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ABSTRACT The primary structures of human and rabbit
fl-globin mRNAs are compared. Using as a standard the extent
of nucleotide substitutions inferred from the hypervariable
amino acid residues of fibrinopeptides A and B, which are
thought to change largely by neutral evolution, we show that
not all silent mutations in globin mRNA are neutral. The di-
vergence of the sequences is limited in part by the selective
usage of synonymous codons. The divergent nucleotides tend
to be distributed nonrandomly: in the coding region silent
substitutions are most rare in segments that are also deficient
in substitutions leading to replacements.

Until recently, the molecular evolution of nucleic acids could
not be studied with the directness possible for proteins (1), be-
cause the information was based largely on reassociation and
hybridization data, or on inferences from protein sequences.
However, simplified DNA (2, 3) and RNA sequencing tech-
niques are now available, and should provide a rapid increase
in our direct knowledge of the primary structure of genes. For
example, the entire nucleotide sequences of phage R17 and
OX174 genomes have been reported (4, 5), and we have derived
the complete sequence of rabbit gi-globin mRNA by sequencing
cloned DNA (6). Here we compare the sequence of rabbit and
human 0-globin mRNAs (7, 8) from the point of view of mo-
lecular evolution and mRNA function.

For clarity and convenience, we first define our use of some
important terms.

Substitution. The presence of different nucleotides in
equivalent positions of homologous DNA or RNA sequences.
Mutation is the initial change in an individual organism, while
substitution is a change in a population (9).

Replacement. The presence of different amino acids in
equivalent positions of homologous proteins (9).

Silent substitution. A nucleotide substitution that does not
lead to an amino acid replacement, either because of the de-
generacy of the genetic code, or because the nucleotide is found
in a noncoding region.

Silent substitution site. A site at which some but not neces-
sarily all of the potential substitutions are silent in the absence
of additional changes. Silent substitution sites in the coding
region are the third-base positions in the codons of all amino
acids except Met and Trp, and the first-base positions of some
Leu and Arg codons (e.g., of CUG, because UUG is a synonym,
but not of CUC, because UUC, AUC, and GUC are not syn-
onyms).

Replacement site. A site in the coding region, at which no
silent substitution is possible in the absence of additional changes
in the same codon. All positions in the mRNA are considered
as either replacement or silent substitution sites.

Neutral mutation. A mutation that does not result in a sig-

nificant selective advantage or disadvantage. This implies that
all functions of both the mRNA and the corresponding protein
are essentially unaffected by the mutation.

Percent substitution. A relative index of evolutionary rate
at the nucleic acid level. For any pair of known sequences or
portions thereof, this value can be calculated by dividing the
number of sites that show substitutions bv the total number of
sites and multiplying by 100. For determining absolute rates
(e.g., ref. 10), percent substitution values should be corrected
for multiple substitutions (11, 12) and divided by the time
elapsed since divergence of the two species. However, if two
pairs of sequences (e.g., /-globin mRNAs and fibrinopeptide
mRNAs; see below) are being compared in the same two
species, or in species that have diverged at the same time, the
percent substitution values can be treated directly as nonlinear
substitution rates. This is very useful, because paleontological
estimates of the time of divergence are often subject to con-
siderable uncertainty (13, 14).

Replacement-corrected percent substitution. By definition,
in some silent substitution sites some substitutions may lead to
amino acid replacement (e.g., U - G in CAU). To correct for
possible substitutions leading to replacements, the number of
silent sites can be multiplied by a "replacement correction"
factor, which is the sum of possible substitutions that would be
silent, divided by the sum of all possible substitutions (i.e., 3
times the number of sites).

A neutrality standard for mRNA sequences
The "neutral mutation-random drift" theory (15-17) implies
that some features of macromolecules are relatively unimpor-
tant, so that a significant number of neutral mutations are
possible and can be fixed in the population by random drift.
Neutralists agree that many mutants are deleterious and
therefore nonobserved. However, sometimes they consider all
or nearly all possible silent mutations as neutral (18, 12), which
would imply that no appreciable selection is operating on the
mRNA itself (e.g., on processing, secondary structure, stability,
translatability, etc.). Comparison of the g-globin sequences can
test this view, although of course not the general theory.

According to the neutralists, the rate of substitutions of
neutral alleles is equal to the mutation rate (15-17). Assuming
that the average rate of mutation per nucleotide is equal for
different genes, a test of whether an RNA sequence evolves by
neutral drift is whether its substitution rate equals that of an-
other sequence thought to be under no selective pressure
(neutrality standard). By contrast, it is commonly accepted that
natural selection acts conservatively at the molecular level, i.e.,
that functionally more important molecules or parts of a mol-
ecule are constrained and evolve more slowly than relatively
unimportant ones (e.g., see ref. 17). A recent detailed analysis
of the rates of hemoglobin evolution (19) has suggested that
replacement rates varied during the evolution of this protein.
being high at the outset, when positive selection improved the
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new protein, and decreasing more recently, when stabilizing
selection acted to preserve the important features of the pre-
viously improved structure. Thus if a part of the globin mRNA
sequence evolves less rapidly than the neutrality standard, we
consider it functionally important and infer that a fraction of
the possible mutations, being deleterious, have not become
established as substitutions because they have been rejected by
natural selection.
The choice of a neutrality standard is not easy. The fibrino-

peptides A and B evolve very rapidly (1), and despite evidence
that fibrinopeptide B is physiologically active in vitro (20), they
are commonly considered prototypes of neutral evolution.
However, some of their amino acid residues are relatively in-
variant (21), presumably because they are constrained by se-
lection. Moreover, even their most variable residues are prob-
ably under some selective pressure. They evolve at a rate similar
to that of the hypervariable segment of ribonuclease, for which
convincing evidence of selection exists in the form of highly
nonrandom usage of amino acids that are equally probable
according to the genetic code (22-24). It would seem that the
most rapidly evolving fibrinopeptide residues give a lower limit
for the percent substitution of a true neutrality standard. The
total fibrinopeptide residues would substantially underestimate
that standard.
The rapidly evolving residues, positions 4-11 and 15-20 in

fibrinopeptides A and B, respectively (alignments 20 and 21
of Dayhoff, ref. 1), are too few for calculation of a meaningful
standard based on human and rabbit alone. However, the time
separating all the major eutherian orders is comparable, though
uncertain in magnitude (13, 14, 25). Thus, e have calculated
the percent substitution values for replacement sites of the
hv pervariable regions in horse, ox, sheep, pig, dog, and cat, in
12 pair-wise comparisons relative to human and rabbit. After
conversion of amino acid to nucleotide sequences, and ex-

cluding deletions and ambiguities, we have deduced that 167
sites have undergone substitutions, while 138 sites have re-

mained unchanged. Thus, 55% substitution is a minimum
neutrality standard, and we consider lower values indicative
of selection. The total fibrinopeptide sites in the above animals
(616, excluding ambiguities and deletions) show significantly
lower percent substitution, 337% (P < 0.01); in human and rabbit
alone (43 total sites), the same value, 37%, is observed.

General comparison of the globin mRNAs
Fig. 1 shows the rabbit 3-globin mRNA sequence, together with
all differences found in the human sequence; Table 1 sum-
marizes the substitutions. Nucleotides are numbered beginning
after the initiator AUG (6). Besides the 3'-terminal poly(A), each
mRNA can be divided into three regions: 5' noncoding, coding,
and 3' noncoding. It is clear that the differences are limited and
not randomly distributed. Excluding three deletions in the 5'
noncoding region and a highly divergent part of the 3' non-

coding region (star in Fig. 1), a total of 66 substitutions in 553
sites is observed (11.9%). The substitutions are nearly equal in
frequency in coding and noncoding regions (11.1% and 14.9%,
respectively). By contrast, in the RNA phages the substitution
rate in the noncoding region is 6.5-fold lower than in the coding
region (26).

5' noncoding region
Comparison of this region in rabbit and human (6, 8, 27) reveals
limited divergence. Of the 56 nucleotides in the rabbit, three
correspond to deletions and seven to substitutions in the human.
Thus, the total divergence is 18% and the percent substitution
is 13%c-both significantly belowthe neutrality standard. We
conclude that this region is under considerable selective pres-

Table 1. Occurrence of substitutions at selected sites and segments
of 3-globin mRNAs*

Silent substitution sites Replacement sites

Segment Number % Number %

Raw Corrected

Replacement-
freet 14/103 14 22 0/185 0

Replacement-
richW 16/51 31 46 16/91 18

Total coding
region 32/156 20.5 30 16/276 5.8
Sum 48/432 (11.1%)

Total mRNAt 50/277 18.1 22 16/276 5.8
Sum 66/553 (11.9%)

* Shown as number of substitutions over sites considered, and as
percent substitution, both raw and replacement-corrected. Nu-
cleotides 63 and 219 (see Fig. 1) were considered only in the raw
values for total coding region and total mRNA, where they bias the
results against our hypothesis.
For definitions of these segments, see text. The replacement-free
segments span nucleotides 1-3, 21-56, 70-141, 174-199, 234-253,
267-327, 350-367, and 381-438. The incidence of silent substitutions
in these segments was significantly lower than in the remaining
replacement-rich segments according to x2 evaluation of binomial
proportions in a contingency table (P < 0.05).
Includes the entire 5' and 3' noncoding regions, except for the three
5' sites that correspond to deletions and the region corresponding
to the star in Fig. 1.

sure. Its conservativeness may be related to the functional re-
quirements for specific secondary structure (6), possibly related
to ribosome binding.

3' noncoding region
The 3' noncoding regions were also sequenced and compared
by Proudfoot (28). They show considerable divergence, much
of it due to unequal lengths: including the termination codon,
they consist of 95 nucleotides in rabbit and 135 nucleotides
in human. The divergent nucleotides are distributed very
nonuniformly. The most distal part, encompassing the 65 nu-
cleotides adjacent to the poly(A), shows only 10 somewhat
clustered substitutions (15%); thus we conclude that this part
is functionally important and is stabilized by selection. By
contrast, the proximal part nearest the coding region shows
marked divergence. It includes 30 nucleotides in the rabbit
(positions 439-468) and 70 in the human. Several alignments
are possible (e.g., see ref. 28), depending on the number of in-
sertions and deletions that are allowed (3 minimum). No more
than 22 nucleotides can be matched by any reasonable align-
ment, and the divergence is so extensive that if it proves to be
generally applicable, it may help explain the somewhat limited
cross-hybridization values for mammalian globin mRNAs
(29-31). Proudfoot (28) has pointed out that the difference in
the proximal part may have originated as a partial duplication
event. No conclusions can be drawn as yet concerning the
functional significance of this region.
Coding region: Replacement sites
Because of uncertainties in the human sequence, only 432 of
the 438 nucleotides in the coding region can be compared, of
which only 48 (11.1%7) are different (Table 1). This is fairly close
to the difference at the amino acid level (14 replacements in
146 residues or 9.6%).
Of the 48 substitutions, 16 are found in replacement sites

(shaded in Fig. 1), and 2 additional ones lead to replacement
although they are found in potentially silent substitution sites
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FIG. 1. Differences between the sequences of rabbit (upper line) and human (lower line) /3-globin mRNAs. Circled numbers on the left and

right indicate the amino acid positions. The nucleotides of the rabbit sequence are numbered from the first position following the initiator AUG
(6). The initiation and termination codons are boxed. Triplets of the translated region are separated by vertical lines. Nucleotide substitutions
leading to amino acid replacements are shadowed, and all other differences are indicated by bold face. The region immediately following the
termination codon is very divergent, and the longer human sequence (*) is shown separately. Unidentified residues are shown by ?s, and deletions
by -s. Dots indicate the silent substitution sites in the coding region. Overlining indicates the codons of the functionally most important amino
acid residues (19). Data are from refs. 6, 7, and 8.

(shaded and dotted in Fig. 1). The replacement sites have a 5.8%
substitution value which, as expected, is considerably lower than
that in the fibrinopeptide standard. Clearly, a large proportion
of the possible mutants are rejected by selection at the protein
level. Whether the replacements that are observed are neutral
or have selective value remains to be determined. Not all re-
placements are associated with the minimum possible number
of substitutions (see residues 5 and 76).

Like most structural genes for which data are available (32,
33), the i-globin gene shows polymorphism in both rabbit (34,
35) and human (36). In the rabbit, a common and phenotypi-
cally normal variant with 4 amino acid differences exists. The
four nucleotides that must be affected (positions 154, 167, 227,
and 334) also show substitutions between human and rabbit,
and indeed have tolerated extensive divergence during verte-
brate evolution (1).11 In human populations there is no evidence

Browne et al. (37) have reported a partial sequence of cloned 3-globin
DNA, apparently derived from the alternative allele of rabbit 0-
globin. Their sequence (nucleotide positions 277 to 445) indicates
that the allelic replacement at amino acid position 112 is due to a

single nucleotide substitution. The alleles also seem to differ by a silent
substitution at position 421. Approximately three-quarters of that
region (nucleotide positions 319 to 445) has also been sequenced by
Proudfoot (28); his sequence is identical to the one we have reported
(6).

for common and phenotypically normal variants, but poly-
morphism is manifested by the many abnormal variants (36).
These variants may be used to infer independently the nu-
cleotides present in some of the silent substitution sites of normal
human 3-globin mRNA, although such an analysis leads to
contradictory predictions for one site (codon 67) and a mistaken
prediction for a second (codon 50; ref. 7).
Coding regions: Silent substitution sites
Of the 156 silent substitution sites, 32 or 20.5% show substitu-
tions, 30 of them silent. Thus, these sites are significantly (P <
0.01) more conservative than the fibrinopeptide standard. Even
when replacement-corrected so as to consider exclusively pos-
sible substitutions that are silent (297 of a total of 462), the
percent substitution (30.3%) differs significantly from the fi-
brinopeptide standard (P < 0.01). We conclude that silent
mutations in the coding as in the noncoding regions are not
necessarily neutral, and that some stabilizing selection operates
on the mRNA itself. This selection is not as intense as that which
operates on the protein, because the substitution value is much
lower at the replacement sites (5.8%). A somewhat different
analysis of partial sequence data (10, 38) had previously tended
to support the notion that silent mutations are neutral.
The suggestion that silent mutations are not necessarily

neutral is strongly supported by the nonrandom use of synon-
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Table 2. Codon usage in fl-globin mRNA

U C A G 23

Phe3r UGU 3
[
UAU

1
3 [UGU

1
3 U

rhe [u~u 3 8 | rU 3UU8Tyr (Cys)
_UUC 5 8 UCC 3 5 UAC 2 3 UGC O C

U Ser

[UUA 0 UCA 0 FUAA 1 1 (Term) UGA 1 1 A
Leu (Term) 2

LUUG 0 LUCG 0 L|UAG 0 (Trp) UGG 2 4 G

UU 0 | U 3 8 HCAU 4 6 GU 0 U

LCUC 5 LCCC O CAC 5 12 CGC

GGC
Leu

U30
Pro

Hs LCG 2
Arg
L0 CCUA 0 |CA 3 |CAA 0°GAL 0 AG_1_ __UG 116 30 L_C__CG ° LA __ 3_7 LCGG 0 G

FAUU 1 ACU 5 FAAU 4 5 |AGU 4 6 U

1AU3 1
LA

A | (Ile) AUC ACC 3 5 AAC 5 9 AGC 0 C

LAUA 0 ACA ° 1 [AAA
3 6 AGA O A

(Met) AUG 1 2 LACG 0 LAAG 8 17 LAGG 3 6 G

GUU 4 7 GCU 7 11 GAU 1 6 GU 4 8 U

G _| |GUC 2 4 GCC 13 [GAC 5 GGC 814 C
G Val Ala2 Giy

GUA 0 GCA 1 2 FGAA 4 6 GGA 0 A

UGUG 13 25 LGCGG 1 G GAG
6

12 GGG 1 2 G

The frequency of use of each codon is shown for rabbit (upper left), human (lower left), and the sum of the two (right); amino acid positions
9, 10, 13, 14, and 128 of the human sequence are excluded. Term, termination codon. Underlined amino acids are those for which codon usage
in both species combined is significantly nonrandom according to a x2 test (P < 0.05, even after Yates's correction for small numbers); codon
usage cannot be evaluated statistically for the cases shown in parentheses, and is statistically random for the rest. Strongly favored codons (58%
of the translated region): CUG, GUG, UCU, UCC, CCU, CCA, ACU, ACC, GCU, GCC, CAG, AAG, AGU, AGG, GGU, GGC. More or less avoided
codons (10% of the translated region): CUC, GUU, GUC, ACA, GCA, GCG, AAA, GGG. Indifferent codons (29% of the translated region): UUU,
UUC, UAU, UAC, CAU, CAC, AAU, AAC, GAU, GAC, GAA, GAG. Assignments of the codons to these three categories are based on usage in
both rabbit and human mRNA, relative to the usage of synonymous codons.

ymous codons (see below). It is further supported by the non-

random distribution of observed substitutions: silent and
nonsilent substitutions tend to be clustered together, suggesting
that the evolutionary constraints operating at the mRNA and
protein levels tend to coincide.
The functionally most important and evolutionarily most

conservative amino acids in globin are clustered. For example,
overlining in Fig. 1 indicates the largely clustered distribution
of the codons for the 35 most important residues, i.e. those in-
volved in heme interactions, Bohr effect sites, and cat32 contact
sites (19). Because of the clustering, it is possible to define "re-
placement-rich" and "replacement-free" segments of the
mRNA by arbitrary but consistent rules. As defined in Table
1, replacement-rich segments are all those that include a sub-
stitution leading to replacement plus 6 nucleotides upstream
and 6 downstream from that substitution; replacement-free are

all segments excluded by this definition. The replacement-free
segments also prove significantly deficient in silent substitutions
(by a factor of two, relative to replacement-rich segments; Table
1). This deficiency is also observed if the replacement-rich
segments are defined somewhat differently (e.g., as extenting
4 or 8 nucleotides from each substitution leading to replace-
ment). The most dramatically conservative long segment,

centered at nucleotide 297, includes 14% of the coding region,
34% of the functionally most important amino acids, and only
1 silent substitution.
What might be the meaning of these correlations? Whenever

selection operates, deleterious mutations create a "genetic load"
for the organism. Suppose that an mRNA segment must be
base-paired for optimal mRNA function; its nucleotides are then
constrained against substitution. If some of these nucleotides
are also constrained by coding for functionally important amino
acid residues, the overall genetic load would be reduced relative
to that which would have been required if the segments im-
portant for mRNA and protein functions were noncoincident.
Coincidence, then, might be viewed as "coadaptation" of
protein and mRNA functions.

Possible significance of the limited divergence: Codon
selection
As previously noted (6, 7), and as shown in Table 2, synonymous
codons are used quite nonrandomly, and similarly in both 4-
globin mRNAs. This implies selection of the nucleotides oc-
cupying the silent substitution sites. There are 54 possible codons
corresponding to amino acids abundant enough in (3-globin to
permit statistical evaluation of possible preferential codon
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usage. Of these, 16 are strongly favored, 8 are more or less
avoided, 18 are not used at all, and 12 are indifferent, i.e., they
are not used at a frequency significantly different from that of
their synonyms (Table 2). The preferential codon usage in J3-
globin mIRNA is positively correlated with the relative abun-
dance of the respective isoacceptor tRNAs in rabbit reticulo-
cytes (D. Hatfield, R. C. Matthews, and M. Caicuts, unpublished
data; see also ref. 6 for a review of the older literature). This
helps explain the preponderance of C - U transitions (23 of
66, or 17 of 30 silent substitutions in the coding region); in
general these transitions do not change the tRNA species needed
for translation, as a result of wobble. Selective codon usage has
also been noted in a variety of eukaryotic and prokaryotic
mRNAs, including RNA phages, and is specific for different
mRNAs (e.g., refs. 4, 6, 39-41).
The adaptive value of codon selection is as yet unknown. The

general bias against C-G doublets in eukaryotic DNA (42) is also
manifested by the nonuse of all four CGX codons, and of all but
one XCG codons (Table 2). It may be speculated that some
isoacceptor tRNAs modulate the rate of translation (43-46). An
alternative explanation of codon selection is the "adaptation"
of the tRNA pattern to the demands of translation (47).
Possible significance of the limited divergence:
Secondary structure
Selection at the mRNA level maxr operate not only through
codon preference, but also through requirements for specific
three-dimensional features, including base-paired regions.
Spatial features may be important for interaction with any one
of many possible factors affecting mRNA maturation, pro-
cessing, stability, translation and degradation. Physical studies
reveal that globin mRNAs (48, 49), like RNA phages (4, 50),
have considerable secondary structure. According to a plausible
secondarx structure model of phage MS2 RNA (4), double-
stranded regions diverge at a rate 2.5-fold lower than single-
stranded regions (26). For proper evaluation of the possible role
of base pairing in limiting the evolutionary divergence of f-
globin mRNAs, it is necessary to construct and experimentally
test thermodynamically optimized secondary structure models
(G. Pavlakis, N. Vamvakopoulos, and J. N. Vournakis, unpub-
lished).
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