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Amino acid sequence data from 57 different enzymes were used to determine the di- 
vergence times of the major biological groupings. Deuterostomes and protostomes split 
about 670 million years ago and plants, animals, and fungi last shared a common ancestor 
about a billion years ago. With regard to these protein sequences, plants are slightly more 
similar to animals than are the fungi. In contrast, phylogenetic analysis of the same 
sequences indicates that fungi and animals shared a common ancestor more recently 
than either did with plants, the greater difference resulting from the fungal lineage chang- 
ing faster than the animal and plant lines over the last 965 million years. The major protist 
lineages have been changing at a somewhat faster rate than other eukaryotes and split 
off about 1230 million years ago. If the rate of change has been approximately constant, 
then prokaryotes and eukaryotes last shared a common ancestor about 2 billion years 
ago, archaebacterial sequences being measurably more similar to eukaryotic ones than 
are eubacterial ones. 

Estimates of when two creatures last shared 
a colnlnon ancestor have rested tnostly o n  
suppositions based o n  the  fossil record. 
Most ~nacrofossils are restricted to the last 
600 million years, however, and phpletic 
assignments based o n  tnicrofossils are often 
tenuous (1 , 2).  As a result, the  dixrergence 
times of the major groupings of biological 
organisms-plants, fungi, animals, protists, 
and bacteria-have of necessity been loose 
estimates fitted to the  time available since 
the  presulned first appearance of cellular 
life, which is thought to be about 3.5 billion - 
years ago. T h e  branching order of the prin- 
cioal lineages within that time frame has 

u 

been based lnainlp o n  consideration of cur- 
rently shared characters. 

T h e  advent of amino acid sequence data 
in the late 1950s led to  the  concept of a 
"molecular clock" (3)  by which quantita- 
tive reconstructions of historical events 
might be possible. Early efforts to correlate 
amino acid changes ~ i t h  histories based on 
the fossil record seetned promising (4 ) ,  and 
numerous studies have since been conduct- 
ed that have dealt with the divereence " 
times of all sorts of creatures (5). Nonethe- 
less, the divergence times of the major 
groupings of organistns have remained elu- 
sive. For example, atnino acid seauence- 
based estimates of the divergence titne of 
prokaryotes and eukarpotes have ranged 
from 1.3 to 2.6 billion years ( 6 ,  7). Paleon- 
tologists initially placed the  divergence at 
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1400 tnillion years ago (Ma)  o n  the basis of 
microfossils and biogeochetnistrp ( B ) ,  but 
more recently, swayed by data from ribo- 
soma1 R N A  sequences (9 ) ,  have swung to 
the  opposite extreme and apparently accept 
the  n o t i o ~ l  that the  prokaryotic-eukaryotic 
split occurred 3.5 billion years ago, shortly 
after life itself began (2 ) .  

T h e  principal challenges to tnolecular 
clocks center around the problem of un- 
equal rates of change over long time periods 
and along different lineages. Protein clocks 
also have the  co~nplication that different 
proteins change a t  different rates as a result 
of different structural and f ~ ~ n c t i o n a l  con- 
straints. 

Nevertheless, there is a natural tendency 
for homologous sequences to diverge over 
the  course of time as a result of the  muta- 
tional process, whether the  changes be 
adaptive or neutral. Although a large num- 
ber of factors enter in, the  aggregate process 
tends to  be stochastic, and, with a large 
enoueh data set, a~lotnalies should cancel " 
and a smooth rate of change might be ef- 
fected (10).  , , 

During a litnited pilot study to see 
whether protein sequences could provide a 
reasonable chronometry of events dating 
back to the last common ancestor of oro- 
karyotes and eukaryotes (1 1 ), our analysis of 
10 uroteins with reoresentative sesuences 
from the major groups of organislns indicat- 
ed that the last comtnon ancestor of pro- 
karyotes and eukaryotes existed 1.9 * 0.6 
billion years ago. T h e  uncertainty was large- 
ly a reflection of the stnall number of appro- 
priate sequences available for comparison. 

Now we have expanded that study to 57 

different proteins colnprising 531 different 
sequences. In addition, we have analyzed 
the  data in several ways including tests for 
self-consistency atnong the  data thetnselves, 
adjustments for observed changes in  rate 
along different lineages, and corrections for 
the  way in  which amino acid sequences 
change over long periods of time. In  the 
end, a  holly plausible set of divergence 
times has emerged for all the major biolog- 
ical kingdoms. 

Choosing the Data Set 

Although there are a great many sequences 
in current databases, in only a relatively 
slnall number of cases is the "same" protein 
broadly represented. There also can be con- 
fusion about whether proteins with the same 
name from two different organistns are really 
related or are merely f~~nct ional ly  equivalent 
(1 2). A further complication is unintended 
comparisons of paralogous rather than or- 
thologous descendants (1 3 ) ,  and even an  
occasional horizontal gene transfer (14).  W e  
have limited our study to the sequences of 
enzymes, partly because the notnenclature 
for enzymes is reasonably systematic, and 
partly because tnanp enzymes occur in  most 
organisms. Accordingly, we devised a proce- 
dure for screening all enzyme sequences in a 
database to see which ones were suitablv 
represented and useful for colnparative anal- 
ysis (15-23). In the end, 57 enzyme groups 
totaling 53 1 sequences survived the screen- 
ing process (Table 1) .  

T h e  531 amino acid sequences were 
frotn 15 principal groups of organisms, in- 
cluding nine animal subgroups, fungi, 
plants, slime mold, protists, archaebacteria, 
and eubacteria. T h e  nine animal groups 
included six vertebrate types (placental 
mammal, marsupial, bird-reptile, atnphibi- 
an, fish, and cyclostome), a seventh deuter- 
ostolne (echinoderm). schizocoelomates , , 

(arthropods, mollusks), and pseudocoelo- 
mates (nematodes). T h e  ~na ln~na l i an  group 
was subdivided by order, and as a result we 
actually considered 15 divergences, begin- 
ning with the radiation of mammalian or- 
ders. Subseauentlv, we also subdivided the 
eubacteria into Gram-negative and Gram- 
positive organisms for a consideration of 
when that divergence lnap have occurred. 

Sequence Resemblances 
Among the Major Groups 

T h e  first phase of our study entailed the 
proper aligntnent of groups of enzyme se- 
quences and determination of within-group 
similarities. Percent identity was used as a 
familiar, if rough, index of similarity; it was 
defined as the  number of identical residues 
in two aligned sequences divided by the 
total number of matched residues. 
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O n  the  average, plant sequences are 
more like animal sequences than are f i ~ ~ l g a l  
ones (Fig. 1,  A and B).  This is true whether 
the  entire data set is considered or onlv 

ensure against some hidilen bias. I n  all aligned atnillo acids obtained from the 
cases the  similarity scores obtained were \\.eight matrices. S,,,,L, the  corresponding 
scaled as follon~s (26) :  score for two rand0111 sequences of the same 

lengths and compositions, and S,L3,,,, the 
3 = (Stb, - SIx:LI)/(Si~en~ - S1 1 : ~ )  average score of the two self-comparisons. 

where S.,.. is the observed similaritv score T h e  scorine svstenl corrects for chance 
those 30 enzymes for which sequences were 
available from all three erouos. T h e  distri- - 
bution of similarities is remarkably tight, 
the  range of identities between animal and 
plants covering the span from 39 to 72 
percent identity (mean, 57; SD, 8). T h e  54 
compariso~ls between f~lngi  and animal se- 
quences ranged from 36 to 69 percent iden- 
tity (mean, 55; SD, 8 ) .  Comparable results 
were obtained when colnparisons Kere re- 
stricted to the subset of 30  enzymes for 

< L. 

ohtamed by sulnlnlng the  scores fAr two matches an: relates the course of sequence 

Table 1. Enzyme sequences used for comparisons 

E.C. 
number Name Length' ,'L :"as Plants Fungi tists terla 

nosne monophosphate 
dehydrogenase 

L-Lactate dehydrogenase 
HMG-CoA reductase 
Isocltrate dehydrogenase 
Glucose 6-phosphate 

dehydrogenase 
Superoxde dislnutase (C,l-Zn) 
R~bonucleot~de red~lctase (small 

subuntt) 
Ribonuceotde reductase (large 

subunlt) 
Gyceraldehyde 3-phosphate 

dehydrogenase 
Aidehyde dehydrogenase 
Pyruvate dehydrogenase 
2-Oxoglutarate dehydrogenase 
Dhydroorotate oxdase 
Glycine dehydrogenase 

idecarboxylatlng) 
Dhydrofoate reductase 
Dhydroipoalnide dehydrogenase 
Thymidylate syntliase 
Cystene S-methyl transferase 
Gycne hydroxymethy transferase 
Aspanate carbamoyl transferase 
Orntthne carbalnoyl transfel-ase 
Dhydroipoamide S-acetyl 

transferase 
Acety CoA C-acety transferase 
1,4-u-gucan branch,ing enzyme 
Dimethylallyl transferase 
Methioline adenosyl transferase 
Aspartate transaminase 
Gutamne fructose 6-phosphate 

transaminase 
Phosphofructoknase 
Pyruvate kinase 
Phosphoglycerate kinase 
Nuceoside diphosphate knase 
Phosphoribose 

oyrophosphok~nase 
DNA-drected RNA polymerase 
Alkalne phosphatase 
Fructose bisphosphatase 
Alpha-galactosdase 
Tryps~n 
dUTP pyrophosphatase 
Orotidne phosphate 

decarboxylase 
Phosphoenolpyru\~ate 

carboxyk~nase 
Uroporphyrnogen decarboxylase 
Enolase 
Porphoh~iinoyen syntnase 
Arg~ninosuccnate iyase 
Uridne 5'-dphosphate-glucose 

4-epinerase 
Peptldy prolyl somerase 
Trose phosphate solnerase 
DNA topoisomerase iadenosne 

triphosphate- hydroyzng) 
Threonine-tRNA l~gase 
lsoleuc~ne-tRNA Igase 
Vane-tRNA gase  
H~stldne-tRNA gase 
Glutamate-amlnon~a gase  
Adenylosuccinate synthase 
Argnnos,,cc~nate synthase 
Asoaragine synthase 

igth used. ->Only oonons of sequences 

which representatives from all three groups 
n.ere available. T h e  average si~nilaritv of 
plant and fungal sequencesowas just about 
the  same as the  animal-fungal value (Fig. 
1 C ) .  T h e  difference between plants and 
animals and filngi and anitnals !\-as only 
marginally significant (1 .6 ,SD by the Stu- 
dent's t test), plant sequences being Inore 
similar to animal sequences in 18 of 30 
comparisons. 

W h e n  all 57 enzptne sets were analyzed, 
the 120 sequences frbm eubacteria and 146 
from eukaryotes were found to average 37 
percent identity with the full range cover- 
ing a span from 20 to 56 percent identity 
(Fig. ID) .  T h e  results compare favorably 
with those of a orevious stud\. in which 28 
enzyme and 2 non-en~yme sequences from 
Esche~ichia coli and hurnans were 34 percent 
identical, o n  the average (24) .  A t  3 9  per- 
cent identity, archaebacterial seauences 
were more similar to those of eukaryotes 
than they were to  those of eubacteria. T h e  
differencks were apparent whether all avail- 
able seauences were considered or o n l ~ l  
those nine subsets that contained both ar- 
chaebacterial and eubacterial sequences, 
but the statistical sig~lificance was marginal 
(25) .  

Calculating Distances from 
Sequence Resemblances 

It is well established that protein sequence 
comparisons are more infor~native when 
nxeiehts are used that take into account " 

structural and genetic biases for amino acid 
reolacements. A number of amino acid sub- 
stitution matrices have been generated or 
co~npiled by various means, the  tnost pop- 
ular of which has been the  Daphoff PAhl- 
250 scale (20) .  Some other tnore recently 
introduced scales include the  G C B  (Gon-  
net-Cohen-Benner) matrix (21)  and the  
BLOSUivI tables (22) .  Although weighted 
scales have little bearing o n  either align- 
rnellts or phylogenies when sequences are 
more than 30  Dercent identical 126),  . . 
which is the  case for most of the  align- 
ments used in  this study, n-e still thought 

6.3.4.5 
6.3.5.4 

'Average let it prudent to  try various weight tnatrices to  used 
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divergence to a true flrst-order decav oro- , A 

cess. These scores were subsequently trans- 
formed into distance (D) measures by the  
Poisson relationship (27-3 1 ): 

Our  strategy for deterlnining the diver- 
gence times with distance data depended o n  
two quite different operations. In  the first, 
the main goal was to obtain approximate 
times by extrapolation of a line based o n  
the vertebrate fossil record. A constant rate 
of change was presumed throughout, and 
the  possibility of different rates of change 
for different lineages n.as not considered. 
VlJe also ignored the fact that not every 

A 
20, AnirnaldFungi 

N =  54 
Mean = 55% 
S D = 8  
Range = 36-69 n 

enzyme group was represented in every bi- 
ological grouping, but relied instead o n  the 
data being sufficiently abundant to fall 
n.ithin the realm of the Law of Large l ium-  
hers (32) ,  a proposition we tested by sam- 
pling the  data in various ways. 

T h e  secoild phase of the  al~alysis was a 
refining process that took into account fac- 
tors ignored in  the  first stage. Phylogenetic 
ai~alysis was used to deterlnine different 
rates of change for the various lineages, as 
well as to determine proper branching or- 
ders for those divergences that took place 
within relatively short periods of time. T h e  
ilnpact of different enzymes tending to 
change a t  different rates n.as taken into 

Percent identity Percent identity 

' 

S D = 7  
. Range = 38-69 

Mean = 57% 
SD= 8 
Range = 39-72 

Eubacteria/Eukaryotes 
N =  57 
Mean = 37% 

Percent identity Percent identity 

Fig. 1. Resemblances (percent identity) of enzyme sequences from princ~pal biological groups as 
measured in blocks of five percentage points. 

Table 2. Average resemblances and divergence tmes from fossil record. 

N ̂  
ldentityt Dis- LCA# 

(% i SD) tance:; (Ma) 

Mammal-mammal 43  91 1 6  6 
Eutheria-marsupial 2 92 2 5 
Mammal-bird-reptile 12 84 = 6 11 
Amniote-amphibian 5 78 t 9 17 
Tetrapod-fish 4 74 i 8 22 
Gnathostomelamprey 1 78 16 
Chordate-echinoderm 1 69 27 

'Number of enzyme sets compared, ?Percent Identity. W~stances taken from F I ~  2C. SLast common 
ancestor. 

account by normalizil~g the data in the 
various subsets by comparing components 
coinmon to them all. 

Finally, we considered the possibility 
that a linear relation between our c a l c ~ ~ l a t -  
ed distances and evolutionary time might 
not be \vholly valid. VlJe therefore made a n  
estimate of how different the di\~ergence 
tiines \ V O L I ~ ~  be if distance values \yere cor- 
rected for various fractional contents of ir- 
replaceable or slo\vIy changing residues in 
the proteins under study. 

Fixing Divergence Times 

Even n.ith the aid of a fossil record, there is 
always uncertainty in fixing a divergence 
time; the fossil record can only provide a 
"first appearance." lievestheless, our plan 
n.as to establish a baseline rate with sequenc- 
es from vertebrate animals, for which there is 
a reasonably good fossil record (33),  and 
then to extrapolate that rate to obtain the 
other divergence points (Tables 2 and 3). 

1Ve initially examined slopes obtained 
separately by coinparisons based o n  the 
PAM-250 and BLOSUM-62 matrices. T h e  
PAM-250 plot put the  plant-animal-f~~ngi 
junctions near a billion years ago (Fig. 2A) ,  
but the BLOSUM plot had a steeper slope 
and those j ~ ~ n c t i o n s  appear to be somewhat 
more recent (Fig. 2B). Because of the  \yay 
the  two weighting scales \yere originally 
designed (20,  22),  the PAM-250 data 
should be more reliable for sequences that 
are more than 50 percent identical and the  
BLOSUM-62 data should be better for se- 
quences less than 50 percent identical. Ac- 
cordingly, the averaged ~ ~ a l u e s  of the  PAM 
alld BLOSUM data \yere plotted with the 
initial PAM slope, and a set of divergence 
times was obtained from the  observed dis- 
tances (Fig. 2C) .  T h e  percentages of idell- 
tities were then plotted against the com- 
plete set of time points (Fig. 2D). 

Simple extrapolation of the  distance line 
led to a divergence time for the  deutero- 
stolnes and protostoines of about 700 Ma 
(Fig. 2C) .  T h e  BLOSUM comparisons in- 
dicated that the  schizocoelomate (predorn- 
inai~tly Drosopilila) and pse~~docoelomate 
(represented among these data mostly by 
Caenorhahditis elegans sequences) al~imals 
diverged a t  about the  saine time, but the 
PAM comparisol~s had the  schizocoelo- 
mates emerging inore recently. T h e  latter 
result was confirlned by a thorough consid- 
eration of all intergroup distances by the 
subset strategy (see below). Our  best esti- 
mate of the  deuterostome-protostme di- 
\.ergence is 670 Ma, n.ith the schizocoelo- 
inate-pseudocoelomate divergence occur- 
ring 50 to 100 Ma before that. Although 
these estimates are some\\d~at greater than 
most textbook values, they seem collsisteilt 
n.ith recent evaluations of the fossil record 
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that suggest the existence of pre-Ediacaran 
metazoans 134). 

indicates that eukaryotes last shared a com- to 1900  nill lion years and that resemble eu- 
mon ancestor with archaebacteria 1800 Ma, karyotic cells (41),  but they are at odds with 
and with eubacteria slightly more than 2000 the claim of a 2100-million-year-oId fossil 
Ma (Fig. 2C). These values are in accord alga thought to resemble extant chloroplast- 
with reports of microfossils \vhose age is 1700 containing eukaryotes (42). 

\ ,  

In  line n.it11 their being more similar to 
animal sequences, plants appeared o n  the 
distance line ahead of the f~lngi  (Fig. 2).  
W h e n  these data were subjected to phylo- 
genetic analysis, however, fungi and ani- 
mals clustered in every instance, no  matter 
which subset was studied (B, D, F, G,  I ,  or 
K in Table 4) .  Simple inspection of inter- 
group distances makes it evident that the  
sequences from fungi have been cha~lging 
faster than those of plants and anilnals (35).  
These observations are in full accord with 

BLOSUM 

recent reports that suggest that animals and 
f~lngi are more recently related than ani- 
mals and plants (36). 

T h e  29 protist sequences used were 
mainly represented by kinetoplastid organ- 
isms, especially trypanosomes, leishmania, 
and crithidia. O n  averaee. the  differences 

' 7 ,  

between protists and the principal king- 
doms (plants, anitnals, and fungi) were only 

Time (Ma) Time (Ma) 

slightlv greater than distances betneen 
tnembers of the  klnedoms (Table 3).  Al- 

C 

200[ 0 PAM 

+ BLOSUM 

- 
though the protists are likely a polvphyletic 
group, it is clear tliat the ones n.e used last 
shared a common ancestor much tnore re- 
cently than the divergences of eukaryotes 
frotn prokaryotes; extrapolation of the dis- 

} Average 

tance line puts the  protist divergence a t  
about 1230 Ma. Phylogenetic analysis of 
subsets C ,  D, and G (Table 4 )  revealed that 
the average rate of change for protist se- 
quences has been about 35 percent greater 
than the  rates for animal and plant lineages. 
As a result, the corrected divergence time 
appears some\vhat Inore recent (Table 3). 

Contrary to this result, t he  ~nicrofossil 
record is reported to have forms resembling 
protists appearing as early as 1700 Ma (37).  
H o n e ~ , e r ,  our data set may not  have a truly 

Time (Ma) Time (Ma) 

Fig. 2. Calculated dlstances determlned wlth PAM-250 and BLOSUM-62 weghtlng scales plotted as a 
functlon of dvergence tme (A and B) Slopes determned from the major anma divergences based on the 
foss~l record and constraned to pass through the orgln Large symbols are the averages of all the lndlvdual 
data polnts (small symbosj Dashed n e s  denote extrapoatlons to whch the dstance ponis were fltted 
(C) Slope based on vertebrate PAM values, but data polnts are averages of both PAM and BLOSUM 
values Dsiances for each enzyme were calculated between the sequence for a gven taxon and a other 
taxa more recently dverged from the trunk except that sequences from plants, fung and Dictyostelium 
were compared only wlth the correspondlng anlma sequences (that IS, at thls stage no poston was taken 
w~th regard to the branching order of these three groups), and, smarly, sequences from archaebacterla 
and eubactera were only compared wlth the correspondlng sequences from eukarjotes and not wth each 
other Because plants and sllme mold gave the same dlstances reatlve to anmals, they are plotted slde by 
slde (D) percent denilt~es plotted aganst dvergence tmes taken from (C) 

representative set of protists, and our esti- 
mated late divergence time may reflect that 
sampling bias. In this regard, three sequenc- 
es from Gia~dia lamblia, f r eq~~en t ly  cited as a 
very early diverging eukaryote ( 3 8 ) ,  nere  no  
more different from those of the  higher 
eukaryote group than other protists. 

hllost systematicists classify the  slime 
mold, Dictyostelium discoideum, as a protist 
(39) although a set of eight slime mold pro- 
tein seauences rvas reuorted to be much Table 3. Average resemblances and dlvergence tmes by extrapoat~on 

more similar to those of higher eukaryotes 
than would be expected for a genuine mem- 
ber of that group (40). Our results tend to 
confirm those findings although the  degree 
of confidence is limited because the number 
of sequences is small (N = j), and equiva- 

LCA 

675 
750 
965 

1000 
1230 
1700 
1875 
1450 
(1 00) 

N= ID+(%) D$ LCAS LCA' 

656 
784 
978 

1000 
1236 
1889 
2080 
161 0 
(1 00) 

Deuterostome-protostome 21 6 4 i 1 0  36 
Sch~zocoelome-pseudocoelome 9 64 = 8 37 
Fungl-anmal 54 55 i 8 52 
Plant-antmal 33 57 ? 8 47 
Protst-plant-animal-fungi 14 51 i 10 59 
Archaebacteria-eukaryotes 9 39 -C 6 85 
Eubacteria-eukarjotes 57 37 i 9 96 
Bacilli-E, coli 28 45 = 9 75 
E. coli-Salmonella 8 9 4 x 6  6 

lent sequences from other protists were not 
available for direct comparison. Nonethe- 
less, the data indicate that Dictyostelium di- 
verged from the main line Inore recently 
than protists and at about the same time as 
plants (Fig. 2C). 

Direct extrapolatio~l of the distance line 

'Number o'enzyme sets compared +Percent Identity 2 SD. ;:Distances, 'rom Fig 2C OLGA, last comlnon 
ancestor glven as m~l l~on years ago (LCA'rom F I ~ .  PC), LCA', average of Fig. 3. A and B; LCA", after scaling ( F I ~ .  3Cj: 
and L C A ,  after correction for amno a c d  replacement constrants 
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Subset analysis (belo~v)  was collsistellt 
\\-it11 the  archaebacteria being grouped with 
the  eukaryotic lineage and supports other 
protein sequence comparisons, especially 
those that have talten advantage of early 
gene duplications, shon-ing that a t  least 
sonle archaebacterial proteins are more 
closely related to eultaryote than to eubac- 
teria proteins (43).  Phylogenetic analysis of 
all the  data placed the  root bemeen  the  
archaebacteria and the  eubacteria, and a 
negative branch leqgth resulted when at- 
tempts were made to group the  arcllaebac- 
teria with the  eubacteria. T h e  data also 
shon- that <he rate of change of archaebac- 
teria sequences is similar to the  eukaryote 
rate, as determined by the "relative rate 
test" (35).  Furthermore, the  sequences from 
the eubacteria also appear to be changing at 

Table 4. Some subsets of common sequences. 

about the same rate, so long as the  root is 
placed in accoriiance with the extrapolated 
distance line. 

T h e  divergence time of Gram-positive 
and Gram-negative bacteria \\-as estimated 
by two different comparisons: in one, 51 
sequences from Gram-positive organisms 
were compared n i t h  84 sequences from 
Gram-negative orgallislns (Fig. 3, ,4 and B). 
T h e  other colnparison included 28 enzymes 
common to the  genus Bacilli and to E .  coli. 
In both comparisons, the two grclups were 45 
percent identical, and the  calculated diver- 
gence tiine was about 1450 Ma (Table 3 ) .  

Those eubacteria that are not ~rsuallv 
classified as either Gram-positi~,e or Gram- 
negative were also examined. This group, 
which ~ncluded five cyanobacteria, was 110 

Inore different from the  Gram-positive and 

Sub- 
set Biological groups* N t  SF:! 

'Deuterostomes are chordates. echinoderms: sch~zocoeles are arthropods, anneds and others: pseudocoeomates 
are nematodes and others +hl, the number o' enzyme types present n at least one member of each neage in a 
subset Thus 5r o'the enzymes are common to subset A, but only 'our enzymes are common to subset G, $SF, 
scale factors B to G and L based on fung-eubacteria distances reatve to set A Scale factors for subsets H to K based 
on animal-fungi dstances relative to set A. 

*BLOSUM B~~~ Scaled 
Deuterostomes 62r DeuferostomeS 67LI Deuterostomes 

Schizocoeles 

983 Pseudocoeles Pseudocoeles 

OooL Fungi 1 0 0 0 '  Fungi 
n r 1 

Archae- 
bacteria2'? 

Archaebacteria 1873 

Fig. 3. Overall phylogenes calculated from a Intergroup d~stances (A) The phylogeny was calculated 
from Intergroup raw data determined w~th the BLOSUM subst~tut~on matrlx (B) The tree was calculated 
w~th the equivalent raw data der~ved from the PAM-250 matr~x (C) The phylogeny was calculated from 
scaled data that were derved from both PAM and BLOSUM we~ghtng and averaged Scal~ng was based 
on subset A (amma-fungi-eubacter~a), members of wh~ch occur :n all the other subsets The an~rnal- 
fungl d~stance from subset A was used to scale all the an~mal Intergroup d~stances, and the fungl- 
eubacter~a d~stance from subset A to scale all other ~nteraroun d~stances The numbers at the nodes - ,  
ndcate dvergence tmes In m~ll~ons of years, based on the plant-anmal divergence be~ng set equal to 
1000 Ma. 

Gram-negative than were the  latter from 
each other. Apart from elnphasizing that all 
the  eubacteria represented in our study are 
monophyletic, the  result may reflect a corn- 
monality of genolnic exchange among eu- 
bacteria 114). 

Colnparison of nine enzynles colnnlon to 
E, coli and its close relative, Salmonelin tvbhi- 

,A 

mu~itim, revealed that, at 94 percent identi- 
ty, they were just slightly less similar than are 
the same enzynles from various lna~nlnal ia~l  
orders (95 percent identical, o n  the average), 
a result in good agreement n i t h  an  earlier 
estimate that the divergence between these 
bacterial groups occurred 100 to 130 hla 
(44).  W e  therefore conclude that the rate of 
sequence change per unit time among the 
enterobacteria is not significantly different 
from that observed in animals. 

W e  cannot be certain that all the sequenc- 
es analyzed in this study are truly ortholoeous 
n.ithin ;heir group. ~ c l r ' c a n  we be certain ;hat 
an  occasional horizontally transferred se- 
quence has not crept into the collection. In- 
deed, the enzyme \\-it11 the highest resem- 
hlance bet\\-een eukarvotes and eubacteria. 
phosphoenol pyruvate carboxykinase (E.C. 
4.1.1.32), is hardly any Inore similar \\.hen 
f~rngi and animals are con-ipared (no plant or 
protist sequences are yet available), and some 
kind of horizontal transfer may have occurred. 
But we think that the number of co~nnarisons 
made was sufficiently large that such anoma- 
lies, if they exist, \\-ould have llttle imnact. T o  
test this proposition, we sampled the data in 
various xays to see what effect the omission of 
certain sequences would have on extrapolated 
divergence times. For example, n e  analyzed 
10 data sets in which seven randomly chosen 
enzyme groups xere omitted each time; the 
operation had no  significant effect on the 
average results (Table 5). We  also removed 
the seven fastest changing sets of sequences 
and, in allother case, the seven slowest. The 
former had virtually no effect, and the latter 
moved the prokaryote-eukaryote junction 
nearer to the nresent (Table 5) .  In additLon, 
we di\rided the' 54 enzyme sets ;hat contained 
animal, f ~ ~ n g i ,  and eubacterial sequences into 
tmio groups, the 27 fastest changing and the 27 
slonest. The  results were only lnarginally af- 
fected, the more conservative proteins mov- 
ing the boundary nearer to the present by less 
than 10 percent and the faster changing ones 
movit~g ir f~rrther back in time by about the 
same amount (Table 4) .  

Scaling and Rate Adjustments 

Overall phylogenies for the  principal bio- 
logical groups were calculated (45)  from the  
ran. data derived from the  BLOSUhl and 
PAM a.eighting scales (Fig. 3,  A and B). 
T h e  calculations used all the  available data 
(526 sequences from 57 enzymes; -5 slinle 
Inold sequences were omitted),  whether or 
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not  every taxon was represented. Again, our 
justification for this application is the  law of 
large nirlnbers (32). T h e  phylogenetic trees 
were surprisingly robust. 

Although the  ideal data set n~ould haye 
included a complete representation of all 15 
biological groups for all 57 enzymes, such 
cornpletelless in current databases is not j-et 
at hand. Nonetheless, it was possible to 
assemble numerous subsets of the  data that 
were conlnlete unto themselves. For exam- 
ple, sequences were available from 30 of the  
enzymes for the four major kingdoms-an- 
imals, f ~ ~ n q i ,  plants, and eubacteria. This set 
of 30 colnhlon sequences was used to deter- 
mine distances between groups and to con- 
struct phylogenies, which 111 turn were ex- 
amined in the  light of the  gross divergence 
times measured by aggregate averages and 
vice versa. Other  smaller subsets (Table 3 )  
were treated siinilarlv. Relative rates deter- 
inined by subset analysis xe re  used to cor- 
rect the aggregate data and adjustments in 
branching order xe re  made if needed. Scal- 
ing factors (SF) were determined by nor- 
malizing the inter-pair distances for the  
three taxa (animals, filngi, and eubacteria) 
that xere  colnlnon to all subsets. In this 
way, it nas  possible to construct a corrected 
phylogeny for all groups with consistent 
divergence times assigned to each node. 

A corrected phylogeny n a s  then calcu- 
lated with the  scaled distances determined 
by the subset strategy, whereby distances 
between groups from various subsets xere  
scaled and averaged, and an  overall phylog- 
eny conlputed that yielded a self-consistent 
set of divergence times (Fig. 3C) .  T h e  most 
obvious difference realized by scaling was 
apparent in the lineage leading to present- 
day pseudocoelo~nates (for example, C. el- 
egans), and here caution must he extended 
in that the scaling was derived from rela- 
tively small subsets (subset J has only seven 
members, and subset K, which is a subset of 
J ,  has only six). Beyond that,  scaling had 
only a inodest impact o n  the relative 
branch lengths. Nonetheless, the scaled 

Table 5. Uncorrected eukaryote-eubactera divergen 

values are the  Inore rigorously deterinined 
and were used for the  final assigllinent of 
divergence tiines (Fig. 3 C  and Table 3 ) .  I11 

general, the  adjustments tended to  mo\,e 
the  older divergences nearer to  the  present, 
the natural consequence of several lineages 
changing faster than the  sequences from 
aniinals used to calibrate the  distance line. 
Si1nilarly, the  junctions of eukaryotes with 
archaebacteria and eubacteria were moved 
forward in time by about 10 percent after all 
adjustments were incorporated (Fig. 3C) .  

Time and Distance 
Considerations 

Even with scaling and relative rate correc- 
tions, these di\~ergence times depend o n  a 
linear corresuondence between the distanc- 
es calculated from sequence siinilarities and 
absolute time. As noted above, the  Poisson 
condition is based o n  the assumption that 
the likelihood of replacernent is the  same 
for all residue positions, something we know 
is not true. Even the nlost changeable of 
amino acid positions call have constraints 
(4) .  T h e  q~restion is whether the  effect of 
differential replacernent is significant, a n  
issue often debated (30, 47).  Most enzymes 
have essential residues that cannot be re- 
placed under an\ circumstances \\7ithout loss 
of f~lnction. Honever, the numbel of such 
residues is usually small relative to the i1~11n- 
bers of lesidues that can be changed more 

u 

freely, and there are enzymes xhere  homol- 
ogy has been confirined only o n  the basis of 
three-dimensional structures, virtually all se- 
quence resemblance having been eroded 
(48). 

Nonetheless, it is a simple inatter to 
correct the Poisson relation for various frac- 
tions of irreplaceable residues (49),  and we 
reconsidered the  extrapolated data in this 
light. Thus, if the irreplaceable fraction 
were a reasonable 0.05 to 0.10, our data still 
fall within the realm of a linear extrapola- 
tion. Even as large a fraction as 0.15 nould 
extend the divergence time for eukar\otes 

ce times for sampled data sets* 

All 57 enzyme sets 
Remove seven enzyme sets at random? 
Remove seven slowest changerst 
Remove seven fastest changersi 
Remove seven lowest BiA ratloss 
Remove seven h~ghest BiA ratlosll 
Use 27 randomly drawn 
Use 27 rema~ning 
Use 27 slowest changers* 
Use 27 fastest changers* 

PAM BLOSUM 

-These "divergence times" are actually the ratos o i  the eukarjote-eubacteria dstance values (denoted B) divded by the 
an~mal-fungi d~stances (denoted A). but they are coincidentally about the same as the tlme in b l o n s  of 
years :Average of 10 tr~als ?As determned by the animal-fung distance (A) $Those entr es with the lowest 
BIA ratos would be the ones most likely to be horizontal imports. Those entries w~ th  the hghest B/A ratios w o ~ ~ l d  
be the ones most likely to be paraogs. 

and eubacteria by only 10 percent, barely 
offsettino the  correctiolls inlnosed for vari- " 
able rates of change and scaling. In  con- 
trast, if the eukarvote-nrokarvote diver- , 
gence occurred 3500 Ma, as some contend 
19), more than 35 nercent of all the residues 
111 these enzymes ~vould have to  be irre- 
placeable, a proposition we can reject o n  
the  basis of direct observation (50).  

T h e  residues in real proteins however, 
are not simply divided into those that 
change freely and those that do not change 
at all. Accordingly, we cond~rcted an  exten- 
sive simulation exercise to  examine the im- 
pact of assigning every residue in a protein 
a specified probability for change (51 ). Not 
unexpectedly, the  relationship between dis- 
tance and similarity score becoines c~rrvilin- 
ear under such circ~rmstances. T h e  inlnact 
o n  extrapolation is negligible, however, 
 hen distances are restricted to values cor- 
responding to inore than 30  percent se- 
quence identity, only becoming significant 
\\-hen the  similarity drops belon 25 per- 
cent  identity. Even when we assumed a n  
extreme distribution of nrobabilities. t he  
correction factor for a linear extrapolation 
to  the  eukarvote-eubacteria di\,eroence 
time an loun te j  to  only 10  to  15 pepcent. 
In  the  end,  a simple linear extrapolation 
has yielded a set of reasonable divergence 
times, especially when viewed in  the  light 
of offsetting if modest revisions required 
for observed differences 111 rate along dif- 

u 

ferent lineages. 
In summary, our data shon  that,  at least 

for the  set of enzymes studied, eukaryotes 
and eubacteria last shared a common ances- 
tor about 2 billion years ago, or twice as 
long ago as the  existence of the last com- 
mon ancestor of nlants and aniinals (52) .  ~, 

T h e  estiinate has survived critical assess- 
ment with regard to choice of a.eig11ting 
scale, random and selected data omission, 
changes in ainino acid replacement rate 
alclng different lineages, and considerations 
having to do  with the  linear extrapolation 
of calculated distailces. T h e  magnitude and 
offsetting nature of these corrections sug- 
gest that the  estiinate is accurate to about 
10 nercent. 

hnlendments and extrapolations aside, 
the  data indicate that bacterial seouences 
are more similar to each other than they are 
to their eukaryote couilterparts. A t  first 
glance, this might seem to argue for a very 
early divergence of eukaryotes and euhacte- 
ria. But the colnlnon ancestor of pro- 
karyotes and eukaryotes was already a very 
complex organism with a sophisticated and 
highly regulated metabolism; its genetic 
replicative machinery was very advanced 
and included most extant error-prevention 
devices. Moreover, during our casual in- 
spection of enzyme candidates for this 
study, it was ob\,ious that most bacterial 
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enzymes have orthologous or paralogous ho- 
mologs among the eukarvotes. If living or- 
ganisms existed as rnuch as 3500 Ma and 
the  last cornlnon ancestor of prokaryotes 
and eukaryotes lived about 2000 Ma, then 
there would have been 1500 million \-ears 
for this f l n e l ~  tuned and complex arrange- 
lnent to evolve. 

However, if all extant bacteria date back 
to a colnrnon ancestor less than 2 billion 
years ago, questions must be asked as to 
what kind of organism gave rise to tlhe 

u u 

present bacterial kingdom and what kinds 
of creatures. _ existed before that tlme. 
Whether  all hut one of the earl!- lineages of 
bacteria became extinct and other similar 
questions require addressing in  the light of 
tlhe determined chronolog!- (53). 
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Thiyl Radicals in Ribonucleotide 
Reductases 

Stuart Licht, Gary J. Gerfen, JoAnne Stubbe 

The ribonucleoside triphosphate reductase (RTPR) from Lactobacillus leichmannii cata- 
lyzes adenosylcobalamin (AdoCb1)-dependent nucleotide reduction, as well as exchange 
of the 5' hydrogens of AdoCbl with solvent. A protein-based thiyl radical is proposed as 
an intermediate in both of these processes. In the presence of RTPR containing specif- 
ically deuterated cysteine residues, the electron paramagnetic resonance (EPR) spectrum 
of an intermediate in the exchange reaction and the reduction reaction, trapped by rapid 
freeze quench techniques, exhibits narrowed hyperfine features relative to the corre- 
sponding unlabeled RTPR. The spectrum was interpreted to represent a thiyl radical 
coupled to cob(ll)alamin. Another proposed intermediate, 5'-deoxyadenosine, was de- 
tected by rapid acid quench techniques. Similarities in mechanism between RTPR and 
the Escherichia coli ribonucleotide reductase suggest that both enzymes require a thiyl 
radical for catalysis. 

AltlloL,g11 the  react iv~tp of free radicals 
has often been associated with mutagene- 
sis and molecular degradation, sophisticat- 
ed methods have evolved to har~less  this 
reactivity to  effect difficult reactions n-it11 
reinarkable selectivity. T h e  past few pears 
have arit~lessed a renaissance in the  detec- 
t ion of protein-deril-ed radicals that  have 
been proposed to play essential roles in 
metabolism, from DNA biosynthesis and 
repalr to  prostaglandi~l biosynthesis and 
acetyl-coe~lzyme A production (1 -4) .  
T h e  Escherichia coli ribonucleotide reduc- 
tase ( R N R ) ,  which has served as a proto- 
type for these enzymes, was dernonstrated, 
in 1977, to contain  a stahle tyrosyl radical 
that plays a n  essential role in  the  conver- 
slon of all nucleotides to deoxynucleotides 
(5 ) .  This reduction is accolllpanied hy OX- 
idation of two cysteines to  a disulfide 
(Scheme I ) ,  and addi t io~lal  turnovers re- 
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quire re-reduction of the  enzyme by a re- 
duc i~ lg  system such as th ioredoxi~l  ( T R ) ,  
thioredoxill reductase ( T R R ) ,  and nice- 
ti~lalnide adenine dinucleotide phosphate 
reduced (NADPH)  (Scheme 1) (6).  Ribo- 
nucleotide reductases, despite their central 
role in deoxynucleotide fornlatio~l in all or- 
ganisms, have been sho'~\-n over the  past 
decades to contain metallo-cofactors that 
are structurally and chemically disti~lct (Fig. 
1) (7-9). T h e  reductase from Lactobacilltts 
leichmannii requires adellosylcobalarni~l 
(AdoCbl) as a cofactor, n,hich call generate 
cob(I1)alamin and a putative 5'-deoxyade- 
nosy1 radical (5'-dA.) in a ki~letically com- 
petent fashion (19, I 1  ) .  T h e  reductase from 
E .  coii grown ~ lnder  anaerobic conditions 

d 

uses an  iron-sulf~~r cluster and S-adenospl- 
methionine to generate a glycyl radical es- 
sential for ~ l ~ ~ c l e o t i d e  r e d u c t i o ~ ~  (12) ,  and a 
reductase from Bset'ibacteritim ammoniagenes 
uses a manganese cluster to generate a pu- 
tative  rotei in radical 113). All of these re- 
d~lctases are associated with metallo-cohc- 
tors that are thought to generate, in the 
protein environment, an  organic radical 
that initiates the nucleotide r e d ~ ~ c t i o ~ l  uro- 
cess. However, in n o  case has a protein 
radical in a red~lctase system heen demon- 

out that such an occurrence would not affect our 
f~ndngs.  except that the t~rne we are repori~ng as a 
divergence t ~ m e  for eukaryotes and eubacter~a 
would Instead chronce the alleged fusion event. 
R.  S. G ~ ~ p t a  and G. B. Goloing. J, 1Wo1. Evol. 37. 573 
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strated to disappear and reappear '~vith a race 
faster than the turnover of the enzyme (7) .  

T h e  two red~~ctases  whose mechanisms 
have been examined in  the greatest detail 
are those from E.  coli and L ,  leichmannii. 
Even though each of these proteins possess- 
es a characteristic primary and quaternar7- 
structure and a distinct metallo-cofactor, an  
in-depth examination of these proteins 
with mechanism-based inhibitors and site- 
directed mutants has revealed an  extensive 
congruence in  catalytic details (7 ,  8 ,  14). 
T h e  role of the  metallo-cofactor appeared 
to be even more colllplex than origillally 
hypothesized, and, in  199C, the proposal 
was made that the  f~lnct ion of the  tvrosvl , , 

radical in the E.  coli reductase and the 
putative 5'-dA. in the L.  leiclunannii reduc- 
tase was to generate a thiyl radical, which 
initiated the  nucleotide reduction process 
hy abstraction of the 3 '  hydrogen atoll1 fro111 
the nucleotide s~lbstrate ( 7 ,  8). Direct evi- 
dence in  support of this proposal, ho\vever, 
has renlained elusive. 

W e  nolv describe the  direct el-idence for 
the intermediacy of a thiyl radical (C4OS) In 
the nucleotide r e d ~ ~ c t i o ~ l  vrocess catalyzed 
by the L .  leichmannii reductase. Even 
though there is n o  statistically significant 
sequence similarity bet\\-een the E.  coli and 
the  L .  leichtnannii red~lctases (151, the  se- 
quence context surrounding the putative 

E call, mammalian H S V  L l e ~ c h m a n n ~ ~  
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Fig. 1. Metao-cofactors of RNRs required for the 
generation of the putatlve thiyl radlcal essental for 
the nuceotlde reducton process. 

SCIESCE I'OL 271 26 J i iYbARY 1996 477 




