B —— T —
it tin da ne ke b ok Sl g ) S e o TORR R RN R R e

Determining Divergence Times
of the Major Kingdoms of Living
Organisms with a Protein Clock

Russell F. Doolittle,* Da-Fei Feng, Simon Tsang, Glen Cho,
Elizabeth Little

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, animais, 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 common ancestor have rested mostly on
suppositions based on the fossil record.
Most macrofossils are restricted to the last
600 million years, however, and phyletic
assignments based on microfossils are often
tenuous (I, 2). As a result, the divergence
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 presumed first appearance of cellular
life, which is thought to be about 3.5 billion
years ago. The branching order of the prin-
cipal lineages within that time frame has
been based mainly on consideration of cur-
rently shared characters.

The 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 with histories based on
the fossil record seemed promising (4), and
numerous studies have since been conduct-
ed that have dealt with the divergence
times of all sorts of creatures (5). Nonethe-
less, the divergence times of the major
groupings of organisms have remained elu-
sive. For example, amino acid sequence—
based estimates of the divergence time of
prokaryotes and eukaryotes have ranged
from 1.3 to 2.6 billion years (6, 7). Paleon-
tologists initially placed the divergence at
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1400 million years ago (Ma) on the basis of
microfossils and biogeochemistry (8), but
more recently, swayed by data from ribo-
somal RNA sequences (9), have swung to
the opposite extreme and apparently accept
the notion that the prokaryotic-eukaryotic
split occurred 3.5 billion years ago, shortly
after life itself began (2).

The principal challenges to molecular
clocks center around the problem of un-
equal rates of change over long time periods
and along different lineages. Protein clocks
also have the complication that different
proteins change at different rates as a result
of different structural and functional 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
enough data set, anomalies should cancel
and a smooth rate of change might be ef-
fected (10).

During a limited pilot study to. see
whether protein sequences could provide a
reasonable chronometry of events dating
back to the last common ancestor of pro-
karyotes and eukaryotes (11), our analysis of
10 proteins with representative sequences
from the major groups of organisms indicat-
ed that the last common ancestor of pro-
karyotes and eukaryotes existed 1.9 = 0.6
billion years ago. The uncertainty was large-
ly a reflection of the small number of appro-
priate sequences available for comparison.

Now we have expanded that study to 57
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different proteins comprising 531 different
sequences. In addition, we have analyzed
the data in several ways including tests for
self-consistency among the data themselves,
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 wholly 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
small 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 organisms are really
related or are merely functionally equivalent
(12). A further complication is unintended
comparisons of paralogous rather than or-
thologous descendants (13), and even an
occasional horizontal gene transfer (14). We
have limited our study to the sequences of
enzymes, partly because the nomenclature
for enzymes is reasonably systematic, and
partly because many enzymes occur in most
organisms. Accordingly, we devised a proce-
dure for screening all enzyme sequences in a
database to see which ones were suitably
represented and useful for comparative anal-
ysis (15-23). In the end, 57 enzyme groups
totaling 531 sequences survived the screen-
ing process (Table 1).

The 531 amino acid sequences were
from 15 principal groups of organisms, in-
cluding nine animal subgroups, fungi,
plants, slime mold, protists, archaebacteria,
and eubacteria. The nine animal groups
included six vertebrate types (placental
mammal, marsupial, bird-reptile, amphibi-
an, fish, and cyclostome), a seventh deuter-
ostome (echinoderm), schizocoelomates
(arthropods, mollusks), and pseudocoelo-
mates (nematodes). The mammalian group
was subdivided by order, and as a result we
actually considered 15 divergences, begin-
ning with the radiation of mammalian or-
ders. Subsequently, we also subdivided the
eubacteria into Gram-negative and Gram-
positive organisms for a consideration of
when that divergence may have occurred.

Sequence Resemblances
Among the Major Groups

The first phase of our study entailed the
proper alignment 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.



On the average, plant sequences are
more like animal sequences than are fungal
~ones (Fig. 1, A and B). This is true whether
the entire data set is considered or only
those 30 enzymes for which sequences were
available from all three groups. The 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). The 54
comparisons between fungi and animal se-
quences ranged from 36 to 69 percent iden-
tity (mean, 55; SD, 8). Comparable results
were obtained when comparisons were re-
stricted to the subset of 30 enzymes for
which representatives from all three groups
were available. The average similarity of
plant and fungal sequences was just about
the same as the animal-fungal value (Fig.
1C). The difference between plants and
animals and fungi and animals was only
marginally significant (1.6:SD by the Stu-
dent’s ¢ test), plant sequences being more
similar to animal sequences in 18 of 30
comparisons.

When all 57 enzyme sets were analyzed,
the 120 sequences from 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. 1D). The results compare favorably
with those of a previous study in which 28
enzyme and 2 non-enzyme sequences from
Escherichia coli and humans were 34 percent
identical, on the average (24). At 39 per-
cent identity, archaebacterial sequences
were more similar to those of eukaryotes
than they were to those of eubacteria. The
differences were apparent whether all avail-
able sequences were considered or only
those nine subsets that contained both ar-
chaebacterial and eubacterial sequences,
but the statistical significance was marginal

(25).

Calculating Distances from
Sequence Resemblances

[t is well established that protein sequence
comparisons are more informative when
weights are used that take into account
structural and genetic biases for amino acid
replacements. A number of amino acid sub-
stitution matrices have been generated or
compiled by various means, the most pop-
ular of which has been the Dayhoff PAM-
250 scale (20). Some other more recently
introduced scales include the GCB (Gon-
net-Cohen-Benner) matrix (21) and the
BLOSUM tables (22). Although weighted
scales have little bearing on either align-
ments or phylogenies when sequences are
more than 30 percent identical (26),
which is the case for most of the align-
ments used in this study, we still thought
it prudent to try various weight matrices to

ensure against some hidden bias. In all
cases the similarity scores obtained were

scaled as follows (26):
S = (Sobs - Srk\l\d)/(sident - Srm\d)

where S, is the observed similarity score
obtained by summing the scores for two

Table 1. Enzyme sequences used for comparisons.
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aligned amino acids obtained from the
weight matrices, S,,.q the corresponding
score for two random sequences of the same
lengths and compositions, and Sy, the
average score of the two self-comparisons.
The scoring system corrects for chance
matches and relates the course of sequence

nfﬁ%er Name Length* N ?1';; s Plants Fungi Eg?s ?ear?a
1.1.1.205 Inosine monophosphate 337 10 4 1 2 3
dehydrogenase
1.1.1.27 L-Lactate dehydrogenase 306 15 6 2 7
1.1.1.34 HMG-CoA reductase 403 15 6 5 1 1
1.1.1.42 Isocitrate dehydrogenase 406 6 1 2 1 2
1.1.1.49 Glucose 6-phosphate 483 9 3 1 1 1 3
dehydrogenase
1.16.1.1 Superoxide dismutase (Cu-Zn) 153 18 8 5 2 3
17.4 Ribonucleotide reductase (small 380 6 3 1 1 1
subunit)
1.17.41 Ribonucleotide reductase (large 751 6 3 1 1 1
subunit)
1.21.12 Glyceraldehyde 3-phosphate 292 20 7 3 4 3 3
dehydrogenase
1213 Aldehyde dehydrogenase 468 12 5 1 3 3
1.2.4.1 Pyruvate dehydrogenase 322 8 5 1 1 1
1.2.4.2 2-Oxoglutarate dehydrogenase 202 6 1 1 4
1.3.3.1 Dihydroorotate oxidase 291 6 2 1 1 2
1.4.4.2 Glycine dehydrogenase 899 4 2 1 1
(decarboxylating)
1.6.1.8 Dihydrofolate reductase 160 17 5 2 2 5 2
1.8.1.4 Dihydrolipoamide dehydrogenase 456 9 2 1 1 1 3
2.1.1.45 Thymidylate synthase 286 13 2 2 2 4 3
2.1.1.63 Cysteine S-methyl transferase 177 6 2 1 3
2.1.2.1 Glycine hydroxymethyl transferase 457 10 2 2 2 4
2132 Aspartate carbamoyl! transferase 309 10 2 2 1 4
2.1.3.3 Ornithine carbamoyl transferase 324 9 3 2 4
2.8.1.12 Dihydrolipoamide S-acety! 423 7 2 1 4
transferase
2.3.1.16 Acetyl CoA C-acetyl transferase 384 8 2 1 2 3
2.4.1.18 1,4-a-glucan branching enzyme 605 8 1 2 1 4
2.5.1.1 Dimethylallyl transferase 295 7 2 1 1 1
2.5.1.6 Methionine adenosy! transferase 393 8 3 3 1 1
2.6.1.1 Aspartate transaminase 411 9 4 3 1 1
2.6.1.16 Glutamine fructose 6-phosphate 653 4 1 1 2
transaminase
2.7.1.11 Phosphofructokinase 285 11 4 2 5
2.7.1.40 Pyruvate kinase 457 15 3 2 5 1 3
2.7.2.3 Phosphoglycerate kinase 407 14 5 2 2 4
2.7.4.6 Nucleoside diphosphate kinase 149 9 2 3 1 2
2.7.6.1 Phosphoribose 310 5 1 1 3
pyrophosphokinase
2.7.7.6 DNA-directed RNA polymerase 284+ 10 3 1 1 2 1
3.1.3.1 Alkaline phosphatase 322 7 4 1 2
3.1.3.11 Fructose bisphosphatase 329 12 3 2 2 3
3.2.1.22 Alpha-galactosidase 297 7 1 2 2 2
3.4.21.4 Trypsin 217 12 9 1 2
3.6.1.28 dUTP pyrophosphatase 151 5 1 1 1 1
4.1.1.23 Orotidine phosphate 237 13 3 1 5 3
decarboxylase
4.1.1.32 Phosphoenolpyruvate 504 8 6 1 1
carboxykinase
4.1.1.37 Uroporphyrinogen decarboxylase 359 6 2 1 3
4.2.1.11 Enolase 366 18 8 3 3 1 2
4.2.1.24 Porphobilinogen synthase 322 9 2 1 2
4.3.2.1 Argininosuccinate lyase 454 7 3 1 2 1
51.3.2 Uridine 5’-diphosphate—-glucose 340 7 1 2 4
4-epimerase
5.2.1.8 Peptidyl prolyl isomerase 161 12 5 2 3 2
5.3.1.1 Triose phosphate isomerase 229 21 9 3 3 2 4
5.99.1.3 DNA topoisomerase {adenosine 463 11 4 2 2 3
triphosphate-hydrolyzing)
6.1.1.3 Threonine-tRNA ligase 645 4 1 1 2
6.1.1.5 Isoleucine-tRNA ligase 935 6 1 1 3
6.1.1.9 Valine-tRNA ligase 463 5 1 2 2
6.1.1.21 Histidine-tRNA ligase 431 5 2 1 2
6.3.1.2 Glutamate-ammonia ligase 323 14 5 3 1 5
6.3.4.4 Adenylosuccinate synthase 426 6 2 1 2
6.34.5 Argininosuccinate synthase 399 8 3 1 2
6.3.5.4 Asparagine synthase 555 6 2 3 1
*Average length used. +Only portions of sequences used.
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divergence to a true first-order decay pro-
cess. These scores were subsequently trans-
formed into distance (D) measures by the
Poisson relationship (27-31):

D= —In S X 100

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

20A- Animals/Fungi
N =54
Mean = 55%
SD=8

Range = 36-69
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enzyme group was represented in every bi-
ological grouping, but relied instead on the
data being sufficiently abundant to fall
within the realm of the Law of Large Num-
bers (32), a proposition we tested by sam-
pling the data in various ways.

The second phase of the analysis was a
refining process that took into account fac-
tors ignored in the first stage. Phylogenetic
analysis was used to determine 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. The
impact of different enzymes tending to
change at different rates was taken into

22 Plant/Animal
N=33

Mean = 57%
SD=8

Range = 39-72

o &
0 10 20 30 40 50 60 70 80 90 100
Percent identity

C Plant/Fungi
201 N=30
Mean = 55%
SD=7
Range = 38-69

N 10-

0
0 10 20 30 40 50 60 70 80 90 100
Percent identity

2OD- Eubacteria/Eukaryotes
N=57
Mean = 37%
SD=9
Range = 20-56
N 104

0
0 10 20 30 40 50 60 70 80 90 100
Percent identity

O §
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Fig. 1. Resemblances (percent identity) of enzyme sequences from principal biological groups as

measured in blocks of five percentage points.

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

R TR O SR T T S s 0

N |dentityt Dis- LCAS

(% = SD) tancet (Ma)

Mammal-mammal 43 91+ 6 6 100
Eutheria-marsupial 2 92 =2 5 130
Mammal-bird-reptile 12 84 =6 11 300
Amniote-amphibian 5 78 =9 17 365
Tetrapod-fish 4 74 +8 22 400
Gnathostome-lamprey 1 78 16 450
Chordate-echinoderm 1 69 27 550

*Number of enzyme sets compared.
ancestor.
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tPercent identity.

{Distances taken from Fig. 2C. §Last common
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account by normalizing the data in the
various subsets by comparing components
common to them all.

Finally, we considered the possibility
that a linear relation between our calculat-
ed distances and evolutionary time might
not be wholly valid. We therefore made an
estimate of how different the divergence
times would be if distance values were cor-
rected for various fractional contents of ir-
replaceable or slowly changing residues in
the proteins under study.

Fixing Divergence Times

Even with the aid of a fossil record, there is
always uncertainty in fixing a divergence
time; the fossil record can only provide a
“first appearance.” Nevertheless, our plan
was 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).

We initially examined slopes obtained
separately by comparisons based on the
PAM-250 and BLOSUM-62 matrices. The
PAM-250 plot put the plant-animal-fungi
junctions near a billion years ago (Fig. 2A),
but the BLOSUM plot had a steeper slope
and those junctions appear to be somewhat
more recent (Fig. 2B). Because of the way
the two weighting scales were 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 values of the PAM
and BLOSUM data were plotted with the
initial PAM slope, and a set of divergence
times was obtained from the observed dis-
tances (Fig. 2C). The percentages of iden-
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-
stomes and protostomes of about 700 Ma
(Fig. 2C). The BLOSUM comparisons in-
dicated that the schizocoelomate (predom-
inantly Drosophila) and pseudocoelomate
(represented among these data mostly by
Caenorhabditis elegans sequences) animals
diverged at about the same time, but the
PAM comparisons had the schizocoelo-
mates emerging more recently. The latter
result was confirmed by a thorough consid-
eration of all intergroup distances by the
subset strategy (see below). Our best esti-
mate of the deuterostome-protostome di-
vergence is 670 Ma, with the schizocoelo-
mate-pseudocoelomate divergence occur-
ring 50 to 100 Ma before that. Although
these estimates are somewhat greater than
most textbook values, they seem consistent
with recent evaluations of the fossil record
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that suggest the existence of pre-Ediacaran
metazoans (34).

In line with their being more similar to
animal sequences, plants appeared on the
distance line ahead of the fungi (Fig. 2).
When 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 changing
faster than those of plants and animals (35).
These observations are in full accord with
recent reports that suggest that animals and
fungi are more recently related than ani-
mals and plants (36).

The 29 protist sequences used were
mainly represented by kinetoplastid organ-
isms, especially trypanosomes, leishmania,
and crithidia. On average, the differences
between protists and the principal king-
doms (plants, animals, and fungi) were only
slightly greater than distances between
members of the kingdoms (Table 3). Al-
though the protists are likely a polyphyletic
group, it is clear that the ones we used last
shared a common ancestor much more re-
cently than the divergences of eukaryotes
from prokaryotes; extrapolation of the dis-
tance line puts the protist divergence at
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 somewhat more recent (Table 3).

Contrary to this result, the microfossil
record is reported to have forms resembling
protists appearing as early as 1700 Ma (37).
However, our data set may not have a truly
representative set of protists, and our esti-
mated late divergence time may reflect that
sampling bias. In this regard, three sequenc-
es from Giardia lamblia, frequently cited as a
very early diverging eukaryote (38), were no
‘more different from those of the higher
eukaryote group than other protists.

Most systematicists classify the slime
mold, Dictyostelium discoideum, as a protist
(39) although a set of eight slime mold pro-
tein sequences was reported to be much
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 = 5), and equiva-
lent sequences from other protists were not
available for direct. comparison. Nonethe-
less, the data indicate that Dictyostelium di-
verged from the main line more recently
than protists and at about the same time as
plants (Fig. 2C).

Direct extrapolation of the distance line
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indicates that eukaryotes last shared a com-
mon ancestor with archaebacteria 1800 Ma,
and with eubacteria slightly more than 2000
Ma (Fig. 2C). These values are in accord
with reports of microfossils whose age is 1700
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to 1900 million years and that resemble eu-
karyotic cells (41), but they are at odds with
the claim of a 2100-million-year-old fossil
alga thought to resemble extant chloroplast-
containing eukaryotes (42).
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Fig. 2. Calculated distances determined with PAM-250 and BLOSUM-62 weighting scales plotted as a
function of divergence time. (A and B) Slopes determined from the major animal divergences based on the
fossil record and constrained to pass through the origin. Large symbols are the averages of all the individual
data points (small symbols). Dashed lines denote extrapolations to which the distance points were fitted.
(C) Slope based on vertebrate PAM values, but data points are averages of both PAM and BLOSUM
values. Distances for each enzyme were calculated between the sequence for a given taxon and all other
taxa more recently diverged from the trunk; except that sequences from plants, fungi, and Dictyostelium
were compared only with the corresponding animal sequences (that is, at this stage no position was taken
with regard to the branching order of these three groups), and, similarly, sequences from archaebacteria
and eubacteria were only compared with the corresponding sequences from eukaryotes and not with each
other. Because plants and slime mold gave the same distances relative to animals, they are plotted side by
side. (D) percent identities plotted against divergence times taken from (C).

Table 3. Average resemblances and divergence times by extrapolation.

N* IDt (%) D¥ LCA$ LCA’ LCA"  LCA”
Deuterostome-protostome 21 64 + 10 36 750 656 675 675
Schizocoelome-pseudocoelome 9 64+ 8 37 750 784 750 750
Fungi-animal 54 556+ 8 52 1050 978 965 965
Plant-animal 33 57+ 8 47 1000 1000 1000 1000
Protist—plant-animal-fungi 14 51 =10 59 1250 1236 1230 1230
Archaebacteria-eukaryotes 9 39+ 6 85 1800 1889 1700 1870
Eubacteria-eukaryotes 57 37+ 9 96 2050 2080 1875 2156
Bacilli-E. coli 28 45+ 9 75 (1500) 1610 1450 1523
E. coli-Salmonella 8 94+ 6 6 (100) (100) (100) (100)

*Number of enzyme sets compared. +Percent identity = SD. iDistances, from Fig. 2C. §LCA, lastcommon
ancestor given as million years ago (LCA from Fig. 2C); LCA’, average of Fig. 3, A and B; LCA", after scaling (Fig. 3C);
and LCA", after correction for amino acid replacement constraints.
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Subset analysis (below) was consistent
with the archaebacteria being grouped with
the eukaryotic lineage and supports other
protein sequence comparisons, especially
those that have taken advantage of early
gene duplications, showing that at least
some archaebacterial proteins are more
closely related to eukaryote than to eubac-
teria proteins (43). Phylogenetic analysis of
all the data placed the root between the
archaebacteria and the eubacteria, and a
negative branch length resulted when at-
tempts were made to group the archaebac-
teria with the eubacteria. The data also
show that the 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 accordance with the extrapolated
distance line.

The divergence time of Gram-positive
and Gram-negative bacteria was estimated
by two different comparisons: in one, 51
sequences from Gram-positive organisms
were compared with 84 sequences from
Gram-negative organisms (Fig. 3, A and B).
The other comparison included 28 enzymes
common to the genus Bacilli and to E. coli.
In both comparisons, the two groups were 45
percent identical, and the calculated diver-
gence time was about 1450 Ma (Table 3).

Those eubacteria that are not usually
classified as either Gram-positive or Gram-
negative were also examined. This group,
which included five cyanobacteria, was no
more different from the Gram-positive and

Sub- Biological groups* Nt SF
set

A Animal-fungi-eubacteria 54 1.00
B Animal-fungi-plant-eubacteria 30 1.03
C Anima-fungi-protists-eubacteria 14 1.09
D Animal-fungi-plant-protists-eubacteria 9 1.24
E Animal-fungi-archaebacteria-eubacteria 9 0.98
F Animal-fungi-plant-archaebacteria-eubacteria 5 0.96
G Animal-fungi-plant-protists-archaebacteria-eubacteria 4 114
H Deuterostomes-schizocoeles-fungi-eubacteria 21 1.00
| Deuterostomes-schizocoeles-fungi-plant-eubacteria 13 1.06
J Deuterostomes-schizocoeles-pseudocoeles-fungi-eubacteria 7 1.20
K Deuterostomes-schizocoeles-pseudocoeles-fungi-plant-eubacteria 6 1.21
L Animal-fungi-Bacilli-E. coli 28 1.08

*Deuterostomes are chordates, echinoderms; schizocoeles are arthropods, annelids, and others; pseudocoelomates

are nematodes, and others.
subset. Thus, 54 of the enzymes are common to subset A,

TN, the number of enzyme types present in at least one member of each lineage in a

but only four enzymes are common to subset G. ISF,

scale factors B to G and L based on fungi-eubacteria distances relative to set A. Scale factors for subsets H to K based

on animal-fungi distances relative to set A.

A BLOSUM B PAM
685l Deuterostomes 626
786 Schizocoeles 782
983 Pseudocoeles 973
1000l Fungi 1000
1235 Plants 1236
1951
1827 Protists
2017 Archae- 2142
bacteria
1584 Gram-positive 635

Gram-negative

Gram-positive

c Scaled
Deuterostomes Deuterostomes
671
Schizocoeles 761 Schizocoeles
Pseudocoeles 965 Pseudocoeles
Fungi 1000 Fungi
Plants Plants
Protists 1699 Protists
Archaebacteria 1873 Archaebacteria

Gram-positive

Gram-negative Gram-negative

Fig. 3. Overall phylogenies calculated from all intergroup distances. (A) The phylogeny was calculated
from intergroup raw data determined with the BLOSUM substitution matrix. (B) The tree was calculated
with the equivalent raw data derived from the PAM-250 matrix. (C) The phylogeny was calculated from
scaled data that were derived from both PAM and BLOSUM weighting and averaged. Scaling was based
on subset A (animal-fungi-eubacteria), members of which occur in all the other subsets. The animal-
fungi distance from subset A was used to scale all the animal intergroup distances, and the fungi-
eubacteria distance from subset A to scale all other intergroup distances. The numbers at the nodes
indicate divergence times in millions of years, based on the plant-animal divergence being set equal to
1000 Ma.
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Gram-negative than were the latter from
each other. Apart from emphasizing that all
the eubacteria represented in our study are
monophyletic, the result may reflect a com-
monality of genomic exchange among eu-
bacteria (14).

Comparison of nine enzymes common to
E. coli and its close relative, Salmonella typhi-
murium, revealed that, at 94 percent identi-
ty, they were just slightly less similar than are
the same enzymes from various mammalian
orders (95 percent identical, on the average),
a result in good agreement with an earlier
estimate that the divergence between these
bacterial groups occurred 100 to 130 Ma
(44). We therefore conclude that the rate of
sequence change per unit time among the
enterobacteria is not significantly different
from that observed in animals.

We cannot be certain that all the sequenc-
es analyzed in this study are truly orthologous
within their group. Nor can we be certain that
an occasional horizontally transferred se-
quence has not crept into the collection. In-
deed, the enzyme with the highest resem-
blance between eukaryotes and eubacteria,
phosphoenol pyruvate carboxykinase (E.C.
4.1.1.32), is hardly any more similar when
fungi and animals are compared (no plant or
protist sequences are yet available), and some
kind of horizontal transfer may have occurred.
But we think that the number of comparisons
made was sufficiently large that such anoma-
lies, if they exist, would have little impact. To
test this proposition, we sampled the data in
various ways to see what effect the omission of
certain sequences would have on extrapolated
divergence times. For example, we analyzed
10 data sets in which seven randomly chosen
enzyme groups were 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 another case, the seven slowest. The
former had virtually no effect, and the latter
moved the prokaryote-eukaryote junction
nearer to the present (Table 5). In addition,
we divided the 54 enzyme sets that contained
animal, fungi, and eubacterial sequences into
two groups, the 27 fastest changing and the 27
slowest. The results were only marginally af-
fected, the more conservative proteins mov-
ing the boundary nearer to the present by less
than 10 percent and the faster changing ones
moving it further 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
raw data derived from the BLOSUM and
PAM weighting scales (Fig. 3, A and B).
The calculations used all the available data
(526 sequences from 57 enzymes; ~5 slime
mold sequences were omitted), whether or



not every taxon was represented. Again, our
justification for this application is the law of
large numbers (32). The phylogenetic trees
were surprisingly robust. :

Although the ideal data set would have
included a complete representation of all 15
biological groups for all 57 enzymes, such
completeness in current databases is not yet
at hand. Nonetheless, it was possible to
assemble numerous subsets of the data that
were complete unto themselves. For exam-
ple, sequences were available from 30 of the
enzymes for the four major kingdoms—an-
imals, fungi, plants, and eubacteria. This set
of 30 common sequences was used to deter-
mine distances between groups and to con-
struct phylogenies, which in 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 similarly. Relative rates deter-
mined by subset analysis were used to cor-
rect the aggregate data and adjustments in
branching order were made if needed. Scal-
ing factors (SF) were determined by nor-
malizing the inter-pair distances for the
three taxa (animals, fungi, and eubacteria)
that were common to all subsets. In this
way, it was possible to construct a corrected
phylogeny for all groups with consistent
divergence times assigned to each node.

A corrected phylogeny was then calcu-
lated with the scaled distances determined
by the subset strategy, whereby distances
between groups from various subsets were
scaled and averaged, and an overall phylog-
eny computed that yielded a self-consistent
set of divergence times (Fig. 3C). The most
obvious difference realized by scaling was
apparent in the lineage leading to present-
day pseudocoelomates (for example, C. el-
egans), and here caution must be 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 modest impact on the relative
branch lengths. Nonetheless, the scaled

values are the more rigorously determined
and were used for the final assignment of
divergence times (Fig. 3C and Table 3). In
general, the adjustments tended to move
the older divergences nearer to the present,
the natural consequence of several lineages
changing faster than the sequences from
animals used to calibrate the distance line.
Similarly, 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 divergence times depend on a
linear correspondence between the distanc-
es calculated from sequence similarities and
absolute time. As noted above, the Poisson
condition is based on the assumption that
the likelihood of replacement is the same
for all residue positions, something we know
is not true. Even the most changeable of
amino acid positions can have constraints
(4). The question is whether the effect of
differential replacement is significant, an
issue often debated (30, 47). Most enzymes
have essential residues that cannot be re-
placed under any circumstances without loss
of function. However, the number of such
residues is usually small relative to the num-
bers of residues that can be changed more
freely, and there are enzymes where homol-
ogy has been confirmed only on the basis of
three-dimensional structures, virtually all se-
quence resemblance having been eroded
(48).

Nonetheless, it is a simple matter 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 would
extend the divergence time for eukaryotes

Table 5. Uncorrected eukaryote-eubacteria divergence times for sampled data sets*

PAM BLOSUM
All 57 enzyme sets 1.94 1.83
Remove seven enzyme sets at randomt 1.92 1.81
Remove seven slowest changers: 1.98 1.86
Remove seven fastest changersi 1.83 1.69
Remove seven lowest B/A ratios§ 1.78 1.69
Remove seven highest B/A ratios|| 210 1.97
Use 27 randomly drawn 212 1.96
Use 27 remaining 1.80 1.72
Use 27 slowest changers¥ 1.79 1.66
Use 27 fastest changersit 2.09 1.98

*These “‘divergence times' are actually the ratios of the eukaryote-eubacteria distance values (denoted B) divided by the
animal-fungi distances (denoted A), but they are coincidentally about the same as the time in bilions of

years. ‘tAverage of 10 trials.

B/A ratios would be the ones most likely to be horizontal imports.

be the ones most likely to be paralogs.

+As determined by the animal-fungi distance (A).
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and eubacteria by only 10 percent, barely
offsetting the corrections imposed for vari-
able rates of change and scaling. In con-
trast, if the eukaryote-prokaryote diver-
gence occurred 3500 Ma, as some contend
(9), more than 35 percent of all the residues
in these enzymes would have to be irre-
placeable, a proposition we can reject on
the basis of direct observation (50).

The residues in real proteins however,
are not simply divided into those that
change freely and those that do not change
at all. Accordingly, we conducted 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 becomes curvilin-
ear under such circumstances. The impact
on extrapolation is negligible, however,
when distances are restricted to values cor-
responding to more than 30 percent se-
quence identity, only becoming significant
when the similarity drops below 25 per-
cent identity. Even when we assumed an
extreme distribution of probabilities, the
correction factor for a linear extrapolation
to the eukaryote-eubacteria divergence
time amounted to only 10 to 15 percent.
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 in rate along dif-
ferent lineages.

In summary, our data show 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 plants and animals (52).
The estimate has survived critical assess-
ment with regard to choice of weighting
scale, random and selected data omission,
changes in amino acid replacement rate
along different lineages, and considerations
having to do with the linear extrapolation
of calculated distances. The magnitude and
offsetting nature of these corrections sug-
gest that the estimate is accurate to about
10 percent.

Amendments and extrapolations aside,
the data indicate that bacterial sequences
are more similar to each other than they are
to their eukaryote counterparts. At first
glance, this might seem to argue for a very
early divergence of eukaryotes and eubacte-
ria. But the common 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 obvious that most bacterial
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enzymes have orthologous or paralogous ho-

m

ologs among the eukaryotes. If living or-

~ ganisms existed as much as 3500 Ma and
the last common ancestor of prokaryotes
and eukaryotes lived about 2000 Ma, then
there would have been 1500 million years
for this finely tuned and complex arrange-
ment to evolve.

to

However, if all extant bacteria date back
a common ancestor less than 2 billion

years ago, questions must be asked as to
what kind of organism gave rise to the

pr
of

esent bacterial kingdom and what kinds
creatures _existed before that time.

Whether all but one of the early lineages of
bacteria became extinct and other similar
questions require addressing in the light of
the determined chronology (53).

wW N =
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long ago as the divergence of plants, animals, and-
fungi (6).
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widely discussed (54). Although we are skeptical of
such models on other grounds, we should point
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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 (AdoCbl)-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.

Although the reactivity of free radicals
has often been associated with mutagene-
sis and molecular degradation, sophisticat-
ed methods have evolved to harness this
reactivity to effect difficult reactions with
remarkable selectivity. The past few years
have witnessed a renaissance in the detec-
tion of protein-derived radicals that have
been proposed to play essential roles in
metabolism, from DNA biosynthesis and
repair to prostaglandin biosynthesis and
acetyl-coenzyme A production (I-4).
The Escherichia coli ribonucleotide reduc-
tase (RNR), which has served as a proto-
type for these enzymes, was demonstrated,
in 1977, to contain a stable tyrosyl radical
that plays an essential role in the conver-
sion of all nucleotides to deoxynucleotides
(5). This reduction is accompanied by ox-
idation of two cysteines to a disulfide
(Scheme 1), and additional turnovers re-

S. Licht is in the Department of Chemistry, Massachu-
setts Institute of Technology, .Cambridge, MA 02139,
USA. G. J. Gerfen is at the Francis Bitter Magnet Labo-
ratory and is in the Department of Chemistry, Massachu-
setts Institute of Technology, Cambridge, MA 02139,
USA. J. Stubbe is in the Departments of Chemistry and
Biology, Massachusetts Institute of Technology, Cam-
bridge, MA 02139, USA.

quire re-reduction of the enzyme by a re-
ducing system such as thioredoxin (TR),
thioredoxin reductase (TRR), and nico-
tinamide adenine dinucleotide phosphate
reduced (NADPH) (Scheme 1) (6). Ribo-
nucleotide reductases, despite their central
role in deoxynucleotide formation in all or-
ganisms, have been shown over the past
decades to contain metallo-cofactors that
are structurally and chemically distinct (Fig.
1) (7-9). The reductase from Lactobacillus
leichmannii  requires  adenosylcobalamin
(AdoCbl) as a cofactor, which can generate
cob(II)alamin and a putative 5’-deoxyade-
nosyl radical (5'-dA-) in a kinetically com-
petent fashion (10, 11). The reductase from
E. coli grown under anaerobic conditions
uses an iron-sulfur cluster and S-adenosyl-
methionine to generate a glycyl radical es-
sential for nucleotide reduction (12), and a
reductase from Brevibacterium ammoniagenes
uses a manganese cluster to generate a pu-
tative protein radical (13). All of these re-
ductases are associated with metallo-cofac-
tors that are thought to generate, in the
protein environment, an organic radical
that initiates the nucleotide reduction pro-
cess. However, in no case has a protein
radical in a reductase system been demon-
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out that such an occurrence would not affect our
findings, except that the time we are reporting as a
divergence time for eukaryotes and eubacteria
would instead chronicle the alleged fusion event.
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strated to disappear and reappear with a rate
faster than the turnover of the enzyme (7).

The two reductases 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 quaternary
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).
The role of the metallo-cofactor appeared
to be even more complex than originally
hypothesized, and, in 1990, the proposal
was made that the function of the tyrosyl
radical in the E. coli reductase and the
putative 5'-dA- in the L. leichmannii reduc-
tase was to generate a thiyl radical, which
initiated the nucleotide reduction process
by abstraction of the 3" hydrogen atom from
the nucleotide substrate (7, 8). Direct evi-
dence in support of this proposal, however,
has remained elusive.

We now describe the direct evidence for
the intermediacy of a thiyl radical (C*%®) in
the nucleotide reduction process catalyzed
by the L. leichmannii reductase. Even
though there is no statistically significant
sequence similarity between the E. coli and
the L. leichmannii reductases (15), the se-
quence context surrounding the putative
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Fig. 1. Metallo-cofactors of RNRs required for the
generation of the putative thiyl radical essential for
the nucleotide reduction process.
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