA components of the
mouse, the two light major components, but the
compositional environment represented by the
LINESs’ flanking sequences matches the composition
of the interspersed repeat. These LINEs, therefore,
clearly are polite DNA.

5 That at least individual members of LINE families or sequences
within LINE elements can have highly specific gene regulatory
functions has been established by the discovery of the silencer
function (Laimins et al. 1986). LINEs can also play the role of
transforming elements, probably as a consequence of structural
alterations of functional regions that they include (Cooper et al.
1986; Rogers 1986).
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d_eletenous and nondeleterious. The partitions represented do not
a1m at quantitative accuracy. Quantitative relationships are bound
;(o’n‘:‘lfy tas1 a function of the sequences considered anq of env.i~
agreere: a ~change, The select10m§t and neutral theories are in
of thos ent ];“ regard to the predominant share, among mutations,
10 the sehsu ject to negative sel‘ecuon. Th.e'y differ n(?tably in regard
°f“p01'ta’r’e of mutaugns sul?_le.c.t to po_smve selection. In _the case
in the 1te” DNA, durlng an initial period after the es?;abhshm.ent
1o ne gf_nome of a polite DNA component, mutatnops subject
fracﬁga 1ve selecnon' presumably c_io not occur. An important
ben on of the .mutatlons.may be slightly delgten.ous and as such
tatiome Sf}xed In populations by random drift like neutral mu-
of thlels'l‘ Ince many mutations are expected to reverse the effects
eficial s lghtly deleterious ones, the contribution of .shght‘ly ben-
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to b.e‘m()re important than neutral mutation theory commonly
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LINEs are candidates for selfish DNA. In regard
1o selfish DNA, the question generally asked is not
Whether such DNA exists, which seems practically
Unavoidable, given the existence of the apparatus
that it requires, but to what extent. We propose here
that much or most selfish DNA will be acceptable
10 genomes only if compatible with specific or gen-
gral functions of host DNA and that such functions
Imply certain features of base composition and
Probably sequence motifs. The hypothesis is that,
In any given compositional environment of the ge-
Tlome, selfish DNA frequently will either have to go
Or to prove not to be totally selfish by manifesting
Some consideration for the host genome. One may
Préesume that much, if not most DNA is polite DNA.

It may be required to lift its hat to its sequence
heighbors.

Politeness and the “Neutral Theory”

The po§sibility that sequence constraints are wide-
Spread in noncoding sequences has often been ne-
gated a priori on the grounds that the species would
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Fig. 3. Presumed cumulative effect of mutations on regions of
“polite” DNA. After an initial evolutionary period during which
mutations are nearly neutral (as indicated in the lower part of
Fig. 2), the selection coefficient of further mutations becomes
increasingly more negative. Eventually the whole sector of DNA
presumably is eliminated through an event of negative selection.
The adulterated sector may be replaced through random drift or
positive selection by a newly inserted sector that displays the
appropriate compositional features.

be subject to excessive genetic load if selection had
to handle a significant proportion of those mutations
that occur in the largest component of the eukaryote
genome (Kimura 1968, 1983). This argument has
been controversial (e.g., Maynard Smith 1968), but
persistent. Our only purpose here is to point out that
Nature may resort to at least two dispositions ca-
pable of taking the sting out of the argument.

One of these dispositions is now demonstrated:
the extensive use of sequence motifs rather than of
rigorously defined sequences for protein-DNA in-
teractions whose overall effect is structurally and, I
predict, also functionally highly specific. A motif
may accept a certain number of mutations as nearly
neutral, up to a limit of divergence from an (abstract)
consensus sequence. Thus, at some positions of the
reiterated sequence motif, nucleotides may be re-
placed by less appropriate nucleotides through ran-
dom drift. At other positions, however, or at the
very same, chance may restore the appropriate nu-
cleotides that had been lost. Chance, while adulter-
ating the motif, may in this manner also contribute
to keeping it in existence. Positive or negative se-
lection will have to intervene less frequently than
they would if rigorously defined sequences had to
be evolved or maintained. Slightly beneficial mu-
tations may therefore be much more frequent than
the neutralists have so far considered, and they may
spread by random drift just as the slightly delete-
rious mutations are supposed to do (Fig. 2).
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The second process that would diminish genetic
load is the following: In certain parts of the genome,
notably in zones of highly repetitive sequences, mu-
tations may be freely accepted as neutral until the
sequence adulteration of a larger segment passes a
certain threshold. At that time the adulterated se-
quence may be eliminated by negative selection and
may be substituted by a better sequence, one regen-
erated by amplification from an appropriate master
sequence. I have called this the forward creep-back
leap mode of sequence evolution (Zuckerkandl
1975). It obviously would reduce radically the pro-
portion of events of positive or negative selection
necessary to maintain the sequence motifs and keep
them at their proper places (Fig. 3).

Thus, under certain circumstances, the conser-
vation of functional specificity in noncoding se-
quences is probably compatible with a relatively
large dose of random drift, even though selection,
at some stages, has to be decisively involved. In
most noncoding regions, instead of intervening at
the level of individual base substitutions, selection
may affect whole DNA segments, once in an evo-
lutionary while.

Conclusions

Polynucleotides appear to conform to certain func-
tional imperatives by combining looseness of se-
quence with specificity of effect. In DNA, the free-
dom of a given nucleotide site to carry any of the
four bases can be compatible with the participation
of the nucleotide site and of its neighbors not only
in a general function, but in principle even in a
specific function. The latter situation presumably
can occur thanks to cooperative mass-binding of
certain proteins to sequence motifs that recur pe-
riodically along relatively long stretches of DNA.
Regions of noncoding DNA that are relatively high-
ly variable therefore need not be regions of low func-
tional density. Low binding specificity is in principle
compatible with highly specific collective regulatory
effects (Zuckerkandl 1981; Strauss and Varshavsky
1984; Villet and Zuckerkandl, submitted for pub-
lication).

Periodic patterns of mostly as yet ill-defined se-
quence characters have been noted in Drosophila to
occur in intergenic noncoding sequences as well as
in larger intervening sequences (Keene and Elgin
1984), in keeping with the prediction that a general
function of intervening sequences may be to partic-
ipate in events of mass-binding of proteins that pre-
sumably lead to the formation of stable high order
DNP structures. Evolutionary conservation in non-
coding sequences of periodicities in sequence char-
acters under relaxed sequence constraints may well

carry the hallmark of natural selection in spite of
the relaxed sequence constraints.

In a number of instances function may not be
lodged specifically in any particular stretch of DNA
of a compositional type. Function may be pervasive
in such stretches, and may be assumed to require,
regionally, a minimum quantity of sequence motifs
of a kind. When the compositional sector, thanks
to duplication events, displays more than this min-
imum amount of sequences, the extra-sequences are
functionally superfluous; yet the anticipation is that
it will not be possible to distinguish between se-
quences of the type that are functional from those
that, because redundant, are in a sense functionless.
Within a given region of DNA and in regard to
certain functions the nonfunctionality implied by
an excess of sequences is collective, and so is the
functionality. Local additional sequences beyond the
required minimum presumably have to conform to
the compositional or sequence-motif patterns that
characterize the region. If they do not, the function
of the whole DNA region may be interfered with.
Thus, even the superfluous components of a com-
positional or sequence-motif repeat pattern exercise
a function of a kind, in a permissive mode. Within
a zone of DNA, subsequences of significant length
probably have to acknowledge the existence of the
other regional sequences and conform to their com-
positional habit. Even additional, “superfluous”
DNA thus may be subject to compositional con-
straints. Whether such additional and superfluous
DNA is “selfish” or not, it seems that it cannot be
“ignorant” of other DNA, but must be well-bred
and “‘polite.”

Pivotal function, functional compatibility and
functional neutrality thus are expected jointly to
pervade large noncoding DNA segments. During
evolution, various modes of functionality and non-
functionality can take hold of the same sectors of
DNA. “Junk” in DNA may never be total junk in
that it is, at least, properly organized junk. Fur-
thermore, its character of junk may not be inherent
in certain sequences, but rather in their quantitative
relationship to others. Noncoding sequences that are
merely compatible with the functions of neighboring
sequences and are dispensable suggest an evolu-
tionary mode in which highly deleterious or highly
advantageous nucleotide substitutions do not occur.
In such DNA zones, mutations probably are par-
titioned into slightly deleterious, neutral, and slight-
ly advantageous. Random genetic drift thus appears
capable of occupying the quasi totality of the scene.
However, according to the model, this is only tem-
porarily so. As the sequence sector under consid-
eration decays with respect to the constraints im-
posed upon it, further mutations are expected often
to be endowed with stronger negative selection coef-



ficients. Eventually, via a double event in which
selection is likely to intervene, the adulterated se-
quence would be lost and sometimes (not necessar-
1ly) replaced by a more compatible, more “polite”
$equence. This would slow the apparent overall rate
of evolution of these noncoding sequences, which
may.nevertheless remain relatively rapid. The pro-
cess 1s among those whereby different sequence con-
Straints might be maintained—and might be
Changed—in different noncoding parts of the ge-
nome without generating an excessive genetic load.
The genetic load argument therefore may not be a
goad reason for rejecting the notion that rapidly
¢volving DNA does fill some functional roles.

That such roles have not so far been convincingly
demonstrated may be attributable to a scarcity in
re}evant technological advances. The nature of very
high chromatin structures, their spatial distribution
OVef Fhe interphase genome, the developmental
Variations in this distribution, and their correlations
With particular types of genes remain to be eluci-
date(_i. Strides have been made in exploring the cor-
relation between structural changes in chromatin
and gene expression (e.g., Weisbrod 1982), but the
hature of the structural changes is insufficiently
understood. However, the lines of evidence referred
10 here do suggest the likelihood that rapidly evolv-
ng noncoding DNA does carry out functions of some
Kind. The accumulating evidence may now prompt
4 more widespread interest in addressing the ger-
Mane structure-function problems.
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