in trace metals (/4). Spartina litter also
releases fulvic acids, or precursors, dur-
ing decomposition, and such organic de-
composition products could chelate dis-
solved trace metals which collect at the
surface microlayer and become available
for scavenging by the litter of the marsh
(I4). Thus, Spartina litter appears to
both sorb surface microlayer com-
ponents and release organic materials
which comprise an integral part of the
microlayer. Such organic materials could
provide natural soluble chelators for
trace metals and account in part for net
export as dissolved components.

Earlier surveys on salt marshes to the
south ¢) suggested less of a range of
trace metal tidal fluxes. At either locale,
there is probably little long-term net ex-
port or import of most trace metals, ex-
cept possibly iron. In the Delaware salt
marsh, iron appears to undergo large
(100x) dissolved export during periods
of the summer; this export is due to acid-
producing reactions of sulfide oxidation
at the salt marsh sediment surface (/5).
Tidal heights in this salt marsh are
moderate (1.5 m), and often inundations
of large areas of the salt marsh surface
are only monthly. Thus the export of
trace metals entrained in the marsh by
the action of the surface microlayer or
arising from oxidation at the sediment
surface may be more periodic. Where
there is greater tidal height and thus
complete inundation more often, exports
of surface-entrained materials might be
more regular. For any salt marsh, how-
ever, reactions at the tidally regulated
salt marsh surface seem critical to the
flux and cycling of trace metals and other
elements.

ROBERT E. PELLENBARG
THoMAS M. CHURCH
College of Marine Studies, University of
Delaware, Newark 19711
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B-Galactosidase and Selective Neutrality

Abstract. Three hypotheses to explain the amino acid composition of proteins are
inconsistent (P = 107% with the experimental data for B-galactosidase from Esche-
richia coli. The exceptional length of this protein, 1021 residues, permits rigorous
tests of these hypotheses without complication from statistical artifacts. Either this
protein is not at compositional equilibrium, which is unlikely from knowledge about
other proteins, or the evolution of this protein and its coding gene have not been
selectively neutral. However, the composition of approximately 60 percent of the
molecule is consistent with either a selectively neutral or nonneutral evolutionary

process.

Although the amino acid composition
is a readily measured characteristic of
protein structure, the factors that con-
tribute toward determining this composi-
tion are not well understood. Various hy-
potheses have been put forward to ex-
plain the experimental compositions. If
the replacement of one amino acid by
another is a neutral process with respect
to Darwinian selection, then at compo-
sitional equilibrium the amino acids
would be, within statistical scatter,
equally abundant in proteins at a fre-
quency of 1/20. In contrast, if selection
occurs at the gene level and is a neutral
process, the four nucleotides in the
structural gene would be approximately
equally abundant at a frequency of 1/4
each, that is,inaratioof 1:1:1:1, at each
of the three coding triplet positions. In
this case, the expected amino acid com-
positions would be very close to that in
the genetic code table, exclusion of the
chain-terminating codons perturbing this
result only slightly. Finally, independent
of the extent to which evolution has been
selectively neutral, the observed amino
acid composition in individual proteins
could be considered a sampling from the
average natural abundances of amino
acids in proteins. For brevity, these
three explanations will be designated the
amino acid-random, genetic code-ran-
dom, and natural abundance-random
hypotheses, respectively.

In the aggregate, the proteins that
have been sequenced so far do not sup-
port any of these three hypotheses (/-3).
A more sensitive examination of each
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would be possible if the amino acid com-
position of individual proteins could be
tested against them. In some of the refer-
enced studies such a sensitive test could
not be made because the distribution of
the test statistic was not known with cer-
tainty, or because the number of amino
acid residues in particular proteins is so
small as to reduce the force of the infer-
ences drawn. The latter consideration is
particularly relevant with respect to de-
termining whether a particular amino
acid type is or is not present in excess or
deficit of theoretical expectation. The
most satisfactory way to avoid these
problems is to test each hypothesis
against a protein of very long length so
that (i) the effect of short finite length is
statistically negligible; (ii) the assump-
tions under which the distribution of the
x? test statistic are valid, are satisfied;
and (iii) in testing a particular amino acid
against these hypotheses, the binomial
distribution (see below) is well approxi-
mated by the normal distribution.

The amino acid sequence of B-galac-
tosidase from Escherichia coli reported
by Fowler and Zabin ) provides an op-
portunity to examine the several hypoth-
eses about the compositional structure of
proteins. The unusual length of this pro-
tein, 1021 residues, permits the testing of
each, statistically free of the sampling er-
ror introduced by small sample size. Al-
so, as there are 20 amino acid types,
each is represented in the sequence by
the order of 50 residues, which is a suffi-
ciently large number in itself to make
meaningful statements about each amino
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acid type. Conditions (i), (ii), and (iii)
mentioned above are satisfied. In this re-
port, I give the results of testing the
amino acid-, genetic code-, and natural
abundance-random  explanations of
amino acid composition against the ex-
perimental composition of 8-galactosid-
ase from E. coli.

If the amino acids are equally frequent
on the average, the expected number of
each is 1021/20 or 51.05. The experimen-
tally observed frequencies are in the sec-
ond column of Table 1 (x* = 159.24).
With 19 degrees of freedom, the proba-
bility of observing the experimental re-
sults, were the hypothesis true, is
P =2.2 x 107° The amino acid-random
hypothesis is rejected.

If the amino acids are present at their
genetic code table frequencies, the ex-
pected number of each is n;/61, where n;
is the codon multiplicity for amino acid i.
These expected compositions are in the
third column of Table 1. They are not in
agreement with the experimental amino
acid composition: x2 = 158.10, d.f. =
19, P = 2.3 x 107%. The hypothesis that
on the average the nucleotide triplets
that code for the amino acids are used
equally frequently is rejected, in agree-
ment with experimental nucleic acid se-
quence data (5) for genes which code for
other proteins in mammals.

Perhaps the most reasonable of the
three hypotheses is the last. These natu-
ral abundances (6) at least have the vir-
tue that they are the direct averages of
experimentally observed, rather than
theoretical or assumed, amino acid com-
positions. Nevertheless, the last column
in Table 1 demonstrates conclusively
(x? = 157.0, d.f. =19, P = 2.8 X 1079
that the amino acid composition of 8-
galactosidase from E. coli is not simply a
sampling from the compositional pool
given by these natural abundances.

A simpler, but less statistically rigor-
ous, way of looking at the data is to cal-
culate the average absolute (that is, dis-
regarding algebraic sign) percentage of
deviation of the expected compositions
from that observed. The results for the
three hypotheses discussed above are, in
the order given, 48, 32, and 37 percent. A
still simpler manner to view the data is to
count the minimum number of steps
(amino acid replacements) per 100 resi-
dues

20
Q= Z lnio"niel>< LOQ
i=1 T

it takes to get from the expected compo-
sition to that actually observed, where
n;, and n;, are the observed and expected
number of residues of amino acid i and T
is the protein length in residues. The re-
sults are 34, 28, and 27 steps per 100 co-
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Table 1. Comparison of observed and expected amino acid composition of 8-galactosidase un-
der two hypotheses. (i) Amino acid frequency is proportional to the codon frequencies in the
genetic code table. (ii) Amino acid frequency is proportional to the natural abundances of the
amino acids in proteins. There are 1021 residues in 8-galactosidase.

Expected frequency*

Amino Observed
acid frequency Genetic Natural
code abundance
Alanine 76 66.95 88.70
Arginine 66 100.42— 40.17+
Asparagine 46 33.48 50.21
Aspartic acid 65 33.48+ 60.26
Cysteine 16 33.48— 25.11
Glutamine 60 33.48+ 43.52+
Glutamic acid 60 33.48+ 58.58
Glycine 70 66.95 78.66
Histidine 34 33.48 21.76 +
Isoleucine 39 50.21 56.91—
Leucine 96 100.42 75.31+
Lysine 20 33.48— 70.30—
Methionine 23 16.73 16.74
Phenylalanine 38 33.48 38.50
Proline 63 66.95 38.50+
Serine 60 100.42— 70.30
Threonine 56 66.95 60.26
Tryptophan 39 16.73 + 13.39+
Tyrosine 31 33.48 43.52
Valine 63 66.95 70.30
Total 1021 1021 1021

x* 158.10 156.97

Degrees of freedom 19 19

Probability 2.28 x 10— 2.84 x 10~°

*A plus or minus following an expected frequency indicates that amino acid is in excess (+) or deficit (—) of
expectation at the 1 percent level of statistical significance.

dons, respectively, for the amino acid-,
genetic code-, and natural abundance-
random hypotheses. B-Galactosidase is
quite dissimilar to any of the posited
compositions. These commonsense cal-
culations are in full agreement with the
rigorous analyses of the preceding para-
graphs.

The significant deviations of individual
amino acid types from their expected
values can be found by using the bino-
mial statistic derived by Laird and Holm-
quist (7). As their published tables of
critical values only go up to proteins 600
residues in length, those tables can be
extended by noting that at the 1 percent
level of statistical significance, for pro-
teins 600 or more residues in length, the
binomial statistic can be excellently ap-
proximated by the normal distribution
with mean Te; and variance Te;(1 — ¢;),
where ¢; is the expected proportion of
amino acid /. Under the amino acid-ran-
dom hypothesis, at the 1 percent level of
significance the observed values should
lie between 51.05 = 16.20. Alanine, gly-
cine, and leucine are in excess of ex-
pectation and cysteine, histidine, lysine,
methionine, and tyrosine are significant-
ly less than expected. Under the genetic
code-random hypothesis aspartic acid,
glutamic acid, glutamine, and tryptophan
are in excess and arginine, cysteine, ly-
sine, and serine are in deficit (Table 1).
Under the abundance-random hypothe-

sis arginine, glutamine, histidine, lysine,
phenylalanine, and tryptophan are in ex-
cess, and isoleucine and lysine in deficit.
Thus assignable selective effects are
concentrated among eight amino acid
types representing 386 (genetic code ran-
dom) or 417 (natural abundance random)
of the total of 1021 residues. These
amino acids account for 90 percent of the
total chi-square value. The chi-square
value of 14.15 (15.35) for the remainder
of the molecule does not differ from ex-
pectation. The evolutionary process that
formed this part of the molecule may or
may not have been selectively neutral.
The above results indicate that all
three of the explanations put forward in
an attempt to explain the amino acid
composition of proteins are equally bad,
the probability of any of them being cor-
rect being little better than one in a bil-
lion. Either the structure of B-galacto-
sidase is not at compositional equilibri-
um or the usual explanations are wrong.
In all known protein families, each in-
dividual member of a given family has an
almost identical biological function with
respect to any other member of that fam-
ily: cytochrome c serves the same elec-
tron transport function in man as in
fungi. As structure determines function,
this functional equilibrium must reflect a
structural equilibrium, at least with re-
spect to amino acid composition, and for
some aspects of sequence as well (in-
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varient residues, for example). The fact
that all cytochrome ¢’s have an isoelec-
tric point near pH 9 is one manifestation
of this compositional equilibrium, as is
the fact that, for a given amino acid, the
number of residues of that amino acid in
any cytochrome c¢ does not vary wildly
from the mean value for the family. Spe-
cific sequence differences between pro-
teins of the same family appear to be
functional fine tuning resulting from the
process of natural selection with respect
to a given species (8). Similar statements
hold for the hemoglobin chains, parv-
albumins, lysozymes, and other protein
families. There is no reason to believe
that B-galactosidase is exempt from
these general considerations (the pre-
ponderance of shorter proteins in pre-
vious compilations of protein structure is
due to the fact that shorter proteins are
easier to sequence).

The conclusion is that the observed
amino acid composition of gB-galactosid-
ase from E. coli is not the sole result of a
selectively neutral evolutionary process
with respect to (i) base replacement
at the gene level, (i) equal inter-
changeability among amino acids, or (iii)
replacement drawn from a pool of amino
acids at their natural abundances in pro-
teins.

RicHARD HoLMQUIST
Space Sciences Laboratory,
University of California, Berkeley 94720
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Binding of cis- and trans-Dichlorodiammineplatinum(II) to DNA:
Evidence for Unwinding and Shortening of the Double Helix

Abstract. The antitumor drug cis-dichlorodiammineplatinum(II) (cis-DDP) and the
inactive trans isomer bind and produce cooperative changes in closed and nicked
circular duplex DNA’s. Covalent binding of both platinum complexes to the closed
circular DNA alters the degree of supercoiling, presumably by disrupting and un-
winding the double helix. Electron micrographs show the platinated DNA’s to be
shortened by up to 50 percent of their original length. At similar ratios of bound
platinum per nucleotide, the electrophoretic mobilities of the DNA’s in gels contain-
ing the dye ethidium bromide are the same for both isomers. The only detectable
difference in the binding of the two platinum isomers is an increase in the elec-
trophoretic mobility in nondye gels of closed circular DNA having small amounts of

bound cis-DDP that is not apparent for the trans complex.

Cis-dichlorodiammineplatinum(II) (cis-
DDP) is an antitumor drug of clinical im-
portance (I, 2). The trans isomer is in-
active, however. Since DNA is widely
believed to be the primary intracellular
binding site of cis-DDP, many investiga-
tors have looked for differences in the
DNA binding properties of the two plati-
num isomers (3, 4). Previously we
showed that cis-DDP binds covalently to
closed circular PM-2 DNA under condi-
tions (0.2M NaCl, 23°C) where trans-
DDP does not (5). Here we report an ex-
tension of this work in which the solution
conditions more nearly resembled those
found intracellularly and in which the ac-
tual amount of platinum bound was mea-

sured. A remarkable change in the de-
gree of supercoiling of the DNA was
found by gel electrophoresis to accom-
pany covalent binding of platinum. In ad-
dition, electron microscopy revealed a
pronounced and progressive shortening
of the DNA with increased platinum
binding.

Closed circular DNA’s used in this
study were isolated from Escherichia
coli strain K12 W677 cells containing the
plasmid pSM1 (). Closed circular,
rather than linear, DNA’s were em-
ployed because of the sensitivity with
which small tertiary structural changes
can be monitored (7) and because their
superhelical nature better mimics that of
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Fig. 1. Electrophoresis in 1 percent agarose gels of nicked and closed circular pSM1 DNA’s
incubated with (a and c) cis-DDP and (b and d) trans-DDP as a function of time. Gels contained
0.04M tris acetate, 0.02M sodium acetate, and 4 mM Na-EDTA, pH 8.1. The lower (c and d)
dye gels also contained ethidium bromide (0.5 ug/ml). The upper (a and b) gels were stained
with ethidium bromide (0.5 ug/ml) after electrophoresis. Within each slab, channels correspond
to DNA samples (0.2 ug/ml) incubated with platinum reagent for (left to right) 0, 2.5, 5.5, 10, 15,
22, 30, 60, 90, 120, 150, 180, 240, 360, 480, 600, 720, and 0 minutes. Electrophoresis was con-
ducted at 25 V for 15 hours at 4°C.
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