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Fig. 3. Accumulation of SpEGF2 mRNA during 
development. Two micrograms of total RNAs 
from eggs and embryos at the indicated times of 
development were analyzed by blot hybridization 
as described (15) with a probe corresponding to 
the sequence of amino acid 303 to the 3' end of 
the mRNA. Exposure was for 1 day with two 
intensifying screens. Developmental times of 9, 
15, 24, 48, and 72 hours correspond to late 
cleavage, early blastula, mesenchyme blastula, late 
gastrula, and pluteus stages, respectively. Size 
calibration was provided by positions of the ribo- 
somal RNAs. 

The exact developmental role of the 
SpEGF2 peptide (or peptides) is unknown. 
The EGF-like peptides present in the blasto- 
coelic fluid of A. crassispina cause exogastru- 
lation of embryos of several different sea 
urchin species, including a species of Stron- 
gylocentrotus, when added to  the outside of 
embryos ( 1 1). Their immediate morphologi- 
cal effect on blastulae, thinning of the vege- 
tal plate, implies that precursor cells of 
endoderm and secondary mesenchyme can 
respond to these peptides and suggests a 
role in early events of gastrulation. 

REFERENCES AND NOTES 

1. K. A. Wharton, K. M. Johansen, T. Xu, S. Arta- 
vanis-Tsakonas, Cell 4 3 ,  567 (1985). 

2. H.  Vassin et dl . ,  EMBO J .  6 ,  343 1 ( 1987). 
3. I. Greenwald. Cell 4 3 .  583 11985). 
4. I. Yochem k d  I. ~re inwald.  ibid.'58. 553 11989): - , -  ~~ ~ ~ , \ ,, 

J. Austin and J. Kimble, ibid.: p. 565. 
5. D. J. G. Rees et al.,  EMBO J .  7 ,  2053 (1988). 
6. H. Marquardt, M. W. Hunkapiller, L. E. Hood, G. 

J. ~ o d a i o ,  Science 2 2 3 ,  1079 11984). 
7. A. W. Burgess, Br. Med. Bull. 4 5 ,  401 (1989). 
8. P. Y. Chou and G. D. Fasman. Adv.  Enxvmol. 47. 

45 (1978); J. ~ a m i e r ,  D J. Os&thorpe, B: ~ o b s o n ;  
J. Mol. Biol. 1 2 0 ,  97 (1978). 

9. K. H. Mayo, P. Schaudies, C. R. Savage, A. De 
Marco. R. Kapstein. Biochem. 1. 2 3 9 ,  13 (1986); G. 
T. ~ontelion'e, K. ~ i i t h r i ch ;  E. C. Nice, A. W. 
Burgess, H. A. Scheraga, Proc. .Vat/. Acad. Sci. 
U . S . A .  8 4 ,  5226 (1987); K. Makino et al.,  ibid., p. 
7841; R. M. Cooke et al.,  Nature 3 2 7 ,  339 (1987). 

10. M. L. Birnstiel et al.,  Cell 4 1 ,  349 (1985). 
11. T. Suyemitsu et al.,  Cell DiJ Dev.  2 6 ,  53 (1989). 
12. A. B. Smith, Mol. Biol. Evol. 5 ,  345 (1988). 
13. D. A. Hursh, M. E. Andrews, R. A. Raff, Sciettce 

2 3 7 ,  1487 (1987). 
14. Q. Yang, L. M. Angerer, R. C. Angerer, unpub- 

lished observations. 

Chromosomal Location and Evolutionary Rate 
Variation in Enterobacterial Genes 

The basal rate of DNA sequence evolution in enterobacteria, as seen in the extent of 
divergence between Escherichia coli and Salmonella typhimurium,~varies greatly among 
genes, even when only c'silent" sites are considered. The degree of divergence is clearly 
related to the level of gene expression, reflecting constraints on synonymous codon 
choice. However, where this constraint is weak, among genes not expressed at high 
levels, divergence is also related to the chromosomal location of the gene; it appears 
that genes M e s t  away from oriC, the origin of replication, have a mutation rate 
approximately two times that of genes near oriC. 

E VOLUTIONARY RATES AT THE DNA 
sequence level are determined by the 
nucleotide mutation rate and the 

subsequent effects of natural selection; gen- 
erally, only the latter is considered to vary 
among genes in a genome. If "silent" codon 
positions (that is, those which can be 
changed without affecting the amino acid 
sequence of the gene product) are effectively 
neutral as suggested (I), the nucleotide sub- 
stitution rate at silent sites should reflect 
only the mutation rate (2). Thus, synony- 
mous nucleotide substitutions should accu- 
mulate at similar rates in different genes and 
potentially constitute a useful molecular 
clock (3). However, silent substitution rates 
have been found to vary among genes in 
animals (4, 5) and bacteria (6, 7); the ques- 
tion is whether this reflects variation in 
mutation rates, selective constraints, or  
both. 

In Escherichia coli it is clear that synony- 
mous codons are not selectively equivalent: 
codon usage is highly biased, the "preferred" 
codons are those recognized most accurately 
and/or efficiently by the most abundant 
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tRNA species, and the degree of bias is 
greater in genes expressed at high levels (8). 
Both tRNA levels (9) and patterns of codon 
usage (7, 9) are conserved between E. coli 
and Salmonella typhimurium, and so it would 
be expected that genes retaining high codon 
usage bias in both species must have accu- 
mulated fewer substitutions. This is indeed 
the observation: comparison of 67 pairs of 
homologous gene sequences (10) from the 
two species (Fig. 1A) shows that the extent 
of divergence at silent sites (expressed as the 
corrected number of base substitutions per 
synonymous site, Ks) is significantly nega- 
tively correlated with the degree of bias in 
codon usage (Table 1, model 1). (Codon 
usage bias is measured by the codon adapta- 
tion index, CAI; see legend to Fig. 1.) Thus, 
selection among synonymous codons, which 
is most prevalent in highly expressed genes, 
forms an evolutionary constraint (7). How- 
ever, this cannot explain all of the variation 
in degree of divergence; in particular there 
are some genes with low codon bias but 
surprisingly low divergence (such as those 
indicated by open circles in Fig. 1A). 

We noticed that these anomalous (that is, 
having low codon bias and low divergence) 
genes are located near oriC, the origin of 
replication of the bacterial chromosome at 
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84 min. [Gene order in E. coli and S. 
typhi~~rrviuvn is highly conserved (11, 12)]. 
T; investigate this further, we plotted the 
degree of divergence at silent sites in a gene 
as a function of its distance from oviC (Fig. 
1B). If genes with highly biased codon 
usage are(for the moment) disregarded, it is 
clear that the divergence increases signifi- 
cantly with distance from oviC (Fig. 1B); 
this effect is only slightly less convincing 
when the highly biased genes are included 
(Table 1, model 2). Thus, genes near the 
terminus of replication (for example, the che 
and tvp operons) are typically twice as diver- 
gent (between E. coli and S, typhimuvium) as 
genes located near the origin (for example, 
dnaA and rtzetB), though they have similar 
levels of codon bias. 

When considered simultaneously (assum- 
ing a linear additive relation), codon bias 
and map position are predictive of the de- 
gree of divergence; the combined model 
(Table 1, model 3) is a better predictor than 
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$ .- 

. 
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0.4 

0.0 
0 1 0  20  30 40  50 

Distance 

Fig. 1. Relation between codon usage bias, map 
position, and silent substitution rate among 67 
enterobacterial genes. Each point is a pair of 
homologous genes compared between E. coli and 
S .  typhimuviurn. (A) Divergence at silent sites (Ks) 
as a function of codon usage bias (CAI). Ks is the 
number of nucleotide substitutions per silent site, 
after correction for multiple hits (22). CAI is the 
codon adaptation index; we estimate the optimali- 
ty of a gene as a function of the optimality of its 
constituent codons by means of the CAI (23); 
genes with a high frequency of optimal codons 
have a high CAI value. The mean value is used for 
each pair of genes. Open circles indicate six genes 
with low CAI and Ks values. Linear regression of 
Ks on CAI is given in Table 1, model 1. (B) 
Divergence at silent sites (Ks, see above) as a 
hnction of map position, given as the distance 
from oviC (in either direction) in minutes. Map 
positions of the E. coli genes are used (11). Open 
circles indicate the six genes highlighted in (A). 
Crosses indicate genes with high codon bias 
(CAI > 0.50). Regressions of Ks on distance are 
given in Table 1, models 2 and 4. 

either model 1 or model 2. Note that there is Thus, an alternative explanation of our ob- 
no statistically significant linear relation be- senration is that interstrain recombination 
tween codon bias and distance from the more often involves sequences nearer the 
origin (Table 1, model 6) ,  reflecting the fact 
that the highly expressed genes are not 
predominantly clustered near oviC. Thus, 
there is no significant indication of any 
differences in selective constraint on synony- 
mous codon choice that are dependent on 
map position. Rather, it appears that the 
variation in rate of sequence divergence seen 
in Fig. 1B most likely reflects differences in 
the rate of mutation; we infer that the 
nucleotide mutation rate increases with dis- 
tance from the origin of replication. 

The source of such a variation in mutation 
rate is open to conjecture. It is known that 
sequences nearer oviC are present in higher 
copy number on average, an effect that is 
exaggerated under conditions of rapid 
growth (13); could this reduce the mutation 
rate? Post-replication repair ("recombina- 
tion repair") in E ,  coli is used to deal with 
ultraviolet (UV) light-induced thymine di- 
mers and may also repair double-stranded 
breaks (14). This mechanism involves the 
correction of a lesion in one DNA duplex by 
means of a homologous sequence derived 
from a sister duplex ( I S ) ,  and so cannot 
occur at a locus in a single-copy state. It is 
possible that recombination repair is more 
prevalent for sequences nearer oviC, simply 
because they are at a higher copy number. 

If the effect is due to copy number, we 
would expect the relation of divergence to 
distance from oviC to be nonlinear, since 
average copy number should increase expo- 
nentially with proximity to the origin of 
replication. Then, it is interesting that mod- 
els based on log distance from oriC appear to 
be somewhat better than the linear models 
(contrast model 2 with model 4, and model 

origin of replication. However, when we 
consider the twofold difference in degree of 
divergence, this hypothesis would require 
regular exchange to have taken place among 
very distantly related strains during the 
emergence of E. coli and S. typhimuvium. 
Whereas evidence for recombination among 
E. coli strains has been increasing recently 
(16), the strains involved do not appear to 
be sufficiently divergent to explain the cur- 
rent observations. 

This is not the first suggestion of intra- 
genomic variation in mutation patterns, but 
it is novel in (i) the nature of the variation, 
that is, a gradient of increasing mutation 
rate (1 7), and (ii) the proposed explanation, 
that is, recombination repair. For example, 
in mammals, there is evidence that mutation 
patterns and rates differ among regions of 
the genome (18, 19), but the variation is 
thought to be discontinuous since regions 
have discrete base compositions; the mecha- 
nism could be either replication under dif- 
ferent cellular conditions (18) or repair by 
different polymerase activities (19). 

Silent molecular clocks vary among genes 
in mammals and Dvosoph~la as well as in 
bacteria. The mechanisms responsible may 
be different in each case: for example, selec- 
tion on codon choice in Drosophila con- 
strains the silent rate to varied extents in 
different genes (5), but in addition there are 
unexplained local differences in nucleotide 
substitution rate that may reflect the pri- 
mary mutation rate (20). Since there is also 
evidence that silent substitution rates vary 
consistently among taxonomic lineages (4, 
5, 21), a general conclusion can be drawn 
that silent molecular clocks are not as 

3 with model 5). straightforward as first proposed; neverthe- 
Horizontal transfer of genetic material has less, the current work suggests that some of 

the potential to disrupt molecular clocks. the variation among genes can be explained. 

Table 1. Regression analyses of relation of silent site divergence to codon usage bias and map position. 
Divergence at silent sites measured by Ks, codon usage bias measured by CAI, and map position (map) 
expressed as distance from oriC; see Fig. 1 for details. The regression equation for each model is given: a 
is a constant, and b is the coefficient of the predictor variable or variables, as derived from the regression 
analysis; t value tests the significance of the regression coegcient: **P < 0.001; ***P < 0.0001. 
Variation reduction due to fitted model is in 2 column. 

Model ri b b t SE t value r2 
-- 

1) K s = a  + b X CAI 67 -2.32 t 0.31 -7.53*** 47 

2) Ks = a + b X map 
Ks = a + b X map* 

3) Ks = a + b ,  x CAI + b2 x map 67 b l  -2.20 t 0.28 
67 b2 0.008 2 0.002 4.18*** 

4) Ks = a + b x In map* 56 0.147 + 0.029 5.03""" 32 
5) Ks = a + b l  x CAI + b2 x In map 67 bl  -2.32 + 0.26 -8.79*** ] 61 

67 b2 0.129 + 0.026 4.88*** 
6) CAI = a + b x map 67 -0.0007 2 0.0009 -0.84 1 

*Genes with low codon bias (CAI < 0.50) only. 
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Genomic Sequencing and Methylation Analysis by 
Ligation Mediated PCR 

Genomic sequencing permits studies of in vivo DNA methylation and protein-DNA 
interactions, but its use has been limited because of the complexity of the mammalian 
genome. A newly developed genomic sequencing procedure in which a ligation 
mediated polymerase chain reaction (PCR) is used generates high quality, reproduc- 
ible sequence ladders starting with only 1 microgram of uncloned mammalian DNA 
per reaction. Different sequence ladders can be created simultaneously by inclusion of 
multiple primers and visualized separately by rehybridization. Relatively little radioac- 
tivity is needed for hybridization and exposure times are short. Methylation patterns in 
genomic DNA are readily detectable; for example, 17 CpG dinucleotides in the 5' 
region of human X-linked PGK-1 (phosphoglycerate kinase 1) were found to be 
methylated on an inactive human X chromosome, but unmethylated on an active X 
chromosome. 

ETHYLATION OF CPG DINUCLE- 

otides in critical regions of many 
.vertebrate genes may be part of a 

gene silencing mechanism involved in cell 
differentiation, X chromosome inactivation, 
and genomic imprinting (1, 2). Methyl- 
ation-sensitive restriction endonucleases are 
commonly used to determine in vivo meth- 
ylation patterns, but this limits the analysis 
to a small subset of all CpG dinucleotides. 
Another method for methylation analysis is 
genomic sequencing (3), a method that re- 
tains information normally lost during clon- 
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ing, such as the location of 5-methylcyto- 
sines (3) and DNA-protein interactions (4). 
Genomic sequencing has, however, been 
difficult, requiring large amounts of radioac- 
tivity and long autoradiographic exposures 
(5) .  Primer extension has been used to sim- 
plifp genomic sequencing, but these proce- 
dures still require the special preparation of 
primers labeled to extremely high specific 
activity and up to 50 kg of DNA per 
sequencing lane (6). 

We now describe a genomic sequencing 
method in which we use a ligation mediated 

u 

polymerase chain reaction (PCR) procedure 
[see figure 1 in ( 7 ) ] .  Briefly, step 1 of our 
genomic sequencing procedure is base-spe- 
cific chemical cleavage of DNA samples (8) 
at either G, G+A, T+C,  or C ( 9 ) ,  generat- 
ing 5 '  phosphorylated molecules. step 2 is 

gene-specific primer extension of an oligo- 
nucleotide (primer 1) by a DNA polymerase 
to give molecules that have a blunt end on 
the side opposite the primer (10). Step 3 is 
the ligation of an unphosphonlated linker 
to the blunt ends (11). Step 4 is the expo- 
nential amplification of the linker-ligated 
fragments with the use of the longer oligo- 
nucleotide of the linker (as a linker-primer) 
and a second gene-specific primer (primer 
2) in a PCR reaction (12). After undergoing 
15 to 18 amplification cycles, the DNA 
fragments are separated on a sequencing gel, 
transferred by electroblotting to nylon 
membranes (13), and hybridized with a sin- 
gle-stranded gene-specific probe (14). This 
procedure works well for all bases, sensitiv- 
ity is improved, and the background is 
minimized by the transfer and hybridization 
steps. Moreover, several different sequences 
can be analyzed in a single experiment by 
rehybridization of the membrane. 

The human X-linked phosphoglycerate ki- 
nase (PGK-1) gene is a housekeeping gene 
that is subject to X inactivation. The 5' 
region is a CpG-rich island (15), but, unlike 
most autosomal CpG islands that are charac- 
teristically unmethylated, the Hpa I1 sites in 
the region shown (Fig. 1) are methylated on 
the inactive X chromosome (16, 17). 

In an experiment with HeLa cell DNA, 
two different primer sets (Fig. 1, D and E) 
were included simultaneously in the primer 
extension and amplification reactions. The 
sequence defined by primer set D was visual- 
ized first (Fig. 2A) by hybridization with an 
Eco RI-Dde I hybridization probe. After 
stripping of the first probe from the mem- 
brane and rehybridization with an Xma III- 
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