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manner similar t o  the method described in (5).Brief-
ly, Z-domain was immobilized on microtiter wells at 
a concentration of 5 pglml, blocked, and washed as 
described. A matrix of mixtures of biotin-lgG-Fc (312 
to  0.3 nM) and peptide (215 p M  to  0.8 nM) were 
prepared. These mixtures were incubated with immo- 
bilized Z-domain for 1 hour. Plates were then washed 
and developed as described with avidin-horseradish 
peroxidase conjugate. lnhibition curves were then 
computed for each concentration of biotin-lgG-Fc. 
and the curve of half-maximal inhibition was extrap- 
olated to zero biotin-lgG-Fc concentration t o  obtain 
a K,. 

11. The DNA sequence of the peptide was moved to  a 
monovalent phage display format by cassette mu- 
tagenesis t o  give a construct with the STll signal 
sequence, the peptide KEASCSYWLGELVWCVAGVE. 
a GGGPGGG linker, and the M I 3  gene Ill protein 
starting at residue 253. 

12. A series of second-generation monovalent phage dis- 
play libraries were constructed based on the se-
quence KEASCSYWLGELVWCVAGVE. in which five 
sequential residues were randomized by using NNS 
codons in each library starting at positions 1, 4. 7.10. 
12, and 16, excluding the two cysteines. Each library 
had a diversity of -1 X 108.~hese libraries were 
independently screened for binding to IgG-Fc for six 
rounds and then sequenced. 
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the degeneracy of the genetic code to recombine the 
preferred amino acids at each position into one pep- 
tide. The DNA sequences for these libraries contained 
the following mixtures of bases (IUPAC codes): DRG 
GWA GMA RRC TGC KCT TRS CAC MTG GGC GAG 
CTG GTC TGG TGC RVC RVM BKC GAS KDW, DRS 
VWG SVG RRC TGC KCC TRS YRS MTG GGC GAG 
CTG GTC TGG TGC RNC W S  NBS GWS KDM, and 
DNS NNS NNS VNS TGC BVG TDS HRS MDS GGC 
GAG STC KKG WRG TGC RNM NNS NNS NNS NNM. 
These libraries were also sorted against IgG-Fc for six 
rounds and then sequenced. 

14. Inhibition assays were performed as described (10) at 
pH 7.2 and at pH 6.0. The peptide was found to inhibit 
fourfold more tightly at the lower pH. Kinetic and 
steady-state binding to immobilized IgG, was also mea- 
sured directly by BlAcore (Pharmacia), giving KO, = 
1.6 x 106 M-'  s-'. KO, = 2.5 X lo-' s-', and Kd = 
16 nM in 25 mM MES (pH 6.0). 0.05% Tween-20. 
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20% polyethylene glycol 4000, and 20% isopropanol 
by vapor diffusion from 4-pl  drops containing 100 
p M  IgG-Fc. up to 150 p M  peptide. and a 50% 
dilution of reservoir solution. Data were collected to 
2.6 h a t  the Stanford Synchrotron Radiation Labora- 
tory (SSRL) and were reduced with DENZO [W. Minor 
and Z. Otwinowski. Methods Enzymol. 176, 307 
(1997)l. Phasing was accomplished by molecular re- 
placement with AmoRE [J. Navaza, Acta Crystallogr. 
ASO. 157 (1994)l. with an IgC-Fc subunit derived 
from Deisenhofer et al. (3) as a search model. The 
crystal contained one Fc dimer and two peptide 
molecules per asymmetric unit. The structure was 
refined with X-PLOR 3.1 [A. T. Brunger et al.. Science 
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on the Fc dimer over regions >10 h away from 
nonequivalent crystal contacts. The final dimeric Fc 
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17. Surface 	area and geometric measurements were 
made with the Crystallography and NMR System 
(CNS) [A. T. Brunger et al., Acta Crystallogr. D. 54, 
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Evidence for a High Frequency of 

Simultaneous Double-Nucleotide 
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Point mutations are generally assumed to  involve changes of single nucleotides. 
Nevertheless, the nature and known mechanisms of mutation do not exclude 
the possibility that several adjacent nucleotides may change simultaneously in 
a single mutational event. Two independent approaches are used here to  
estimate the frequency of simultaneous double-nucleotide substitutions. The 
first examines switches between TCN and ACY (where N is any nucleotide and 
Y is a pyrimidine) codons encoding absolutely conserved serine residues in a 
number of proteins from diverse organisms. The second reveals double-nucle- 
otide substitutions in primate noncoding sequences. These two complementary 
approaches provide similar high estimates for the rate of doublet substitutions, 
on the order of 0.1 per site per billion years. 

Mutational events can be studied either by di- replication (I) or dlpyrirnidine lesions induced 
rect observation of mutations in the laboratory by ultraviolet light (2, 3). Some evolutionary 
or by comparing sequences that have been ac- comparisons have also suggested that simulta- 
cumulating mutations naturally, during evolu- neous double-nucleotide substitutions occur at 
tion. Studies of the first kind have suggested neighboring sites (4) , but the significance and 
that some mutations can involve multiple nu- generality of these observations have been 
cleotide changes (1, 2), and indeed, mecha- questioned (5). Thus, changes in neighboring 
nisms that affect neighboring nucleotides are nucleotides are usually attributed to coinci-
known. Examples include template-directed dence of independent mutations. 
mutations occurring during DNA repair and We used two independent and complemen- 

tary approaches based on sequence compari- 
sons to study double-nucleotide substitutions 

'Institute of Molecular Biology and Biotechnology and to obtain estimates of their frequency. ne 
(IMBB)-FORTH. Vassilika Vouton. 711 10 Iraklio. 

approach exMlilledchanges that have Oc-Crete. Greece. 'Institute o f  Cell. Animal and Po~ula-  
t ion Biology. University of Edinburgh. King's ~ u i l d i n ~ s ,  ~umed over 10% evolutionary time scales, be- 
West Mains Road. Edinburgh. EH9 3JT. UK. 3Depart- tween two articular dinucleotides. TC and AG. 
ment o f  Genetics. Trinity College. university of bub- se* is iique in that it is among amino 
lin. Dublin 2. Ireland. 41nstitute o f  Genetics, University encoded by two groups of TCN andof  Nottingham, Queens Medical Centre, Nottingham 
NG7 2UH. UK. AGY, which cannot be interconverted by a 

mutation. Switches between *To whom correspondence should be addressed, E. 

mail: averof@imbb.forth.gr (M.A.) or paul@evol.nott. these groups of ~odons could Occur indirectly, 

ac.uk (P.M.S.) by two separate single-nucleotide mutations 


www.sciencemag.org SCIENCE VOL 287 18 FEBRUARY 2000 	 1283 

mailto:averof@imbb.forth.gr
mailto:paul@evol.nott


R E P O R T S  

Fig. 1. (A) Overview of 1 Mammals 
B Alignmentsite 

031 2 Birds 
780 953 990 

the phylogeny and diver-
gence times used for the 0.36 3 Amphibia 

045 4 Fish 

A @ A G T C  orTC+AG 

analysis of serine codon 5 Insects 
switches. The phylogeny 6 Molluscs 

;: ;:1 
is based on a number of 7 Nematodes 

~ & ~ r O m y c e s TC TC TC 

8 Schizosaccharomyces 
TC TC TC 

recent phylogeneticanal- 9 Yeasts Saccharomyces TC TC TC 
yses (20, 24), with points 10 FilametousAscomycetes 
of uncertainty shown as 11 Other Fungi Thermus 

12 12 Microsporidiaunresolved polychoto- Synechocystis 
TC TC .. 

13 Angiosperms Mycobacterium
14 Green Algae 

Tc Tc a 
TC TC TC

mies. Times of common 
15 Dictyostel~um Bacillus 

ancestorsare indicated in 
TC TC 

1.5 16 Euglenozoa Rhizobiumleguminosa~m TC TC TC 
Gyr before present (B) Rhizobium meliloti TC TC TC 
Determination of serine 

17 Thermus 
,, ThiobacillusAFAEHaemophilus TCTC TCTC TC

codon switches. The data x= 18 Gram positive(highGC) 
set of glutamine fructose- 19 Gram positive(low GC) Escherichia TC TC TC 
6-phosphate transaminase 20 Cyanobacteria

21 Gram negative (E)
is shown as an example. 22 Gram negative (a) Codonswitches 0 1 3 
There are three sites IA 23 Gramnegative (p) 
where serine is absolute- l3 0.0 24 Gram negative (7) 

ly conserved in the pro-
tein sequence (alignment sites 780,953, and 990). At least four codon switches can be observed. The time sampled by this data set (sum of branch 
lengths) is 3 X 14.71 Gyr. 

(TC-AC-AG or TC-TWAG), or perhaps 
directlyby simultaneousdouble-nucleotidemu-
tation (TC-AG). In the formercase, the switch 
would involvean intermediatestepwherebythe 
triplet would encode either h n i n e  (ACN) or 
cysteine (TGY), residues that are ionically and 
sterically different from serine (6), so such 
changes are unlikely to be tolerated in critical 
functional or structural sites of a protein. Nev-
ertheless, TCN-AGY switches have been ob-
served at sites encoding extremely conserved 
serineresidues, for example in ubiquitin (7)and 

in the active site of serineproteases (8).Switch-
es at these sites seem most likely to result 
fkom simultaneous double-nucleotide muta-
tions, which in this contextare synonymous and 
most likely selectively neutral. 

To investigate the generality and fkequency 
of such switches, we studied 23 data sets of 
homologousproteins containing serine residues 
absolutely conserved over a wide range of eu-
karyotes andlor prokaryotes (Fig. 1A). We an-
alyzed the distribution of TCN and AGY codon 
types in these conserved serines, infening the 

Table 1. Rates of serine codon switches in 23 data sets of highly conserved proteins. The phylogenetic 
assemblages (species) represented in each data set are indicated by numbers as specified in Fig. 1A. The 
inferred number of codon switches and estimatedtime sampled by each data set (in Gyr) are indicated. 

Protein Species Switches Time 

Ribosomal protein 57 
Ribosomal protein S l  1 
Ribosomal protein 512 
Ribosomal protein 517 
Arginosuccinatesynthetase 
Glycine dehydrogenase 
Glutamine fructose-6-phosphate 

transaminase 
2-oxaloglutarate dehydrogenase 
Asparagine synthase 
Adenylosuccinate synthase 
dUTP pyrophosphatase 
Uridine-5-diphosphate 

glucose-Cepimerase 
Phosphoenolpyruvate 

carboxykinase 
Arginosuccinate lyase 
1,4-a-glycan branching enzyme 
Histidine tRNA synthetase 
Tryptophanyl tRNA synthetase 
Ribonucleotidereductase (large 

subunit) 
Fumarate hydratase 
Aspartate ammonia lyase 
DNA topoisomerase 2 
Dimethylallyltransferase 
Ribonucleotide reductase (small 

subunit) 
Total 

position and fkequency of codon switches dur-
ing evolution (illustrated in Fig. 1B) (9). Our 
analysis reveals a widespread o c m c e  of 
codon switches at such sites (Table l), with an 
estimated ikquency of about 0.1 per site per 
billion years (941774 = 0.12 per site per Gyr). 
This rate appears to be consistent among differ-
ent phylogenetic lineages and different genes 
(Fig. 2). Rate estimates from bacteria and eu-
karyotes are very similar, 0.1 1 and 0.12 per site 
per billion years (Gyr),respectively. 

Of the 70 switches where the direction o f  
change could be i n f d  (by parsimony and 
with reference to outgroups), 60 were in the 
TC+AG rather than the AG+TC direction. 
However, independent rate estimates for each 
direction are very similar, 0.10 and 0.1 1per site 
per Gyr, respectively. The bias therefore re-
flects a preponderance of TCN-type codons as 
potential targets, rather thana bias in the d i m  
tion of mutation [this points to a strong codon 
bias in the ancestral representation of serines 
(lo)].

Most codon switches at such highly con-
served serines appear to result from simulta-
neous double-nucleotide mutations. However, 

Time (Gyr) 

Fig. 2. Rate of observed serine codon switches 
for 23 proteins. Data is from Table 1. The line 
has a slope of 0.12 switches per site per Gyr. 
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Table 2. Analysis of single- and double-nucleotide substitutions in the pseudo eta globin locus on each 
branch of the catarrhine primate phylogeny (Fig. 3). Positions of substitutions were inferred by 
parsimony. L, number of aligned nucleotides; ObsS, ObsD, numbers of changes observed as single- or 
double-nucleotide substitutions, respectively; ExpD, number of doublet substitutions expected by coin- 
cidence of two separate single-nucleotide substitutions; RealD, number of excess double changes, inferred 
to have occurred as simultaneous double-nucleotide substitutions. 

Tree branch 	 ObsS ObsD ExpD RealD 

Node I-rhesus monkey 
Node I-gibbon 
Node 1-node 2 
Node 2-orangutan 
Node 2-node 3 
Node >gorilla 
Node >node 4 
Node 4-human 
Node 4-node 5 
Node 5-chimp 
Node 5-pigmy chimp 
Total 

it is conceivable that these switches could occur 
by two separate single-nucleotide mutations, 
through intermediates that encode threonine or 
cysteine. Kimura suggested that slightly delete- 
rious intermediates may sometimes survive to 
be rescued by rapidly selected compensatory 
mutations (ll),  but there are a number of o b  
servations that argue against this possibility in 
this case. First, Kimura's model applies to sit- 
uations where compensatory mutations are rel- 
atively frequent (e.g., when many different mu- 
tations can have a compensatory effect) or 
when the selective coefficient against the inter- 
mediates is rather low, which seem very unlike- 
ly. Second, if deleterious alleles were involved, 
we would expect these to survive much more 
frequently in the presence of additional copies 
of the gene, but we observe very similar rates of 
codon switches in haploid and diploid genomes, 
as well as in proteins that belong to multigene 
families (12). Moreover, we have also noticed 
TCN-AGY switches among codons encoding 
highly conserved serines in closely related se- 
quences, with no evidence of a transition 
through nonserine intermediates (13). 

Other mechanisms have also been proposed 
that could explain switches in serine codons 
through nondeleterious intermediates (8, 1 4  
16). For example, a transient substitution of 
serine by another amino acid could be comple- 
mented by the presence of a neighboring serine 
residue (16), an alternative genetic code may 

node  5 
flchimp 

Pigmy chimp 
node  2 Human 

node  1 Gorilla 

Orangutan 
Gibbon 
Rhesus monkey 

Fig. 3. Phylogeny of the catarhine primates (7 7) 
used in the analysis of pseudo eta globin sequenc- 
es (Table 2). Branch lengths are not to scale. 

have allowed TGN to encode serine (Is), or the 
two types of serine codon may reflect indepen- 
dent origins from a different ancestral amino 
acid (8).These explanations may apply in spe- 
cial cases and could contribute to a small pro- 
portion of codon switches. However, they are 
unlikely to account for the widespread distribu- 
tion of codon switches, as observed in diverse 
phylogenetic lineages, in different proteins, and 
in serine residues whose position and identity 
has been absolutely conserved. 

In our second approach, we examined dou- 
ble-nucleotide substitutions among noncoding 
sequences of closely related species. In these 
sequences, substitutions are expected to accu- 
mulate in a manner that is unbiased by selec- 
tion, and so directly reflect mutational process- 
es. We compared a long (about 7 kb) noncoding 
sequence from the pseudo eta globin locus of 
seven closely related catarrhine primates (Fig. 
3) (17) to determine whether mutations in that 
region involve a significant hction of clustered 
nucleotide changes (18). Using parsimony anal- 
ysis, we determined the number of single- and 
double-nucleotide changes that have occurred 
during the evolution of these species and found 
a significant excess of double-nucleotide sub-
stitutions relative to what would be expected by 
coincidence of single-nucleotide changes alone 
(Table 2). The excess, apparently simultaneous, 
dinucleotide mutations are estimated to have 
occurred at a rate of 0.1per site per Gyr (19), on 
average, at any nucleotide doublet. 

These two analyses are complementary: 
they examine double-nucleotide substitutions in 
different contexts and over very different time 
scales. Any concems that the serine codon 
switches might have involved compensatory 
changes via nonserine intermediates are offset 
by the observation of similarly high levels of 
doublet changes in closely related noncoding 
sequences. W y ,  although the rates for all 
dinucleotide changes were estimated fromjust 
one particular region of the primate genome, 
the rates of TC-AG changes estimated from 

serine switches apply to a wide range of loci 
from diverse organisms. Both approaches point 
to the conclusion that the rate of double-nucle- 
otide substitutions is high compared to expec- 
tations based on the coincidence of individual 
neutral nucleotide substitutions, which typically 
occur at a rate of around 1 to 10per site per Gyr 
(20, 21). 

We expect that the rates of different doublet 
mutations will vary considerably depending on 
a cell's exposure to different mutational mech- 
anisms. For example, we would expect to see a 
much higher incidence of dipyrimidine lesions 
in cells that are exposed to ultraviolet light (e.g., 
exposed unicellular organisms, skin cells) than 
in cells that are not (e.g., the germ line of large 
multicellular animals). Such differences might 
explain why the estimated frequency of specific 
TC+ AG and AG+TC substitutions in serine 
codons, which may involve dipyrimidines (TC 
in the coding strand or CT in the noncoding 
strand, respectively), is higher than would be 
predicted by the average frequency of double- 
nucleotide substitution estimated from the eta 
globin pseudogene. The sequence-specificity of 
mutational mechanisms could result in different 
rates of substitution among various doublets in 
different cell types. These observations may 
be important in the context of models of 
molecular evolution and phylogenetic recon- 
struction, as well as mutational mechanisms of 
human disease. 
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