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Proteins of Escherichia coli come in sizes that are multiples of
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ABSTRACT Initial attempts to correlate the distribution
of gene density (number of gene loci per unit length on the
linkage map) with the distribution of lengths of coding se-
quences have led to the observation that 46% of approximately
1000 sampled proteins in Escherichia coli have molecular
masses of n x 14,000 ± 2500 daltons (n = 1, 2, ...). This
clustering around multiples of 14,000 contrasts with the 36%
one would expect in these ranges if the sizes were uniformly
distributed. The entire distribution is well fit by a sum of
normal or lognormal distributions located at multiples of
14,000, which suggests that the percentage of E. coli proteins
governed by the underlying sizing mechanism is much greater
than 50%. Clustering of protein molecular sizes around mul-
tiples of a unit size also is suggested by the distribution of
well-characterized HeLa cell proteins. The distribution of gene
lengths for E. coli suggests regular clustering, which implies
that the clustering ofprotein molecular masses is not an artifact
of the molecular mass measurement by gel electrophoresis.
These observations suggest the existence of a fundamental
structural unit. The rather uniform size of this structural unit
(without any apparent sequence homology) suggests that a
general principle such as geometrical or physical optimization
at the DNA or protein level is responsible. This suggestion is
discussed in relation to experimental evidence for the domain
structure of proteins and to existing hypotheses that attempt to
account for these domains. Microevolution would appear to be
accommodated by incremental changes within this fundamen-
tal unit, whereas macroevolution would appear to involve
"quantum" changes to the next stable size of protein.

Analysis of gene density on the genetic map of Escherichia
coli has shown that the frequency distribution is lognormal
(1)-that is, a skewed distribution with low densities occur-
ring frequently and high densities occurring infrequently. It
was concluded that such a skewed distribution was unlikely
to be an artifact due to the small sample of genes that have
been mapped. The lognormal character of the frequency
distribution wvas found for both the 1976 map (2) and the 1983
map (3), which included many more loci. More important, it
was argued that the skewed distribution is fundamental in the
sense that the distribution of protein sizes, and hence their
coding sequences, appears to be lognormal. This is suggested
by visual inspection of typical O'Farrell gels (4). Since the
migration distance in the NaDodSO4/PAGE dimension is
approximately proportional to the logarithm of protein mo-
lecular mass, the nearly normal distribution of protein spots
suggests a logarithmic distribution of molecular masses.

Size Distribution of E. coli Proteins

The new protein catalog for E. coli (5) has made it possible
to refine the protein size distribution. Approximately 1000

different proteins (polypeptide chains) have been isolated on
O'Farrell gels and associated with a region of the genome
containing their coding sequence. When the frequency dis-
tribution of molecular masses for these proteins is plotted,
one finds the expected skewed distribution (1).

Further analysis with more refined class sizes for molec-
ular mass shows that although the "envelope" of this
distribution is nearly lognormal, there is a pronounced "fine
structure" (Fig. 1). A class size of 2 kDa was chosen for this
distribution because it smooths out random variations on the
scale of experimental error while retaining the fine structure
expressed on a scale larger than this error. A periodicity of
about 14 kDa is seen. Forty-six percent of the proteins have
molecular masses of n X 14 ± 2.5 kDa (n = 1, 2, ...). This
clustering around multiples of 14 kDa contrasts with the 36%
one would expect in these ranges if the sizes were uniformly
distributed. This period of 14 kDa is evident for four cycles
and then disappears as the data at higher molecular masses
become sparse; the clustering per cycle is 51% at n = 1, 44%
atn = 2,42%atn = 3,52%atn = 4, and37%atn>4. The
same periodic pattern is evident when class sizes of 1, 2, ...,
7 kDa are used, but disappears, as expected, when class sizes
greater than or equal to the period of 14 kDa are used. The
period also is unaffected by the phase with which the smaller
class sizes are laid out; i.e., whether the first interval is
started at 0, 1, 2, ... kDa. Minima in these distributions occur
reproducibly at 23, 37, 51, and 65 kDa. These results are
summarized in Table 1. Thus, the 14-kDa period is not the
result of a fortuitous choice of class size or phase.

If the four peaks are represented by the sum offour normal
distributions, and one estimates the mean, standard devia-
tion, and contribution (or amplitude) of each to the net
distribution, then one obtains the results given in Table 2.
These are the estimated parameter values, with the corre-
sponding standard deviations in the estimates, that produce
the best fit to the empirical distribution in the sense of
least-squared error. The estimation was done by computer
using the Gauss-Newton method. The estimated means for
the four peaks reinforce the notion of a fundamental 14-kDa
period. If one assumes a sum of four lognormal distributions,
rather than normal distributions, one obtains essentially
identical values for the means. If the frequencies are weight-
ed according to their molecular mass, again one obtains
essentially identical estimates for the means. Fig. 2 shows the
empirical data for molecular masses from 0-66 kDa and the
estimated distribution based upon the sum of four normal
distributions. For emphasis, the sparse and more erratic data
at higher molecular mass have been omitted from this figure.

Size Distribution of Animal Cell Proteins

The size distribution of total HeLa cell and other animal cell
protein (6, 7) is skewed and generally similar to that ofE. coli.

Abbreviation: bp, base pair(s).
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FIG. 1. Multimodal frequency distribution of protein sizes for E.
coli. Molecular masses were estimated from migration distance in
two-dimensional gels (5) by piece-wise logarithmic interpolation
between (and extrapolation from extreme) reference markers, since
migration distance is not strictly related to the logarithm ofmolecular
mass. The reference markers used were 10, 12, 15, 20, 25, 30, 35, 40,
45, 50, 60, 80, 100, and 160 kDa, corresponding to standard migration
distances of 10, 20, 32.3, 48, 60, 70, 78, 85, 91, 97.5, 103.5, 112, 116.5,
and 122.5mm (see figure 1 ofref. 5). The molecularmasses calculated
in this fashion for a sample of 56 proteins whose genes have been
sequenced are 99.4% correlated with their gene lengths (see text).
The same form of distribution is obtained whether or not the proteins
with an asterisk in table 5 of ref. 5 are included. See text for
discussion.

Although the periodicity of 14 kDa in the E. coli distribution
can be detected in one of the earlier studies (6), it was not
noted by the authors. Since the number of distinct proteins
(and therefore coding sequences) represented by a given
molecular mass sample was not determined in this earlier
study, one might have attributed the fine structure to differ-
ential expression of coding sequences with a uniform size
distribution. The HeLa cell distribution in this same study (6)
has a less pronounced fine structure. A better test of fine
structure in the distribution of HeLa cell proteins could be
obtained by analysis of data from two-dimensional gel elec-
trophoresis. Although the published catalog of HeLa cell
proteins is not as extensive as that for E. coli, 99 major
proteins have been well characterized (8). The frequency
distribution of molecular masses for 88 of these proteins is
shown in Fig. 3. The 11 largest proteins, which constitute a
very sparse set of data, have been omitted. The distribution
suggests a clustering of proteins at 19, 32, 46, 57, and 68 kDa.
All relevant class sizes and phase relationships have been
examined, and minima in the distributions occur reproduc-
ibly at 24, 40, 61, and 79 kDa. These results suggest a
clustering of protein molecular masses not unlike that seen
for E. coli proteins, although perhaps shifted toward some-
what higher molecular masses. However, one should not
place too much emphasis upon the numerical values of the
peaks given above, since the data are limited and no statis-
tically significant estimates of the means and standard devi-
ations for the peaks could be obtained.

Size Distribution of E. coli Genes

Although care was taken to ensure that the periodicities seen
in Figs. 1-3 are not due to the manner of plotting the data, one
might ask whether the two-dimensional gel methods them-
selves could introduce such artifacts. There is no evidence to
suggest that they do lead to clustering of protein spots, but a
more direct and independent test would be provided by the
lengths of coding sequences in the genome.
The lengths of all E. coli coding sequences currently in

GenBank were determined and their distribution was plotted
(Fig. 4). Leader and signal sequences and precursor forms

Table 1. Minima in the frequency distributions of protein
molecular masses for E. coli

PS* Positions of minimat (kDa), with associated ratiost
Class size: I kDa

0 23.5 30.5 36.5 45.5 50.5
217/7 50/7 249/11 71/9 13/4

0 23.0
248/17

1 24.0
336/18

0 22.5
198/21

1 22.5
153/18

2 24.5
252/21

0 22.0
104/24

1 23.0
180/22

2 24.0
196/22

3 21.0
104/27

0 22.5
145/22

1 23.5
125/25

2 24.5
145/26

3 20.5
90/27

4 21.5
95/23

Class size: 2 kDa
37.0 45.0 53.0

222/19 44/23 58/9
30.0 37.0 50.0
58/22 196/17 32/11

Class size: 3 kDa
37.5 52.5

153/17 42/10
34.5 43.5 49.5
87/21 42/20 24/11
36.5
93/17
Class size: 4 kDa

38.0 50.0
88/22 12/12
35.0
92/23
36.0 52.0
96/21 40/12
37.0
76/17
Class size: S kDa

37.5
55/19
38.5
40/21
39.5

145/21
35.5
50/21
36.5
60/18

51.5
35/10

55.5 59.0 65.5
24/8§ 18/7§ 18/4§

59.0
8/6

56.0 60.0
20/7 8/6

65.0
9/3§
65.0
12/3

58.5 64.5
15/4 12/2

65.0
24/2

66.0
8/2

66.0
8/3
65.0
4/3

68.5
10/3
64.5
20/2

55.5
20/13

Averages
22.8 30.3 36.8 44.7 51.1 55.7 59.1 65.5

*Phase shift in kDa.
tMinima are recorded when they have an associated ratio -1.
tArea of the "valley" from the value of the lowest adjacent peak
down to the value of the minimum, divided by the value of the
minimum.
§Minima with value zero are arbitrarily given a value equal to the
minimum of the nearest nonzero neighbor, to avoid infinite ratios.

were omitted as well as the largest 14 genes that constitute too
sparse a data set, leaving a total of 146 genes. The distribution
suggests a clustering of lengths at about 400, 800, 1200, and

Table 2. Parameter values for the four normal distributions
producing the best fit to the net distribution of protein
molecular masses for E. coli

Standard
Component* Mean deviation Amplitudet

(i) (I) cr) (A,)
1 13.90 ± 0.605 3.168 ± 0.601 612.26 ± 113.19
2 28.65 ± 0.937 5.481 ± 1.035 756.30 ± 116.87
3 43.13 ± 1.447 3.374 ± 1.647 348.03 ± 328.42
4 53.85 + 8.287 6.511 + 6.615 302.52 + 338.74

*F = 5I;41 Ai[(21r)1/oJj-1 exp[-(M - Iu)2/2o92], where M is the
molecular mass.
tThese numbers are twice the actual values because frequencies are
counted twice with a class size of two.
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FIG. 2. Multimodal frequency distribution of protein sizes for E.
coli. The data in Fig. 1 between 0 and 66 kDa are replotted on an
expanded scale for emphasis. The smooth curve is the best-fitting
distribution composed of the sum of four normal distributions. The
estimated values for the parameters ofthe four distributions are given
in Table 2.

1600 base pairs (bp), corresponding approximately to pro-
teins of 14.6, 29.3, 44.0, and 58.6 kDa (see below). All
relevant class sizes and phase relationships were examined,
and minima in the distributions occur reproducibly at 650,
975, 1475, and 1850 bp. Again, one should not place too much
emphasis on the numerical values of the peaks given above,
since the data are too limited to obtain statistically significant
estimates for their means and standard deviations.
A plot of molecular mass [estimated from migration dis-

tance in two-dimensional gels (5) by piece-wise logarithmic
interpolation between reference markers] against gene length
for a sample of 56 proteins that have been identified in
two-dimensional gels and whose genes have been sequenced
shows the two measurements to be highly correlated (corre-
lation coefficient = 0.994). The samples include the full range
of molecular mass and basic as well as acidic proteins. The
slope of the regression line indicates an average molecular
mass of 110 ± 1.5 Da per amino acid residue. Thus, the full
scale of 70 kDa in Fig. 2 corresponds closely to the full scale
of 1900 bp in Fig. 4.
These results on gene lengths reinforce the conclusion

based on protein sizes and argue that the 14-kDa periodicity
is not an artifact introduced by the electrophoretic methods.
However, at this time the best data for making a statistically
significant estimate of the preferred protein sizes is still the
two-dimensional gel data for E. coli, where the data are
10-fold more abundant.
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FIG. 3. Frequency distribution of molecular sizes for 88 well-
characterized proteins from HeLa cells. Molecular masses are
published values estimated from migration distance in two-dimen-
sional gels (8).
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FIG. 4. Frequency distribution of gene lengths for E. coli. All but
the 14 largest lengths for E. coli genes ofknown sequence are shown.
A class size of 150 bp was selected to diminish the random variation
associated with the small sample of genes.

A Structural Unit of 14 kDa

The most straightforward interpretation of these results is
that a basic structural unit of about 14 kDa exists.* A large
fraction ofE. coli proteins could be composed of such 14-kDa
units, perhaps much greater than 50%. Two types of expla-
nations can be posited to account for this observation:
accidental fixation or selection. According to the first type,
there was a primordial protein ofabout 14 kDa from which the
current proteins of E. coli have evolved. Larger proteins
undoubtedly have been constructed by duplication and as-
sembly of such units. Proteins smaller than 14 kDa may have
evolved from the 14-kDa unit size or independently. In any
case, the evolution of proteins by assembling the basic units
and possibly such smaller peptides could yield the periodic
pattern seen in Figs. 1 and 2. According to this type of
explanation, the DNA sequences for these proteins should
show considerable homology. However, the fact that there
are no data to indicate a corresponding degree of repeated
sequence homology or families of multiple homologous
sequences in the E. coli genome suggests that the sequences
of the 14-kDa units are not highly conserved. In the absence
of other factors, any periodic pattern should disappear with
time because of the leveling influence of random insertions
and deletions. Alternatively, according to the second type of
explanation, the clustering of sizes could be the result of
selective pressures operating at the DNA or protein levels.
Some mechanisms that might account for such selection are
discussed in the following section. In the case of either type
of explanation, the question remains: What determines the
unit size and its dispersion?
The rather uniform size of this basic unit in the apparent

absence of sequence uniformity suggests that a general
principle such as geometrical (sizing, positioning) or physical
(stabilizing) optimization at the DNA or protein level is

*It is interesting that such a structural unit was originally suggested
on the basis of a small sample of proteins by several investigators
in the period between 1930 and 1940. The hypothesis that globular
proteins have molecular weights that are multiples of a basic unit
was put forward by Svedberg in 1929 and later refined to the formula
(9) molecular weight = n X 17,600, where n = 1, 2, 4, 8, 16, 48, 96,
(168), 192, 384, 576. This molecular weight sequence also was
suggested in proposals by Wrinch (10), whose "cyclol hypothesis"
predicted stable three-dimensional structures with 144 and 288
amino acid residues, and Bergmann and Niemann (11), whose
hypothesis of periodicity of amino acids in peptide chains led them
to suggest stable protein structures of n x 288 amino acid residues.
These proposals were refuted strongly by a number of workers, and
the status of this work was well-reviewed in a number of classical
texts of this period (12-14).
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responsible. Existing hypotheses for domain structure at the
DNA or protein level provide a number of specific sugges-
tions.

Domain Concepts

Folding Domains. Multiple domains of relatively compact
structure in globular proteins have been noted for some time
(15-18). Wetlaufer (16, 17) has argued that such domains
permit simultaneous folding of independent regions and thus
facilitate the folding of native proteins on a biologically
acceptable time scale. The small sample of proteins from
which these observations have been drawn has not suggested
a uniform size for such domains. Richardson (18) noted that,
although the commonest domain size is between 100 and 200
residues, there appears to be no definite upper limit. The
range observed covers an order of magnitude (40-400) and
varies according to the major structural category of the
proteins being examined. Wetlaufer (16) observed a range
from about 20-40 to 150 amino acid residues and speculated
that this size range may result from a relationship between
"nucleation time" and "growth time" for the domains.
Karplus and Weaver (19), however, argued against this
"random-search nucleation and chain propagation" mecha-
nism for protein folding, at least for domains in the range of
concern here. The alternative they suggested is a mechanism
based on "diffusion and collision," but it is not clear that this
mechanism would predict an optimum size of 14 kDa for
these domains.
More subtle structural modules within proteins that lack

domain or supersecondary structure, as defined above, have
been reported by Go (20, 21). The sizes of these modules
(20-40 amino acids) are at the lower limit of the putative
folding domains suggested by Wetlaufer (17).
Immunoglobulin Domains. Another domain concept has

developed in immunology following the structural determi-
nation of immunoglobulin proteins (22-24). The domains in
this case correspond to exons in the genome (25, 26). Other,
non-immunoglobulin components of the immune system
have been shown to possess similar domains, and their
sequence relatedness has suggested an evolutionary relation-
ship among these molecules (27-31). This family also may

include proteins associated in a general way with the function
of cell recognition (28). These appear to have an internal
disulfide-bonded loop approximately the size (10 kDa) of an
immunoglobulin domain and to be members of a family
related by sequence (28-33). The sequence relatedness has
suggested a specific functional rationale and evolutionary
relationship for these domains (28), which may be difficult to
justify in the general case of E. coli proteins.

Functional Domains. It is well-known that most active
centers are located in clefts on the surface of protein
molecules and at the interface between domains. A particu-
larly convincing explanation has been given for the location
of centers between domains in a/8 proteins (34). Recent
studies of the reactivity of antipeptide antibodies have
suggested that mobility of one domain relative to another may
be an essential part of protein-protein recognition in general
(35, 36). There is no evidence that these functional require-
ments would lead to the 14-kDa unit described here.
Exon Domains. There may be alternative explanations

based upon the mechanisms of gene rearrangement or the
physical chemistry of chromatin. A common hypothesis is
that genes evolve by the duplication and shuffling of rela-
tively conserved exons (37, 38), which further suggests a

mosaic arrangement of functional domains for proteins (25,
39-41). Could this hypothesis alone account for the 14-kDa
unit? I don't believe so (even ifwe were to grant the existence
of such a shuffling mechanism in E. coli). One would have to
postulate some additional mechanism to account for the

single, strongly conserved size of 14 kDa. The sizes of exons
often correspond to polypeptides that are much smaller than
14 kDa (21, 42, 43), and the polypeptides do not always
correspond to functional domains in proteins (41).
On the other hand, since many exons have sizes that tend

to cluster around 120-150 bp (polypeptide mass 4.4-5.5 kDa)
(42, 43), the 14-kDa unit might be composed of two or three
protein modules of the type defined by Go (21). Composites
of two or three modules per subunit might be expected, since
75% of all proteins appear to be composed of either two or
four subunits (7). Each subunit of such a multimeric protein
must have at least two functional domains-one for binding
to other subunits and one for expressing a function associated
with the native protein. Larger polypeptides, which are
composed of multiples of the 14-kDa unit, would presumably
have arisen by fusion of such 14-kDa units.
Because many exons have sizes that tend to cluster around

120-150 bp (42, 43), one might expect to find this reflected in
the protein size distribution, particularly at lower molecular
mass. Fig. 2 shows no evidence of a 6-kDa periodicity within
the first peak at 14 kDa. There is an apparent splitting of the
peaks at 28, 42, and perhaps 56 kDa, but this depends upon
heavily weighting single experimental values. The signifi-
cance of this apparent splitting is difficult to assess because
the empirical data themselves are not always accurate to
within 1-2 kDa and because a shifting of the class intervals by
1 kDa in phase can abolish the splitting seen in Fig. 2. It is
possible that proteins from eukaryotic cells, in which splicing
mechanisms are more prominent, might display a periodicity
of 6-8 kDa. However, the limited data for HeLa cells in Fig.
3 and in plots with alternative phases do not reproducibly
suggest a periodicity in this range.
Chromatin Domains. At the level of chromatin structure, a

repeat unit of 380-bp length might have selected for proteins
with the corresponding domain structure. However, the
physical basis of such putative 380-bp units, and whether
such a mechanism would be more fundamental than those
acting directly on protein structure, would have to be
established.

In the case of eukaryotic chromatin, there is good evidence
for a dinucleosome structure (44) consisting of 1 and 3/4 turns
of DNA (146 bp) plus linker DNA (22-100 bp, depending
upon cell type) per nucleosome (45). Thus, the dinucleosome
unit totals 336-492 bp ofDNA. Although alternative models
of chromatin structure based on the dinucleosome unit exist
(45-47), recent evidence is consistent only with the
"crossed-linker" model (45). For the structure of this chro-
matin unit to be reflected in the sizes of mature proteins, in
the most straightforward interpretation, would require exons
of a commensurate size (and perhaps suitable phasing).
However, as noted above, exon sizes have been reported to
cluster around 120-150 bp (42, 43). There are some obvious
implications that must be tested before these observations
can be reconciled.
At present, the evidence for such structures in the

nucleoids of E. coli is less certain but still suggestive.
Fragments of DNA resistant to DNase I digestion have sizes
of about 120 bp, not unlike that associated with eukaryotic
nucleosomes (48). Electron micrographs have suggested a
rather fragile, chromatin-like structure with condensation of
DNA in blocks of about 250 bp (49).

Interesting experiments regarding the mechanisms of
recombination/transcription/translation/protein stability, as
a function of gene length, are suggested by these units of
DNA and protein organization.

Evolutionary Implications

A strongly conserved structural unit for proteins would have
important implications for evolution. Amino acid substitu-

Biochemistry: Savageau
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tions and small insertions/deletions could lead to incremental
changes within existing proteins and thus microevolution.
This would contribute to the dispersion in the peaks of Fig.
2. However, one would not expect larger changes (macroev-
olution) to occur by the accumulation of small incremental
changes in existing proteins. Beyond certain sizes, the
proteins would be unstable or otherwise strongly selected
against. Instead, macroevolutionary "leaps" would occur by
"quantum" changes to the next stable size of protein.
Entirely new functions, characteristic of a complete poly-
peptide domain, could be added to a protein in this fashion,
and in the case of regulatory proteins, the ability to activate
an entire developmental program might be acquired.
These general ideas have often been suggested in connec-

tion with gene duplication and shuffling; what I am suggesting
here is that perhaps another mechanism, having to do with
sizing or stability and leading to the 14-kDa unit, might have
a profound selective influence on such processes.

Conclusion

The distribution of E. coli proteins shows a distinct periodic
pattern with sizes clustering around multiples of about 14
kDa. A similar pattern is suggested for HeLa cell proteins,
although the data presented are less extensive. The periodic
pattern in the size distribution of genes from E. coli shows
that the periodicity in the size distribution of proteins is not
simply an artifact of molecular mass measurement by gel
electrophoresis.
There is experimental evidence for domains of various

sizes. Although there are hypotheses that account for many
of these, none provides a completely satisfactory explanation
for the 14-kDa protein unit reported in this paper. The
strongly conserved size, together with the apparent lack of
sequence homology, suggests that the 14-kDa units exist for
some fundamental geometrical or physical reason and then
serve as "frameworks" for the construction of essentially all
functional proteins. In some cases, the framework itself also
might possess functional properties; in other cases, the
functions might be "added" to the framework at junctions
between 14-kDa units of the framework or at the ends of such
units. Whatever the physical basis for this strongly conserved
14-kDa structural unit, it has important implications for our
understanding of molecular evolution, particularly the rela-
tionship between micro- and macroevolutionary events.
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