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Summary. The blue copper proteins and their rel- 
atives have been compared by sequence align- 
ments, by comparison of three-dimensional struc- 
tures, and by construction of phylogenetic trees. 
The group contains proteins varying in size from 
100 residues to over 2,300 residues in a single chain, 
containing from zero to nine copper atoms, and 
with a broad variation in function ranging from elec- 
tron carrier proteins and oxidases to the blood co- 
agulation factors V and VIII. Difference matrices 
show the sequence difference to be over 90% for 
many pairs in the group, yet alignment scores and 
other evidence suggest that they all evolved from a 
common ancestor. We have attempted to delineate 
how this evolution took place and in particular to 
define the mechanisms by which these proteins ac- 
quired an ever-increasing complexity in structure 
and function. We find evidence for six such mech- 
anisms in this group of proteins: domain enlarge- 
ment, in which a single domain increases in size 
from about 100 residues up to 210; domain duplica- 
tion, which allows for a size increase from about 
170 to about 1,000 residues; segment elongation, in 
which a small segment undergoes multiple succes- 
sive duplications that can increase the chain size 
50-fold; domain recruitment, in which a domain 
coded elsewhere in the genome is added on to the 
peptide chain; subunit formation, to form multisub- 
unit proteins; and glycosylation, which in some 
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cases doubles the size of the protein molecule. Size 
increase allows for the evolution of new catalytic 
properties, in particular the oxidase function, and 
for the formation of coagulation factors with multi- 
ple interaction sites and regulatory properties. The 
blood coagulation system is examined as an exam- 
ple in which a system of interacting proteins 
evolved by successive duplications of larger parts 
of the genome. The evolution of size, functionality, 
and diversity is compared with the general question 
of increase in size and complexity in biology. 

Key words: Blue copper proteins - -  Blue oxi- 
dases - -  Coagulation factors - -  Discoidins - -  Do- 
main evolution - -  Evolutionary mechanisms - -  
Phylogeny 

The blue copper proteins (for review see, e.g., Ry- 
d6n 1988) form an extremely diverse group of pro- 
teins containing from 1 to 9 copper atoms per mol- 
ecule and with about 100 to more than 1,000 
residues in the single peptide chain. The blue color 
is due to binding of a so-called type 1 copper  
(Malkin and Malmstr6m 1970), which has an extinc- 
tion coefficient of about 5,000 at 610 nm and un- 
usual spectral, magnetic, and redox properties. Re- 
cent reports on the structure of ascorbate oxidase 
(Messerschmidt et al. 1989; Messerschmidt and Hu- 
ber 1990) and previous reports on cDNA sequences 
of the three blue oxidases laccase (Germann et al. 
1988), ascorbate oxidase (Ohkawa et al. 1989), and 
ceruloplasmin (Koshinsky et al. 1986 for the cDNA 
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Table 1. Blue copper-containing proteins and proteins related to them 

Peptide Copper 
Protein Source chain length (number) Function 

Small blue proteins 
Plastocyanin Bacteria/plants ca. 100 1 Electron transfer in 

photosynthesis 
Azurin Bacteria ca. 130 1 Electron transfer 
Pseudoazurin Bacteria ca. 100 1 Electron transfer 
Amicyanin Bacteria ca. 100 1 Electron transfer 
Phytocyanin Plants ca. 100 1 Unknown 

Blue oxidases 
Ascorbate oxidase Plants 540 4 Oxidation of ascorbate 
Laccase Plants/fungi 540 4 Lignin degradation 
Ceruloplasmin Vertebrate plasma 1,046 6 Unknown 
Cytochrorne c oxidase Mitochondria 150 2 Oxidation of cytochrome c 

subunit II 

Coagulation factors 
Factor V Vertebrate plasma 2,196 1 Blood coagulation 
Factor VIII Vertebrate plasma 2,332 ? Blood coagulation 

The two coagulation factors are homologous to the blue copper proteins over a part of the peptide chain. The homology with subunit 
II of cytochrome c oxidase is only tentative 

sequence; and Takahashi et al. 1984, for the protein 
sequence), as well as on the two coagulation factors 
V (Jenny et al. 1987) and VIII (Wood et al. 1984) 
from human plasma that are related in part to ceru- 
loplasmin, have disclosed a complex of homologous 
proteins widely different in size, structure, organi- 
zation, and function. These proteins illustrate, per- 
haps more clearly and interestingly than in any 
other group, the various routes evolution has taken 
to design proteins with new functions and new lev- 
els of size and complexity by modifying an original 
small and simple structure. We have attempted to 
trace how this evolution took place by using meth- 
ods common in the study of molecular evolution-- 
in particular, construction of phylogenetic trees. 

The proteins to be discussed are presented in 
Table 1. The small blue proteins (for review see 
Rydrn 1984a) are found in bacteria and in plants. 
They all contain a single peptide chain of 100-140 
residues that binds a single intensely blue type 1 
copper. So far five clearly distinct families of small 
blue proteins have been discovered. The functions 
of these proteins, as far as they are known, are all 
related to electron transfer. Plastocyanin, which 
transfers electrons from photosystems PII to PI in 
pho tosyn thes i s ,  is bes t  character ized,  High- 
resolution three-dimensional structures are avail- 
able for plastocyanin (Guss and Freeman 1983), 
azurin (Adman et al. 1978; Norris et al. 1983), 
pseudoazurin (Adman et al. 1989), and cucumber 
basic blue protein (Gusset  al. 1988). The small blue 
proteins from nonphotosynthetic parts of plants, 
e.g., the cucumber basic blue protein and stellacy- 
anin from the lacquer tree, form a group of more 
closely related families. We will call these the phy- 

tocyanins, as suggested earlier (Rydrn 1984a). Fi- 
nally, the ragweed allergen, a pollen protein, has 
been shown to be related to the group of small blue 
proteins (Hunt et al. 1985)--most closely to the 
phytocyanins--although it is neither blue nor con- 
tains copper. 

Three different blue oxidases are known. Lac- 
case has been isolated from the lacquer tree and 
several fungi (for review see Reinhammar 1984), 
ascorbate oxidase from cucumber and squash (re- 
viewed by Mondovi and Avigliano 1984), and ceru- 
loplasmin from vertebrate plasma (for review see 
Rydrn 1984b). Laccase and ascorbate oxidase con- 
tain peptide chains of 540-570 residues, which form 
a dimer in ascorbate oxidase, whereas ceruloplas- 
min has a single peptide chain, which is 1,046 resi- 
dues long in the human protein. The blue oxidases 
also contain, in addition to the type 1 copper, a 
trinuclear cluster as revealed by the structure of 
ascorbate oxidase (Messerschmidt et al. 1989). The 
cluster consists of a pair of magnetically coupled 
so-called type 3 coppers (Malkin and Malmstrrm 
1970) and a magnetically isolated type 2 copper, 
with properties more similar to those of copper in 
ordinary small-molecular-weight complexes. The 
blue oxidases have the ability to transfer four elec- 
trons from a reducing substrate to a molecule of 
oxygen, which thereby is reduced to water. They 
are, together with cytochrome c oxidase, the only 
enzymes known to catalyze this four-electron trans- 
fer reaction. 

The blood coagulation factors V (Jenny et al. 
1987) and VIII (Wood et al. 1984) have been shown 
to consist of single peptide chains of 2,196 and 2,332 
residues, respectively. The two factors have essen- 
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Domain structure of a small blue protein plastocyanin (Pcy); the three blue oxidases plant ascorbate oxidase (Aox), fungal 
laccase (Lac), and human ceruloplasmin (Cpn); and the two human blood coagulation factors V (CF5) and VIII (CF8). Homologs of 
the copper-binding domains are numbered. In CF5 and CF8, Act is the activation domain and D1 and D2 are the discoidinlike domains. 
The lengths of the peptide chains are drawn to scale. 

tially the same mosaic gene structure and evidently 
share a common ancestor. Parts of the sequences 
are 30-40% identical with the ceruloplasmin se- 
quence and thus they belong to the group of pro- 
teins related to the blue oxidases. In plasma both 
factors occur as high-molecular-weight complexes 
with other proteins. They function in the blood co- 
agulation cascade by binding factors Xa and IXa, 
respectively, to promote the proteolytic activity of 
these enzymes (Kane and Davies 1988). it appears 
that factors V and VIII are not blue and have no 
oxidase activity. However ,  factor  V has been 
shown to contain one copper per mole, whereas the 
copper content of factor VIII is not known, al- 
though it is likely to be the same or higher. 

The larger of the proteins mentioned all show 
internal homologies. Thus human ceruloplasmin is 
composed of three homology regions, each of about 
340 residues, and some evidence for a duplication in 
these regions has indicated a possible sixfold repeat 
(Ryddn 1982). The ascorbate oxidase structure re- 
vealed that this enzyme contains three homologous 
domains (Messerschmidt  et al. 1989; Messer- 
schmidt and Huber 1990). As laccase and ascorbate 
oxidase are comparatively closely related, it is ev- 
ident that laccase also has this three-domain struc- 
ture. The blood coagulation factors V and VIII were 
shown to be composed of a number of domains. In 
addition to the parts homologous to the entire ce- 
ruloplasmin sequence, which accounts for about 
1,050 residues, a highly glycosylated stretch of 
about 900 residues is found between the second and 
third homology regions; finally, two repeats homol- 
ogous to discoidin, a lectin produced by the cellular 
slime mold Dictyostelium discoideum (Poole et al. 
1981), are added to the C-terminus. The domain 
structures of the proteins are depicted in Fig. 1. 

The crystallographic structures of the small blue 

proteins (for plastocyanin, Guss and Freeman 1983; 
for azurin, Adman et al. 1978; and Norris et al. 
1983; for pseudoazurin Adman et al. 1989; for cu- 
cumber basic blue protein, Gusse t  al. 1988) all fea- 
ture a peptide chain folded in an eight-stranded dou- 
ble sandwich with a Greek key topology. The type 
1 copper in each of these is coordinated in a flat- 
tened tetrahedron with one ligand from a strand 4 
histidine, three ligands (a histidine, a cysteine, and 
a methionine) from the turn between strands 7 and 
8, and possibly a carbonyl oxygen as a fifth ligand. 
The same folding is found in the three ascorbate 
oxidase domains although they are up to 100 resi- 
dues longer than the small blue proteins. Further- 
more, the type 1 copper in domain three in ascot- 
bate oxidase is bound in the same corresponding 
position as in the small blue proteins. The similari- 
ties confirm the homology between the small blue 
proteins and the domains in the blue oxidases. 

Direct calculations also support the assumption 
that the small blue proteins (Ryd6n and Lundgren 
1976) and the domains in the blue oxidases are ho- 
mologous (Ryd6n 1982). The proteins described 
thus form a large group of related proteins. Since 
many of these form families and superfamilies as 
defined in the PIR database (Dayhoff et al. 1983), 
the proteins mentioned form a group of related su- 
perfamilies. 

Several other proteins have been suggested to 
belong to the group. In particular, these include 
subunit II of cytochrome c oxidase (Ryd6n and 
Lundgren 1976; Holm et al. 1987), which binds two 
copper ions in addition to a heme group; the super- 
oxide dismutase (Ryddn 1988), which binds a cop- 
per-zinc pair and has a peptide chain fold consisting 
of the same arrangement of eight beta-strands; and 
more recently lysyl oxidase (Trackman et al. 1990), 
in which we observed that a region consisting of 
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residues 27%340 has a suggestive similarity to the 
type 1 copper-binding region. Of these only the cy- 
tochrome oxidase subunit will be considered below. 

Groups of related protein superfamilies are also 
formed by the immunoglobulins (Williams and Bar- 
clay 1988) and the serine proteases (Young et al. 
1979; Patthy 1985). In these groups also phenomena 
similar to those seen in the blue protein group oc- 
cur. A detailed analysis of the evolutionary events 
that led to the complexity has, however, not been 
done in any of these cases. It appears that the blue 
proteins, whose history extends over nearly the en- 
tire estimated time span for life on Earth, offer the 
best prospects for actually arriving at a credible de- 
scription of an evolutionary history. 

Sequences, Structures, and Methods 

Sequence, Structures, and Designations. The amino acid se- 
quences used have been obtained from the following sources: 
plastocyanin from poplar, Populus nigra var. italica (Guss and 
Freeman 1983); plastocyanin from Anabaena variabilis (Aitken 
1975); azurin from Pseudomonas aeruginosa (Ambler 1971); am- 
icyanin from Methylobacterium extorquens (Ambler and Tobari 
1985); pseudoazurin from Alcaligenes faecalis (Hormel et al. 
1986); cucumber basic blue protein (phytocyanin) from cucum- 
ber, Cucumis sativus (Murata et al. 1982); stellacyanin (phyto- 
cyanin) from lacquer tree, Rhus vernicifera (Bergman et al. 
1977); ceruloplasmin from human, Homo sapiens, plasma (Ta- 
kahashi et al. 1984); laccase from Neurospora crassa (Germann 
et al. 1988); laccase from the white rot fungus, Phlebia radiata 
(Saloheimo et al. 1991), whose sequence was kindly communi- 
cated before publication by Markku Saloheimo; ascorbate oxi- 
dase from cucumber, Cucumis sativus (Ohkawa et al. 1989); fac- 
tor VIII from human plasma (Wood et al. 1984); factor V from 
human plasma (Jenny et al. 1987); discoidin from Dictyostelium 
discoideum (Poole et al. 1981); and fat globule membrane glyco- 
protein from mouse, Mus musculus (Stubbs et al. 1990). 

The protein three-dimensional structures discussed are from 
the following sources: plastocyanin from poplar, Populus nigra 
var. italica (Guss and Freeman 1983); azurin from Pseudomonas 
aeruginosa (Adman et al. 1978); pseudoazurin from Alcaligenes 
faecalis (Adman et al. 1989); cucumber basic blue protein (phy- 
tocyanin) from cucumber, Cucumis sativus (Gusse t  al. 1988); 
and ascorbate oxidase from zucchini squash, Cucurbita pepo 
condensa (Messerschmidt et al. 1989; Messerschmidt and Huber 
1990). 

Proteins are designated by a three-character symbol as fol- 
lows: p las tocyanin ,  Pcy; amicyanin ,  Amy; azurin,  Azu; 
pseudoazurin, Paz; phytocyanin, Phy (which includes stellacya- 
nin, Sty, and cucumber basic blue protein, Cub); laccase, Lac; 
ascorbate oxidase, Aox; ceruloplasmin, Cpn; coagulation factor 
V, CF5; and coagulation factor VIII, CF8. Domain numbering is 
from N-terminal to C-terminal by arabic numerals, e.g., the most 
N-terminal domain in ceruloplasmin is designated Cpnl and the 
most C-terminal Cpn6. In the mosaic proteins factors V and VIII 
the domains are designated to indicate their origin: the cerulo- 
plasmin-related domains are called 1-6, the discoidin domains 
D1 and D2, and the middle activation domain Act. 

Computational Methods. All sequences used were included 
in the Protein Sequence Database at the Protein Identification 

Resource (PIR) at the National Biomedical Research Founda- 
tion. The database as well as its software support is described in 
Barker et al. (1988 and 1990) and George et al. (1988). 

A first general comparison of two sequences was done using 
the program DOTMATRIX, with the mutation data scoring ma- 
trix (Dayhoff et al. 1983; George et al. 1990). This program pro- 
duces a graphic matrix display in which each dot indicates a 
short region of similarity between the two sequences. Extensive 
regions of similarity appear as diagonal lines; repeats appear as 
repetitive diagonal lines along one axis. Internal homologies 
were observed by comparison of a sequence to itself. Domain 
structures were in many cases noted as stretches of similarity 
interrupted by stretches without such similarity. 

The alignment of any pair of sequences, either complete or a 
domain in a longer sequence, was based on DOTMATRIX com- 
parisons and the known structural features of the proteins to be 
compared, in particular the positions of beta-strands and large 
loops. Pairwise alignments were made with the program ALIGN 
(Dayhoff et al. 1983), which is based on the Needleman and 
Wunsch algorithm (Needleman and Wunsch 1970). The program 
was run using the Mutation Data Matrix of 250 PAMs (accepted 
point mutations per hundred residues) for comparison of amino 
acid pairs. The parameter values chosen were normally a bias of 
six and a gap penalty of six or higher. The similarity of the two 
sequences was finally evaluated as an alignment score for the 
comparison of the two real sequences with the mean of a distri- 
bution of the scores from comparisons of 100 randomized se- 
quences. 

Alignments of three or more sequences were done as an ex- 
tension of the pairwise alignments. The new sequence was 
aligned with one or more of the old and inserted into the grand 
alignment by manual adjustment and by minimizing the number 
of gaps and maximizing identities in all positions, with the aid of 
the alignment editing program ALNED. To aid in aligning se- 
quences for which no three-dimensional structures were avail- 
able, secondary structure predictions were made with the pro- 
gram CHOFAS (Kanehisa 1985), which is based on the method 
of Chou and Fasman (1978a,b). Finally, the program DISP was 
used to produce an alignment and to calculate a difference ma- 
trix. The parts in any two sequences where the differences in 
length were too large to allow a meaningful alignment (in partic- 
ular between beta-strands 1 and 2, and 4 and 5) were excluded in 
the comparison, permitting a much better"signal-to-noise ratio" 
in the comparisons. Details for specific alignments are given in 
the Results section. 

Phylogenetic trees (topologies or dendrograms) were calcu- 
lated from the alignments using the program MATTOP (Barker 
et al. 1988), which is a modification of the exhaustive-search 
distance-matrix method first introduced by Fitch and Margoliash 
(1967). MATTOP generates a large number of topologies (up to 
10,395 for eight branches) from a matrix of the estimated evolu- 
tionary distances between all pairs of sequences, computed from 
the pairwise percent differences by correcting for inferred super- 
imposed and parallel mutations. 

Distance-matrix methods are among the best for deriving to- 
pologies from distantly related sequences (where superimposed, 
parallel, and back-mutations have occurred), assuming that rates 
of evolution can vary on various branches (Astoifi et al. 1981; 
Barker and Dayhoff 1979; Blanken et al. 1982; Hasegawa et al. 
1991; Saitou and Imanishi 1989; Sourdis and Nei 1988). The pro- 
gram calculates for each branch of the tree a distance in PAMs, 
using the Mutation Data Matrix of 250-PAM distance. A tree 
obtained from this calculation is in itself an unrooted topological 
relationship between sequences. The root, or the point of earliest 
time, must be estimated from other considerations. In principle, 
a sequence known to branch off first from all of the others could 
provide the trunk for the rest of the tree. However, sequences 
that diverged early are often so different that they cannot be 
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placed relative to the remaining topology with certainty. In the 
derivation of our trees we included an outgroup (i.e., a distantly 
related sequence, most often plastocyanin) to aid in selecting a 
position for the root, which was usually placed on the longer 
branch to the outgroup. Normally, no more than eight sequences 
can be accommodated by the MATTOP program. However, if 
some sequences are clustered on a single branch, the number of 
sequences treated can be increased correspondingly. 

For each run the program calculated all possible trees and 
printed the 5-10 shortest trees--that is, with the minimal abso- 
lute value for total branch length expressed in PAMs (Barker et 
al. 1988). When trees with all positive branch lengths were ob- 
tained, trees with negative branch lengths were excluded from 
consideration. In one case, the best tree had one very short 
negative branch that was depicted as a region of uncertainty in 
the order of branching. The best tree is usually the shortest with 
all positive branches, having biological consistency; however, on 
occasion one must choose between the best biological tree and 
the shortest tree. (Here a difference in length of less than 3 PAMs 
was not considered significant.) 

Results---Evolution of Copper-binding Domains 

Alignments and Alignment Scores; 
Domain Structures 

The alignment of  the domains in all three oxidases is 
shown in Fig. 2a and the domain structures in Fig. 
1. The domains in ascorbate  oxidase were those 
defined by the three-dimensional structure as de- 
scribed by Messerschmidt  et al. (1989). The laccase 
sequence is similar enough to the ascorbate  oxidase 
to allow domain borders  to be clearly seen. In ce- 
ruloplasmin three regions with internal homology 
are easily recognized; their size is approximate ly  
twice as large as the domains in ascorbate  oxidase 
and laccase.  The homology with ascorbate  oxidase 
and laccase suggests that these regions consist  of 
two domains.  Indeed,  extensive sequence similari- 
ties, including about  40% identities, are seen be- 
tween the middle and the beginnings of  the homol- 
ogy regions,  which allows the puta t ive  domain  
borders  to be identified. The positions of  domain 
borders  are further  supported by the limited prote- 
olysis pa t te rn ,  as the points where  the pept ide  
chains are nicked coincide with these borders.  The 
assumed six-domain structure of  ceruloplasmin has 
thus been used in the alignment. The four ligands 
for type 1 copper  are found in all copper-binding 
domains;  however ,  it is clear f rom the alignment 
that no residue is conserved in all sequences.  

The sequences of  coagulation factors  V and VI I I  
can easily be aligned along the entire ceruloplasmin 
sequence as shown previously (Wood et al. 1984; 
Jenny et al. 1987). The parts of  the sequences of  the 
two coagulation factors that appear  within and after 
regions homologous  with the ce ru lop lasmin  se- 
quence can easily be recognized. Thus the defini- 
tion of domains in ceruloplasmin automatically de- 

f ines  doma ins  in the  two  coagu la t i on  f ac to r s .  
Considerable care was taken in making the align- 
ments ,  as tree-building is critically dependent  on 
them. The al ignments of  the coagulat ion fac tors  
agree well with those previously published. In these 
three proteins,  there is also a conserved  disulfide 
bond in each of  domains 1-5 but not in domain  6. 
(See Fig. 2a.) 

Alignments of  ascorbate  oxidase,  laccase,  and 
ceru loplasmin  differ  f rom mos t  p rev ious ly  pub-  
lished suggestions but are similar to that  in Messer-  
schmidt and Huber  (1990) except  for laccase  do- 
main 2; our alignment of  this domain is based  on 
D O T M A T R I X  and A L I G N  compar isons  combined  
with secondary  s t ruc ture  predic t ions .  D O T M A -  
TRIX compar ison of  ascorbate  oxidase and laccase 
showed that the regions of  closest  similarity for  the 
second domain were  residues 240-325 and 265-350, 
respectively.  For  residues 240-340 of ascorba te  ox- 
idase (which includes beta-s t rands 2-8) and 265-367 
of laccase the A L I G N  score was 5.9. Compar i son  
of ascorbate  oxidase residues 169-346 (entire do- 
main 2) with laccase residues 216-366 (our sug- 
gested domain 2) or laccase residues 263-386 (do- 
main 2 according to Messe r schmid t  and Huber ,  
1990) gave A L I G N  scores of  5.1 and 0.2, respec-  
tively. Beta-strand prediction was slightly be t te r  for  
our proposed domain.  

In the alignment the beta-s t rands (as defined by 
Guss and Freeman  1983) in plastocyanin,  added as 
a reference sequence,  and in ascorbate  oxidase (as 
defined by Messerschmidt  et al. 1989) have been 
indicated. Proposed beta-strands for ceruloplasmin 
domain 6 (Ryddn 1982) have also been indicated. 
Only strands in the double sandwich, referred to as 
beta-1 through beta-8, have been included. Strand 5 
is not in a good conformat ion for sheet format ion  
and is also of very different length in the proteins.  It 
is apparent  that areas of poor  alignment are those 
between strands, in particular be tween beta-1 and 
beta-2, as well as before and after beta-5. These  
areas have not been included in the calculations of  
difference matrices,  trees,  and alignment scores ,  as 
indicated in figure legends and table headings. Like- 
wise, residues known to be copper-binding in the 
C-terminal domains of  ascorbate  oxidase have  been  
marked.  The difference matrix for the al ignment is 
given in Fig. 2b. Percent  difference varies f rom 41 
to 96%. 

General Relationships Between the Proteins 

In order to obtain a compar ison  of all proteins in the 
group we used the C-terminal  domains in the oxi- 
dases,  all of which contain a type 1 copper-binding 
site, and the corresponding domain (domain 6) in 
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1 CPN-I (1-189) 

2 CF8-1 (20-205) 

3 CF5-1 (30-202) 

4 CPN-3 (351-550) 

5 CF8-3 (399-582) 

6 CF5-3 (348-535) 

7 CPN-5 (711-888) 

8 CF8-5 (1713-1886) 

9 CF5-5 (1578-1760) 

10 CPN-2 (190-350) 

11 CF8-2 (206-360) 

12 CF5-2 (203-341) 

13 CPN-4 (551-710) 

14 CF8-4 (538-742) 

15 CF5-4 (536-696) 

16 CPN-6 (889-1046) 

17 CF8-6 (1887-2050) 

18 CF5-6 (1761-1917) 

19 AOX-1 (38-168) 

20 LAC-1 (84-215) 

21 AOX-2 (169-349) 

22 LAC-2 (216-375) 

23 AOX-3 (379-574) 

24 LAC-3 (431-580) 

25 PCY (1-99) 

Number of differences 

1 2 3 4 5 6 7 8 9 i0 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 

52 51 55 50 48 50 53 45 78 82 77 79 82 78 79 84 77 66 72 83 83 76 75 82 

58 48 49 48 49 47 49 47 80 83 79 80 81 80 76 81 81 70 71 84 85 77 82 76 

57 53 43 46 47 48 52 46 84 81 78 82 82 76 84 82 82 70 69 86 84 81 81 80 

61 54 48 45 45 48 48 44 84 84 82 84 85 78 84 83 84 77 70 83 84 82 83 82 

56 53 51 50 37 48 50 49 83 85 83 82 86 81 84 82 80 77 73 85 84 83 82 81 

53 54 52 50 41 43 48 42 83 82 82 83 84 79 83 80 82 75 70 80 85 83 81 78 

56 52 53 53 53 48 48 38 75 81 77 82 82 78 79 79 79 72 72 81 84 78 82 78 

59 54 58 53 56 53 53 41 82 85 82 83 84 82 84 82 84 77 76 88 83 81 82 82 

49 52 51 48 54 46 42 45 84 87 80 86 85 79 80 78 79 75 70 84 84 78 80 78 

85 87 91 91 90 90 82 89 91 66 60 56 61 68 56 62 60 75 84 85 83 72 76 80 

89 90 88 91 92 89 88 92 95 73 67 65 66 75 62 63 68 79 82 82 85 74 76 79 

84 86 85 89 90 89 84 89 87 66 74 64 67 73 69 66 69 76 77 84 87 80 82 83 

86 87 89 91 89 90 89 90 93 62 71 70 66 70 53 59 68 74 81 82 83 77 74 76 

89 88 89 92 93 91 89 91 92 67 73 74 73 61 65 66 67 82 87 81 87 78 78 80 

85 87 83 85 88 86 85 89 86 75 82 80 77 67 73 72 76 78 83 82 86 73 77 80 

86 83 91 91 91 90 86 91 87 62 68 76 58 71 80 56 56 76 82 85 85 69 73 78 

91 88 89 90 89 87 86 89 85 68 69 73 65 73 79 62 56 76 81 82 86 73 72 77 

84 88 89 91 87 89 86 91 86 66 75 76 75 74 84 62 62 76 78 86 80 74 75 80 

72 76 76 84 84 82 78 84 82 82 86 83 80 89 85 83 83 84 57 84 85 73 76 83 

78 77 75 76 79 76 78 83 76 91 89 84 88 95 90 89 88 86 64 81 79 75 78 82 

90 91 93 90 92 87 88 96 91 92 89 91 89 88 89 92 89 93 91 88 76 84 84 85 

90 92 91 91 91 92 91 90 91 90 92 95 90 95 93 92 93 87 92 86 83 82 86 87 

83 84 88 89 90 90 85 88 85 78 80 87 84 85 79 75 79 80 79 82 91 89 62 80 

82 89 88 90 89 88 89 89 87 83 83 89 80 85 84 79 78 82 83 85 91 93 67 81 

90 84 88 90 89 86 86 90 86 87 86 90 83 87 87 85 84 87 90 89 92 95 87 88 

Percent difference 

b 
Fig. 2. Continued. a Alignment of sequences of domains in 
ascorbate oxidase, laccase, and ceruloplasmin and the parts of 
coagulation factors V and VIII homologous to ceruloplasmin. 
Abbreviations are the same as in Fig. 1. Domain boundaries are 
those defined by Messerschmidt et al. (1989) for ascorbate oxi- 
dase and as described in the text for laccase and ceruloplasmin. 
The domains of coagulation factors V and VIII are defined by 
homology to ceruloplasmin. Plastocyanin is included as a refer- 
ence sequence. Known beta-strands are indicated by lines below 
the sequence for plastocyanin and ascorbate oxidase; dashed 
lines indicate suggested beta-strands for ceruloplasmin domain 6, 
and dot ted lines, suggested beta-5 strands. Positions at which 
copper ligands occur in some of the domains are boxed and num- 

bered according to the type of copper-binding. Conserved resi- 
dues are those occurring in more than half of the sequences. 
Conserved disulfide bonds in ceruloplasmin and the coagulation 
factors are at positions 178-209 in domains 1, 3, and 5, and at 
positions 90-209 in domains 2 and 4. b Difference matrix calcu- 
lated from the alignment. Regions in which no conserved beta- 
strands occur, in which the sequences vary in length, or in which 
most sequences have gaps are omitted from the calculations of 
the matrix. These are positions 1, 13-79, 103-108, 124-157, 188- 
194, and 208-221, or a total of 129 positions in the comparisons. 
The lower left half of the matrix shows percent difference; the 
upper right half shows number of differences. 

the  c o a g u l a t i o n  f a c t o r s .  T h e s e  d o m a i n s  are as-  
s u m e d  to be  m o n o p h y l e t i c  and to g ive  a correc t  
p h y l o g e n y  w h e n  c o m p a r e d .  P las tocyan in  f rom pop-  
lar w a s  used  as an outgroup.  A l ignment s  w e r e  those  
in Fig.  2a. 

Only  s e v e n  trees  o f  all pos s ib l e  topo log ie s  (945) 
had all branches  pos i t ive .  The  bes t  b io logica l  tree,  
s h o w n  in Fig.  3, w a s  fourth in abso lute  length (772 
P A M s )  and w e i g h t e d  var iance;  it w a s  on ly  2 P A M s  
longer  than the shortes t  tree.  Coagulat ion  factors  V 
and VII I  group toge ther  wi th  ceru lop lasmin  on one  
branch,  w i th  v e r y  smal l  d i s tances  b e t w e e n  their 
points  o f  d i v e r g e n c e .  The  l a c c a s e s  and ascorbate  
o x i d a s e  d iverge  on another  branch;  again there is a 

v e r y  short  i n t e r n o d a l  branch .  T h e s e  t w o  m a i n  
branches  a lso  c o r r e s p o n d  to animal  and plant pro- 
te ins ,  r e spec t ive ly .  The  base  o f  the tree  w a s  arbi- 
trarily placed on the long branch to the outgroup 
plastocyanin .  

Evolution of the Oxidase Domain Structure 

Trees  for all d o m a i n s  in l a c c a s e  and in ascorbate  
ox idase ,  and then all s ix  domains  together ,  w e r e  
calculated wi th  p las tocyan in  as an outgroup.  N o  
trees  with  all pos i t i ve  branches  w e r e  obtained;  t w o  
trees  had one  very  short  (4 P A M s )  negat ive  branch 
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Fig. 3. Phylogenetic tree for the C-terminal type 
1 copper-binding domains in the three blue 
oxidases, ascorbate oxidase, laccase, and 
ceruloplasmin, and the corresponding domains in 
coagulation factors V and VIII, using 
plastocyanin as an outgroup. Sequences are those 
in Fig. 2a with the addition of Phlebia radiata 
(P.r.) laccase, and positions omitted from 
calculating the tree are those given in Fig. 2b. 
Branch lengths are in PAMs and the suggested 
trunk is arbitrarily positioned, on this and all 
other trees. Scale: 0.77 m m =  2 PAMs. 

and a difference in length of 2 PAMs. The nega- 
tive branch, i.e., an uncertainty in the order of 
branching, arises from the great difference in 
branch lengths for the two middle domains as 
compared with the rest of the tree. The biologically 
best tree, with a length of 1,272 PAMs, is shown 
in Fig. 4a. It is evident that a structure closest 
to what is now the C-terminal copper-binding do- 
main evolved first and then duplicated to form a 
double domain, similar to the N-terminal and C-ter- 
minal domains in today's proteins. Finally the mid- 
dle domain was added to form the three-domain 
structure. This middle domain has diverged consid- 
erably from the other two. The two oxidases di- 
verged af ter  the th ree-domain  s t ruc ture  had 
evolved. 

Likewise a tree was calculated for the six ceru- 
loplasmin domains, with the C-terminal domain of 
plastocyanin as an outgroup. The only all-positive 
tree (Fig. 4b), with a total branch length of 763 
PAMs, shows the ancestral double domain, the an- 
cestor of the so-called homology region, at the first 
node. Then the ancestor of the N-terminal double 
domain formed, and finally the middle double do- 
main arose from duplication of the C-terminal dou- 
ble domain. The tree shown, as well as the com- 
bined trees of the 12 domains (not shown), proves 
that the common ancestor of the three oxidases was 
a double domain. We conclude that this double do- 
main was an active enzyme. 

Relationship to the Small Blue Proteins 

To investigate the relationship of the blue oxidases 
to the small blue proteins, an alignment of the small 
blue proteins was constructed as shown in Fig. 5a. 
The beta-strands in the four known three-dimen- 
sional structures of plastocyanin, azurin, pseudo- 
azurin, and a phytocyanin (the cucumber basic blue 
protein) were used to guide the alignment. The 
C-terminal domain of the ascorbate oxidase was in- 
cluded in accordance with Fig. 2a and used as an 
outgroup in the calculation of a phylogenetic tree. 
The difference matrix of the alignment is shown in 
Fig. 5b. 

The shortest tree (Fig. 6) with all branches 
positive has an overall length of 1,228 PAMs. 
This 10-branch tree was first calculated as an 
eight-branch tree on which the two azurin and 
the two plastocyanin sequences were clustered. 
Then the shortest topology was run with all 10 
branches. Amicyanin, pseudoazurin,  and plas- 
tocyanin cluster together,  with azurin at some 
distance on one side and the phytocyanins,  in- 
cluding the pollen protein allergen Ra3, well 
removed from them on the other side. This makes 
a clear distinction between the plant proteins and 
the bacterial proteins, if plastocyanin as a chlo- 
roplast protein is counted among the bacterial 
ones. Ascorbate oxidase branches off from the 
bacterial side closest to azurin. The root of the 
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Aox2 Lac2 

Pcy Aoxl Lacl 

I 
I 
I 
I 

a i 
Cpn3 

J Cpn4 Cpn6 
Cpn5 Cpn  \ / 

b 
Fig. 4. Phylogenetic trees for the domains in the blue oxidases 
laccase, ascorbate oxidase, and ceruloplasmin using plastocya- 
nin as an outgroup. Sequences are those in Fig. 2a, and positions 
omitted from calculating the tree are those given in Fig. 2b. a 
Tree for ascorbate oxidase and laccase domains. The dashed line 
at the junction of the 252-PAM branch indicates a small degree of 

uncertainty as to the divergence time. Scale: 0.75 mm = 3 
PAMs. b Tree for the six ceruloplasmin domains; domains 2, 4, 
and 6 are the C-terminal-like domains and 1, 3, and 5 are the 
N-terminal-like domains. Boxes indicate duplication events. 
Scale: 0.75 mm = 2 PAMs. 

t ree  was  arbi t rar i ly  p l aced  on the  b ranch  b e t w e e n  

azur ins  and the  o the r  small  b lue  pro te ins ,  in accor -  

dance  wi th  a bac te r ia l  or igin  o f  the small  b lue  pro-  

teins.  

Evolution of the Coagulation Factors 

T h e  a l i g n m e n t  o f  the  c e r u l o p l a s m i n - r e l a t e d  do-  

mains  in the b lood  coagu la t ion  fac to rs  V and V I I I  
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1 Plastocyanin, Poplar 

2 Plastocyanin, Anabaena 

3 Basic Blue Pr., Cucumber 

4 Allergen Ra3, Ragweed 

5 Stellacyanin, Lacquer-tree 

6 Pseudoazurin, Alcaligenes 

7 Amicyanin, Methylobacterium 

8 Azurin, Pseudomonas 

9 Azurin, Bordetella 

i0 Ascorbate oxidase, Cucumber 

b 
Fig. 5. Continued. 

Ascorbate 

Number of differences 

1 2 3 4 5 6 7 8 9 l0 

42 66 74 76 63 61 67 67 73 

51 63 72 69 57 59 65 67 73 

79 75 68 57 67 66 66 69 75 

88 86 81 72 75 74 78 78 78 

90 82 68 86 69 71 72 71 76 

75 68 82 89 82 65 72 72 74 

73 70 79 88 85 77 70 70 75 

81 78 79 93 86 86 84 24 70 

81 81 82 93 85 86 84 30 72 

87 87 89 93 90 88 89 83 86 

Percent difference 

Bacterial Proteins 
Oxidase ..A., r 

234 

Azurin 

~ Bordetella 

"k ~ Pseudomonas 

Plant Proteins 

�89 
I 
I 
I 

Plastocyanin Related Allergen Ra3 

r Pseud~aazunn ~ Phytocyanins / 
Amicyanin / r ,^ ~ 

/ ' /  Stellaeyanin / 2 4 3  
\ ( Plastocyanin / 

\ Anabaena P o p l a r /  

78 18 

Fig. 6. Phylogenetic tree for the small blue proteins. Sequences are those in Fig. 5a, and positions omitted in calculating the tree are 
those indicated in Fig. 5b. Ascorbate oxidase C-terminal domain is used as an outgroup, showing the point at which the oxidases 
branched off. The trunk of the tree has arbitrarily been placed on the branch between the azurins and the other small blue proteins, 
Scale: 0.68 mm = 2 PAMs. 

has already been given in Fig. 2a. The difference 
matrix (Fig. 2b) shows that in these three pro- 
teins domains 1, 3, and 5 are about equally similar 
as are domains 2, 4, and 6, but there is more 
than 80% difference between the two sets of do- 
mains. For domain 6, the close relationship is also 
shown by the tree of  the C-terminal domains 
(Fig. 3). 

Figure 7a and b shows unrooted trees calculated 
for the first and second halves of the double domain 

in factors V and VIII. The trees suggest that the two 
factors had a common ancestor with the domain 
structure we see in them today. It also suggests that 
the two factors diverged soon after ceruloplasmin 
obtained its six-domain form. It does not show how 
the additional domains in these proteins were ac- 
quired but of course suggests that this happened 
after the divergence from ceruloplasmin, since the 
overall domain structure is the same in factors V 
and VIII. 
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CF5-3 

CF5-1 

CF8-1 ~ 43 

CF5-4 

114 

CF5-2 

cF8-4 / 

4 3 8 ~  C F8---5 ~ 36 102 

CF5-6 

I 
I 
I 

b i 
I 

Fig. 7. Phylogenetic trees for the domains in coagulation factors V and VIII. Sequences are those of Fig. 2a, and omitted positions 
are those indicated in Fig. 2b. a N-terminal-like domains 1, 3, and 5. b C-terminal-like domains 2, 4, and 6. Scale: 0.66 mm 1 PAM. 

Time o f  E v e n t s  

Dates assigned to the events we are discussing nec- 
essarily have to be provisional. The earliest event is 
the divergence of plastocyanin and azurin lines. 
This corresponds to the divergence of the cyano- 
bacteria from other Eubacteria and has been sug- 
gested to have occurred some 3,000 million years 
ago. (See discussion and references in Ryd6n and 
Lundgren 1980.) Chloroplasts are thought to have 
originated from multiple cyanobacterial symbioses 
with eukaryo tes  (Knoll 1992 and references  
therein), the earliest of which may have occurred 
before 2.1 billion years ago (Han and Runnegar 
1992). 

The divergence of plant and animal lines is be- 
lieved to have occurred about 1,400 million years 
ago (see, e.g., Schopf 1978; Knoll 1992) and would 
correspond to the divergence of the ascorbate oxi- 
dase- laccase  branch from the ceruloplasmin 
branch. The divergence of the two coagulation fac- 
tors from each other and from ceruloplasmin would, 
by inference and using the tree in Fig. 3, be approx- 
imately dated to about 500-800 million years ago, 

assuming that the rate of accumulation of mutations 
is uniform. This agrees reasonably well with dates 
calculated from the phylogeny of the serine pro- 
tease domains in those coagulation factors having 
this domain, assuming that coagulation factors IX 
and X evolved together with factors V and VIII 
with which they interact, as is discussed below. The 
divergence of coagulation factors IX and X oc- 
curred at a time distance about seven times that of 
the divergence of the bovine and human lines, 
which is around 70 million years ago (e.g., Good- 
man 1982). This indicates that factors IX and X, and 
also factors V and VIII, diverged from each other 
about 500 million years ago. 

Discuss ion--Mechanisms for Evolution of 
Protein Complexity 

The evolutionary events investigated in the group of 
proteins related to the blue proteins exhibit the wide 
spectrum of mechanisms that have been observed 
so far in protein evolution. Below we will examine 
these mechanisms for this group of proteins by an- 
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Fig. 8. Structure of poplar plastocyanin showing the beta-sheet 
structure. The coordinates for oxidized plastocyanin from pop- 
lar, as determined by Guss and Freeman (1983), were obtained 
from the Brookhaven Protein Data Bank. The program Mol- 
Script (Kraulis 1991) was used to draw the figure. The molecule 
essentially forms a double sandwich in which the lower part of 
strand 2 and strands 8, 7, and 4 form a sheet in the foreground, 
whereas the upper part of strand 2 and strands 1, 3, and 6 form 
a sheet in the background. Strand 5, which is mostly irregular, 
does not belong to either sheet. The copper as shown has its van 
der Waals radius. 

alyzing critically the existing data on sequence and 
structure as well as some new data, in particular for 
the coagulation factors. 

Size Increase 

Domain Enlargement 
A direct route to size increase in a globular pro- 

tein is the insertion of residues in the peptide chain 
in the domain. To study this possibility all domains 
with a known structure--that is, four small blue 
proteins and the three ascorbate oxidase domains, 
as well as two proteins (amicyanin and stellacyanin) 
for which alignments could confidently be made to 
proteins with known structures--were examined. 
Figure 8 shows a diagrammatic representation of 

the 3-D structure of poplar plastocyanin, as a refer- 
ence molecule. Table 2 shows that domain size in 
the group varies from 97 to 210 residues. Even in 
the group of small blue proteins the peptide chain 
varies in length from the minimum of 97 in cucum- 
ber basic blue protein to 129 in azurin. The enlarge- 
ments are due mainly to added length in the loops 
between strands. The total number of residues in 
strands varies between 59 and 73, with a mean of 
64. The largest variations occur in the loop between 
beta-4 and beta-5, where azurin has 27 residues that 
form a large flap that even contains a short helix, 
whereas pseudoazurin has only a six-residue-long 
turn. An equally long C-terminal extension is 
present in pseudoazurin, where it forms a ninth 
strand. A similar C-terminal extension is present 
in the phytocyanin from horseradish (Bergman 
1980). 

The eight strands in each of the three domains of 
ascorbate oxidase contain a total of 54-63 residues 
(Messerschmidt et al. 1989), the decrease compared 
with the small blue proteins mainly being due to a 
shorter second and fourth strand. The number of 
residues outside the double sandwich has thus in- 
creased from an average of 45 (span 34-60) to 125 
(span 81-147) residues. Again a large part of the 
increase is due to the presence of C-terminal exten- 
sions. Two of these are interdomain sequences and 
could of course have been defined differently. But 
the dramatic difference compared with the small 
blue proteins is a large excursion of the chain be- 
tween beta-1 and beta-2 (22, 60, and 63 residues in 
the three domains). This new part of the chain 
forms additional strands that are added on to the 
existing sheets. There are also several new helices, 
in particular in the loop between strands 4 and 5 as 
in azurin. It is clear that the copper-binding strands 
beta-7 and beta-8 vary little. 

The definition of strand used by the various au- 
thors varies slightly and makes an exact comparison 
of the seven structures difficult. It is, however, not 
clear what a good definition for the purpose of com- 
paring the proteins would be. The possibility of 
forming hydrogen bonds with a neighboring strand 
would not be the best criterion when homology 
forms the basis for the comparison. A rough exam- 
ination of alternative definitions suggests that these 
uncertainties do not affect the conclusions to any 
important extent. 

The added residues on the oxidase domains com- 
pared with the small blue proteins do not contribute 
to the hydrophobic core of the domains. This fact 
might set an upper limit to the increase in protein 
size by domain enlargement. The changes ob- 
served, however, illustrate the possibilities a pro- 
tein has to change its secondary structure. 
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Table 2. Distribution of residues within and outside the basic eight-stranded beta-sheet fold in domains of type 1 copper proteins a 

Protein/ Total 
domain N-ter 13-1 1-2 13-2 2-3 [3-3 3--4 13-4 4-5 13-5 5-6 13-6 6-7 [3-7 7-8 13-8 C-ter Total 13-sheet 

Pcy 0 7 2 12 3 8 3 12 13 4 2 8 3 7 7 7 1 99 65 
Amy 1 9 11 10 3 8 3 10 9 3 1 8 3 7 5 7 1 99 62 
Azu 2 9 1 11 3 10 8 9 27 8 1 11 4 8 8 7 2 129 73 
Paz 0 9 6 12 1 6 4 8 6 7 2 9 2 6 7 7 31 123 63 
Cub 0 8 4 7 7 9 2 8 13 5 1 7 1 7 9 8 0 96 59 
Sty 0 8 6 12 7 9 2 8 14 4 1 7 2 7 9 8 3 107 63 
Aoxl 4 7 22 8 3 8 8 4 17 5 3 7 4 7 10 7 11 135 54 
Aox2 - -  10 60 5 4 8 4 7 19 6 2 8 8 8 5 11 45 210 63 
Aox3 - -  12 63 3 3 9 11 5 30 6 2 9 3 7 11 6 24 204 57 

a Protein names were abbreviated as follows: Pcy, plastocyanin; 
Amy, amicyanin; Azu, azurin; Paz, pseudoazurin; Cub, cucum- 
ber basic blue protein; Sty, stellacyanin; Aoxl, Aox2, and Aox3, 
the N-terminal, middle, and C-terminal domains in ascorbate 
oxidase. The assignment of residues to the beta-strands was 
based on the published structures in the case of plastocyanin, 
azurin, pseudoazurin, cucumber basic blue protein, and the 
ascorbate oxidase domains. For ascorbate oxidase the structure 
assignments given by Messerschmidt et al. (1989) were used with 

Domain Duplication 
By duplication of a single type of  domain, the 

proteins in the group have increased in size from the 
single domain of about 100 residues to the three- 
domain structures in the plant and fungal oxidases 
and the six-domain structure of ceruloplasmin that 
has more than 1,000 residues. The sequence of 
events leading up to these larger proteins, which 
have been described above,  are summarized in 
Fig. 9. 

The trees in Fig. 9 and in Fig. 4 suggest that the 
small blue protein ancestor increased in size by do- 
main enlargement before the first duplication. Ob- 
viously then, the domain duplication in this instance 
made the evolution of an oxidase active site possi- 
ble, because the active-site coppers in all three en- 
zymes contain ligands from two different domains. 
The common ancestral oxidase consisted of only 
two domains, corresponding to the double domain 
in ceruloplasmin. The advantage for increasing the 
size beyond this stage is not clear. A consideration 
relevant for plasma proteins is that size is important 
to avoid clearing from the circulation by the kid- 
neys. In fact almost all plasma proteins are larger 
than albumin, which with its 587 residues is on the 
same order of size as the four-domain structure of 
the ceruloplasmin ancestor. For several plasma pro- 
teins, such as the immunoglobulins, plasmin, and 
some coagulation factors, it has been shown that 
multiple domains are involved in additional func- 
tions and contain new binding sites. This might also 
be a reason for the large size of ceruloplasmin. In- 
deed, the binding of ceruloplasmin to a receptor has 
been described (Omoto and Tavassoli 1990). 

After the duplication of the domains beyond the 

the exception that (after visual inspection) residues 261-268 in- 
stead of 267-268 were assigned to beta-strand 6 in the second 
domain. The identification of beta-strands as corresponding to 
beta-1 through beta-8 in plastocyanin was done by visual com- 
parison with the plastocyanin structure. For amicyanin, assign- 
ments were based on the alignment with plastocyanin and for 
stellacyanin they were based on the alignment with cucumber 
basic blue protein 

two-domain stage, copper-binding sites were lost. 
In the N-terminal domain in all three oxidases the 
type 1 copper site has disappeared, as shown by the 
structure of ascorbate oxidase; this is consistent 
with chemical analysis and with the mutation of  the 
copper-binding residues in the N-terminal domain 
(Fig. 2a). In ceruloplasmin the type 1 site is still 
present in domains 2 and 4, which are most  closely 
related to the C-terminal catalytic domain. The re- 
tention of copper sites in these two cases might re- 
flect the fact that this copper is buried in the interior 
of the molecule and is not lost unless a considerable 
change in structure occurs. 

Domain Requisi t ion--the Discoidin Domains 
In coagulation factors V and VIII ,  two domains 

not related to ceruloplasmin but to discoidin are 
present at the carboxyl end, as first reported for 
factor VIII  by Vehar et al. (1984) and Wood et al. 
(1984) and later for factor V by Kane and Davie 
(1986). We will call this mechanism, by which an 
exogenous type of domain is incorporated into a 
protein molecule from elsewhere in the genome, do- 
main requisition. 

Discoidins I and II, two families of lectins, are 
among several cell-surface proteins produced by 
the cellular slime mold Dictyostelium discoideum 
during the aggregation phase of the life cycle (Poole 
et al. 1981). Of the four genes of the discoidin I 
family, two have been completely sequenced and 
the other two partially sequenced. The protein se- 
quences are highly conserved (less than 2% differ- 
ence), but probably no two are identical. It has been 
proposed that the tetrameric discoidin I molecule, 
which has a high affinity for galactose and modified 
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Ceruloplasmin 
Ascorbate Laccase 5 3 1 2 4 6 
ox,0ase 

/ [1121314r516[ 
TO Azurin 

-] ,9[-- 2 Doubled 
Domain 
Duplications 

in Plant & Fungal Line \ /  To Plastocyanin 
and other small R- X / [ -~r]  
blue proteins \ \ / I 'mrl  

Y D 
I 
I 
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I 

Fig. 9. Evolution of the domain 
structure in the blue oxidases 
based on the phylogenetic trees 
of Figs. 3, 4, and 6. Shaded 
areas in boxes represent 
C-terminal extensions of 
domains. 

galactose residues, is an integral component in the 
cell-cell cohesion process. (See Poole et al. 1981 
and references therein.) 

In the coagulation factors, each of the discoidin- 
like domains, approximately 160 residues in length, 
corresponds to the amino-terminal 158 residues (ap- 
proximately two-thirds) of a discoidin I sequence. 
More recently a similar pair of domains has been 
reported in a 51.5K glycoprotein (MGP) present in 
the milk-fat-globule membrane produced by mouse 
mammary epithelial cells (Stubbs et al. 1990). These 
domains are closer to those in factors V and VIII 
than to those in Dictyostelium. An alignment de- 
rived from all pairwise ALIGN comparisons of the 
factor V and factor VIII domains, the milk glyco- 
protein, and discoidin I-C is shown in Fig. 10a. It 
differs in some minor details from that of Kane and 
Davie (1986) and that of Stubbs et al. (1990). All 
sequences except the second factor VIII domain 
contain one NXS/T potential glycosylation site. 
There are 11 invariant sites, 12 positions at which 
aromatic residues predominate, and several short 
regions where basic residues cluster. Identities and 
similarities are clustered in five regions, the longest 
being at positions 121-164. The discoidin I se- 
quence contains an R-G-D motif (alignment position 
86-88) capable of binding to a specific cell-surface 
receptor; the discoidinlike domains in the coagula- 
tion factors lack this peptide (Kane and Davie 
1986). 

The discoidinlike domains in factor V and factor 
VIII are only very distantly related to discoidin I, as 
shown by the values in Fig. 10b and the tree in Fig. 
10c. In the alignment (Fig. 10a) the domains are 
considered individually in order to emphasize the 
conservation of residues; while the topology (Fig. 

10c) reflects the alignment, the branching pattern 
may not quite correspond to evolutionary events. 
The time of divergence for lines leading to cellular 
slime molds and to animals may have been between 
1.5 and 2 billion years ago (Knoll 1992). We suggest 
that at some point since then, in the animal line at 
least, the DNA for this domain doubled; the dou- 
bled domain would then be available for incorpora- 
tion into other genes by exon shuffling. It appears 
that this occurred in the ancestral coagulation factor 
gene after its divergence from ceruloplasmin, but 
before the gene duplication giving rise to separate 
genes for the two factors. 

Segment Elongation--the Activation Domains 
Both coagulation factors contain a region about 

900 residues long between the second and third ce- 
ruloplasmin-related double domain (domains 4 and 
5). This region has cleavage sites in the amino and 
carboxyl ends that, when cleaved by thrombin, fac- 
tor IX, or factor X, will generate active factors V 
and VIII, respectively, while the region is dissoci- 
ated from the rest of the molecule. Since this is the 
classical way for an activation peptide to function 
we will call this region the activation domain. 

In a general sense the regions in the two factors 
are similar (Kane et al. 1987): they are of similar 
length; they both contain a large number, about 20, 
of potential glycosylation sites with the sequence 
NXS/T; they both have a predominance of acidic 
residues in the N-terminal part, followed by a basic 
region, and are quite acidic in their C-terminal part. 
They also both have conspicuous PEST regions 
(Rogers et al. 1986), known to make the region sen- 
sitive to proteolysis. 

When comparing the two sequences, close simi- 



1 CF5-DI(1906-2064) 
2 CFS-DI(2039-2191) 
3 MGP-D1 (147-306) 
4 CF5-D2 (2065-2224) 
5 CFS-D2 (2192-2351) 
6 MGP-D2(307-463) 
7 Discoidin I-C(1-158) 
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G M E G G A I A D  
G M E N G K I E N  
G M E S K A I S D  
G L K N N T I P D  
V Q L I S N A Q C  

Conserved C PLGM G I D 

1 CF5-DI (1906-2064) 
2 CFS-D1(2039-2191) 
3 MGP-D1(147-306) 
4 CF5-D2 (2065-2224) 
5 CFS-D2 (2192-2351) 
6 MGP-D2 (307-463) 
7 Discoldin I-C(1-158) 

4 5 
4 5 6 7 8 9 0 1 2 3 4 5 6 7 8  

N G G S Y N A W S V E K L A A  
Y S G S I N A W S T K  .... 
R T G I V N A W H A S  .... 
A Q G R V N A W Q A K  .... 
L Q G R S N A W R P Q  .... 
N Q G K I N A W T A Q  .... 
I D G S - E A W C S S  .... 

Conserved 

i CF5-DI(1906-2064) 
2 CF8-DI(2039-2191) 
3 MGP-DI(147-306) 
4 CF5-D2(2065-2224) 
5 CF8-D2(2192-2351) 
6 MGP-D2(307-463) 
7 Discoidin I-C(i-158) 

G NAW 
tt 

8 9 10 
7 8 9 0 1 2 3 4 5 6 7 8 9 0  

Y L K S C Y T T E F Y V A Y  
K F S S L Y I S Q F I I M Y  
A G R A E Y L K T F K V A Y  
L S S E M Y V K S Y T I H Y  
L L T S M Y V K E F L I S S  
F G H I Q Y V E S Y K V A H  
G D H D Q W V T S Y K I R Y  

Conserved 

1 CF5-DI (1906-2064) 
2 CFS-DI (2039-2191) 
3 MGP-DI (147-306) 
4 CF5-D2 (2065-2224) 
5 CF8-D2 (2192-2351) 
6 MGP-D2 (307-463) 
7 Discoidin I-C(I-158) 

Y V F I Y 

13 14 
0 1 2 3 4 5 6 7 8 9 0 1 2 3  

I K E N Q F D P P I V A R Y 
I K H N I F N P P I I AR Y 
L KVN M F N P T L E AQ Y 
H V K N F F N P  P I I S R F 
P VVN S L D P P L L T R Y 
H K KN I F E K P F M A R Y 
VV N H F F D T P I R A R S 

2 3 4 
6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3  

SQ I K A S E F L G Y  . . . . . . .  W E P R L - A R L N  
F Q I T A S G Q Y G Q  . . . . . . .  W A P K L - A R L H  
S Q I S A S Y V Y M G F M G L Q R - W G P E L - A R L Y  
K Q I T A S S F K K S W W G D Y - - W E P F R - A R L N  
A Q I T A S S Y F T N M F A T - - - W S P S K - A R L H  
S Q M S A S S S Y K T W N L R A F G W Y P H L - G R L D  
H L R T S T N Y N D V H T Q F N A V L N Y K N K G T N T  

Q I T A S  W P L ARL 

6 7 8 
9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6  

E F A S K P W I Q V D M Q K E V I I T G I Q T Q G A K H  
- - E P F S W I K V D L L A P M I I H G I K T Q G A R Q  
N Y D S K P W I Q V N L L R K M R V S G V M T Q G A S R  
A N N N K Q W L E I D L L K I K K I T A I I T Q G C K S  
V N N P K E W L Q V D F Q K T M K V T G V T T Q G V K S  
S N S A K E W L Q V D L G T Q R Q V T G I I T Q G A R D  
I V D T N Q Y I V A G C E V P R T F M C V A L Q G - - R  

K W I Q V D L  TGI TQGA 
tt 

11 12 
1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9  

S S N Q I N W Q I F K G N S T R N V M Y F N G N S D A S T  
S L D G K K W Q T Y R G N S T G T L M V F F G N V D S S G  
S L D G R K F E - F I Q D E S G G D K E F L G N L D N N S  
S E Q G V E W K P Y R L K S S M V D K I F E G N T N T K G  
S Q D G H Q W T L F F Q N G K - - V K V F Q G N Q D S F T  
S D D G V Q W T V Y E E Q G S - - S K V F Q G N L D N N S  
S L D N V T W S E Y R N G A A  . . . . .  I T G V T D R N T  

S DG W Y K F GN D 
t 

15 16 17 
4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0  

I R I S P T R A Y N R P T L R L E L Q G C - - - E V N /  
I R L H P T H Y S I R S T L R M E L M G C - - - D L N /  
I R L Y P V S C H R G C T L R F E L L G C - - - E L H /  
I R V I P K T W N Q S I T L R L E L F G C - - - D I Y  
L R I H P Q S W V H Q I A L R M E V L G C E A Q D L Y  
V R V L P V S W H N R I T L R L E L L G C  . . . . . .  
I A I H P L T W N N H I S L R C E F Y T Q P V Q S S V /  

Conserved K N F P P I A R Y I R 

ALIGN Scores 

CF5 CF8 MGP MGP CF5 CF8 DISC 
D1 D1 D1 D2 D2 D2 I-C 

CF5 Dt - -  17 19 17 24 20 5 

CF8 D1 52 - -  19 18 21 22 9 

MGP D1 61 57 - -  18 18 16 5 

MGP D2 61 61 56 - -  21 21 8 

CF5 D2 63 58 64 57 - -  19 6 

C F 8  D2 60 59 61 58 56 - -  6 

79 83 79 78 81 

Percent Difference 

DISC I c 83 

b 

la r i t ies  we re  no t  found .  H o w e v e r ,  t he re  is, as  has  
b e e n  po in t ed  ou t  b y  J e n n y  et al.  (1987) and  K a n e  et  
al.  (1987), c l ea r  e v i d e n c e  for  in te rna l  r e p e a t s  in fac-  
to r  V. T h e r e  is a n ine - r e s idue  p e p t i d e  tha t  is re- 
p e a t e d  ve ry  c lo se ly  31 t imes  and  less  c lo se ly  up to 
15 add i t iona l  t imes .  D o t - m a t r i x  p lo ts  (Fig.  1 l a  and  

P W ITLR EL GC 
, ,, t 

57 

Fig. 10. a Alignment of discoidin domains found in the 
Dictyostelium discoidins, in coagulations factors V and VIII, 
and in the milk-fat-globule membrane protein. Conserved 
residues are those occurring in more than half of the 
sequences; totally conserved residues are marked, b 
Difference matrix calculated from the alignment. In the lower 
left half are shown percent differences; positions omitted in 
calculating the matrix and tree are 27-33, 55-58, and 165-167. 
In the upper right half are shown the alignment scores, 
calculated with a bias of 6 and a gap penalty of 6 or 10 (with 
discoidin I-C). Continued on page 58. 

l l b )  o f  a pa r t  o f  the  a c t i va t i on  d o m a i n  in the  two  
p ro t e in s  d e m o n s t r a t e  this  d r a m a t i c a l l y .  Th is  n ine-  
r e s idue  p e p t i d e  c a n n o t  be  seen  in the  c o r r e s p o n d i n g  
reg ion  in f ac to r  VI I I .  In  f ac to r  V I I I  t he re  is a w e a k  
ind ica t ion  o f  a r e p e a t  o f  a 20- res idue  s e q u e n c e ,  as  
s h o w n  by  the  r egu la r  a p p e a r a n c e  o f  the  g l y c o s y l a -  
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Discoidin 
I-C 

183 

D2 domain D1 domain 
MGP MGP 

CF8 \ 

CF8 53 
CF5 / 

4~~ 3 ~ _ _ ~  CF5 
48 ~ ~  

15 
5 

C 

Fig. 10. Continued. c Tree of the mammalian discoidinlike domains and discoidin I-C. Scale: 0.75 = 1 PAM. 

tion site. The nine-residue peptides, with a consen- 
sus sequence of T/N/PLSPDLSQT, also have a 
structure compatible with a possible origin from a 
duplication of a four-residue peptide L-S-P/Q-D/T. 

The mechanism for size increase in this part, 
which at least in factor V is due to repeated dupli- 
cations of a short peptide segment, we will call seg- 
ment elongation. It appears that the glycosylated 
regions have developed into large areas of the factor 
V and factor VIII structure independently of each 
other. If this is so the elongation of an originally 
shorter stretch occurred independently. It is also 
likely that selection pressure for the sequences in 
this part is weak and that sequences change rapidly, 
and thus their evolutionary history is more difficult 
to trace. We found no evidence for an origin of the 
shorter peptides elsewhere in the ceruloplasmin- 
related domains or the discoidin domains. The pos- 
sibility exists that the activation domain originated 
from a change in the exon-intron border of the ce- 
ruloplasmin gene, a suggestion that will be possible 
to investigate when its genomic DNA sequence be- 
comes available. In this context it should be noted 
that in factor V the entire activation domain is con- 
tained in a single unusually large exon. This is also 
consistent with the suggested mechanism of seg- 

ment elongation. The structure of the gene for fac- 
tor VIII is not yet known. 

Subunit Aggregation 
Subunit structure formation is not an important 

mechanism for size increase in the group of proteins 
discussed. Ascorbate oxidase, however, associates 
as a two-subunit protein, in which one metal ion, 
most likely copper, bridges the two subunits. 

Weak evidence exists that subunit II of mito- 
chondrial cytochrome c oxidase is related to the 
blue proteins (Ryd6n and Lundgren 1980; Holm et 
al. 1987; Saraste 1990). Mitochondrial cytochrome c 
oxidase consists of three membrane-bound and mi- 
tochondrially coded subunits and a variable number 
of soluble subunits. It has a complex function, as it 
both transfers four electrons from cytochrome c to 
oxygen and pumps protons through the mitochon- 
drial membrane when doing so. Subunit II contains 
two copper-binding sites that are spectroscopically 
quite distinct from the site in the blue proteins. 
There is some weak sequence similarity between 
subunit II and azurin. For a more reliable compar- 
ison the detailed structure of cytochrome c oxidase 
will be needed. Cytochrome c oxidase is an out- 
standing example of the role of subunit aggregation 
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in evolving both size and functional complexity in a 
group of proteins. 

Glycosylation 
For several of the proteins in the group, glyco- 

sylation makes an important contribution to in- 
crease in molecular size. Among the small blue pro- 
teins only the plant-derived phytocyanins are 
glycosylated. Some of these, however, contain up 
to 50% carbohydrate. Stellacyanin contains 50% 
carbohydrate (Bergman et al. 1977), as does ume- 
cyanin (Bergman 1980). The role of the carbohy- 
drate in these proteins is not well known, although 
it has been shown that it contributes to protection 
against proteolysis. 

The larger oxidases and the coagulation factors 
are all glycosylated. A few glycosylation sites exist 
in the domains of the oxidases and in ceruloplas- 
min; these have been examined in some detail (Ry- 
d~n 1984b). These account for around 10% by 
weight of the proteins. In general, they are not con- 
served, and most occur in loops between beta- 
strands, i.e., at the surface. A more impressive 
amount of glycosylation is found in the activation 
domain in coagulation factors V and VIII. About 20 
potential NXS/T glycosylation sites, as well as 
O-linked carbohydrate in factor V (Kane et al. 
1987), are present, which would permit 30% or 
more carbohydrate. Again the carbohydrate might 
protect this region against proteolysis until after the 
removal of the domain in activation. 

Functional Diversification 

Catalytic Properties 
All of the small blue proteins have the capacity to 

transfer one electron from a donor to an acceptor. 
The redox potential varies considerably from 180 
mV for stellacyanin to the unusually high 345-390 
mV for plastocyanins (for review see Ryd6n 1984a), 
thereby conferring a variation in functional proper- 
ties and adaptation to the varying properties of ac- 
ceptors and donors in the different cells. Plastocy- 
anin in addition has the capacity to bind to the 
thylakoid membrane ,  by a highly negat ively 
charged spot on the surface. 

The blue copper proteins demonstrate an unusu- 
ally dramatic case of the evolution of a complex 
enzymatic function from a simple origin. As the 
blue oxidases evolved from the small blue proteins, 
three new copper-binding sites formed close to the 
already-existing type 1 copper site. This involved 
the formation of eight new ligands in the protein, 
four of these being in the same domain as the type 
1 copper, while four are found in the N-terminal 

domain. According to the evolutionary trees, these 
four copper sites were present in the two-domain 
ancestral oxidase. In ceruloplasmin the three most 
recently acquired sites were again lost in the two 
new double domains after triplication occurred, 
while the type 1 site retained its copper. This 
scheme of events accounts for the six coppers ob- 
served in ceruloplasmin. 

The blue oxidases have the capacity to catalyze 
the four-electron transfer to oxygen from a reducing 
substrate. In laccase and ceruloplasmin the uptake 
of electrons is similar to that in the small blue pro- 
teins, i.e., a one-electron uptake to type 1 copper 
converting the reducing substrate into a free radi- 
cal. Oxygen is reduced by transfer of pairs of elec- 
trons from the "new"  trinuclear copper center, 
which also is oxygen-binding. Several different 
types of substrate specificity have evolved within 
the group. While ascorbate oxidase has a remark- 
ably narrow specificity for ascorbate, ceruloplas- 
min and laccase have no proven capacity to bind the 
reducing substrate at all and thus do not form an 
enzyme-substrate complex, with the possible ex- 
ception that ceruloplasmin might bind iron ions. 
These enzymes seem to be able to reduce all com- 
pounds that have a redox potential lower than the 
type 1 copper. 

The two coagulation factors V and VIII have not 
been shown to have any catalytic properties. Again 
the copper sites have been lost during evolution 
from ceruloplasmin. Factor V has only a single cop- 
per, presumably in a type 1 copper site in the last 
domain (domain 6); sequence comparison suggests 
that factor VIII retains copper at two of the type 1 
sites. 

Binding Properties 
The small blue proteins interact with several sub- 

stances in connection with electron transfer, as 
mentioned above. The pollen protein allergen Ra3 
has lost copper entirely and its function depends on 
its capacity to bind to specific receptors on the pistil 
when the pollen germination tube is penetrating the 
pistil. It is thus an example wherein function is en- 
tirely connected with binding. The binding proper- 
ties of the blue oxidases, as has been mentioned 
above, are part of their enzymatic properties, al- 
though it should be added that the subject is not 
well studied and a recent report on a ceruloplasmin 
receptor has been published (Omoto and Tavassoli 
1990). 

The functions of coagulation factors V and VIII, 
as has been said, depend on their capacity to inter- 
act with several other macromolecules, in particular 
the proteases (factor IXa and Xa) they activate, as 
well as von Willebrand factor and protein C, which 
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latter protein acts as an inactivator of factors V and 
VIII. The locations of the binding sites are not 
known, but they must reside in the ceruloplasmin- 
related domains and/or the discoidin domains, be- 
cause the activation domain is dissociated during 
activation. 

The lectinlike activity of the discoidin domain 
ancestor suggests that these domains are responsi- 
ble for binding. However, there is no solid experi- 
mental evidence concerning such a possible func- 
tional role (such as a lectinlike activity). In the 
discoidins, even single-residue mutations may re- 
duce or abolish function (Poole et al. 1981); there- 
fore, any role of the discoidinlike domains in the 
two factors may be only remotely similar to lectins 
or may be entirely new. However, the complex of 
factor VIII with von Willebrand factor possesses 
several activities including platelet adhesion- 
promoting activity (Vehar et al. 1984); one is 
tempted to speculate that the discoidinlike domains 
could be involved in the complex formation or in 
the platelet adhesion-promoting activity. 

Regulatory Properties 
Coagulation factors V and VIII are the only pro- 

teins in the group that have developed regulatory 
properties. They are activated in conjunction with 
the coagulation cascade, as the activation domain is 
released after proteolytic cleavage by factor IX or X 
or thrombin. The evolution of this domain has been 
dealt with above. In several other groups of homol- 
ogous proteins regulatory properties are of much 
greater relevance. 

Evolution of  a Protein System: 
the Coagulation Cascade 

Coagulation factors V and VIII are part of the sys- 
tem of proteins that form the coagulation cascade 
(Hedner and Davie 1989). The homologies within 
this system allow us to suggest in some detail how 
this complex system evolved and where the two 
ceruloplasmin-related factors became part of the 
system. 

Factors V and VIII are found in two consecutive 
steps in the cascade as they form complexes with 
the two proteases factors IX and X. These two in 
turn are similar in their general architecture. They 
consist of peptide chains of 476 and 461 residues, 
respectively. Both have a serine protease domain 
(residues 223-476 and 227-461) preceded by three 
shorter duplicated regions containing the EGF-like 
domains of types A and B. Also the coagulation 
factors XI and XII, as well as prothrombin, protein 
C, and factor VII, contain the serine protease do- 
main, and the evolution of all these factors can be 
related. 

An alignment and a difference matrix of the 
serine protease domain of the proteins mentioned 
were constructed (Fig. 12a and 12b) and an evolu- 
tionary tree was calculated (Fig. 13). The proteins 
are all monophyletic. The tree shows them to have 
diverged from each other during a relatively short 
time span. The most recent event in the tree is the 
duplication forming factors IX and X from a com- 
mon ancestor, which we will call factor IX-X. Be- 
cause factors V and VIII likewise developed from 
a common ancestor, we suggest that the entire 
system of factors V-X and VIII-IX is the result 
of a single duplication. This suggestion is sup- 
ported by the observation that the genes for factors 
VIII and IX are located close to each other on the 
human X chromosome at positions Xq28 and 
Xq26.3-27.1, respectively, suggesting that the part 
of the chromosome with these two genes dupli- 
cated. 

The divergence of prothrombin from the ances- 
tral factor IX-X is the next-most-recent event in the 
tree, assuming mutation rates to be constant. The 
event before that seems to be the divergence of the 
two earlier factors in the cascade--that is, factors 
XII and XI. These are single-chain proteins of 602 
and 625 residues, respectively, each with a serine 
protease domain (positions 360-602 and 384-618), 
preceded by several repeats of smaller domains that 
are different in the two proteins. 

The information in the phylogenetic tree (Fig. 13) 
can be represented as a series of pictures of the 
coagulation cascade at different stages of evolution 
(Fig. 14). Each duplication in the tree gives the sys- 
tem one more amplification step. Counting the five 
consecutive steps that involve the factors discussed 
so far, there are four consecutive duplications. 
Each of the serine proteases that evolved in this 
way achieved additional domains. After the third 
duplication the ancestral factor V-VIII achieved a 
role in the system; it then evolved into the two sep- 
arate proteins after the fourth duplication, which 
also involved the ancestral factor IX-X. 

The tree includes both human and bovine se- 
quences. The suggested date for the divergence of 
these lines is 70 million years ago, which then can 
be used to date the other events in the tree, assum- 
ing the mutation rates to be similar throughout the 
time considered. It thus suggests that the duplica- 
tion of the ancestral factor V-VIII occurred close to 
500 million years ago. 

The evolution of the coagulation cascade is an 
instance of the evolution of a whole system of in- 
teractive proteins, each with new catalytic and/or 
regulatory properties. The ceruloplasmin-derived 
proteins became a part of this, in a way we do not 
know, and then developed with it. 
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1 THB Hu (357-615) 

2 THB Bo (367-625) 12 

3 CF9 Hu (227-462) 62 

4 CF9 Bo (182-416) 62 61 

5 CF7 Hu (191-434) 65 65 59 58 

6 CFI0 Hu (223-459) 59 60 57 58 

7 CFI0 Bo (234-470) 60 60 57 56 

8 CFI2 Hu (373-615) 67 65 63 62 

9 TRYP Bo (7-229) 64 65 64 64 

i0 CFII Hu ~388-625) 62 62 64 63 

b 

Number of differences 

2 3 4 5 6 7 8 9 I0 

29 146 147 155 141 142 159 152 148 

�9 143 145 155 143 142 154 155 146 

60 36 139 136 134 148 150 152 

15 . 137 138 133 145 150 149 

�9 148 144 161 154 154 

63 38 165 158 161 

61 16 . 139 153 158 

68 70 67 . 147 147 

65 67 65 64 . 149 

65 68 67 63 64 

Percent difference 

Fig. 12. Continued. b Difference matrix calculated from the 
alignment; positions omitted in calculating the matrix and tree 
are 23-24, 47-54, 96, 110-114, 153-158, 183-187, 203-204, 224- 
226, and 270-271. 

In organismal evolution the phenomena we have 
described have their exact counterparts: living or- 
ganisms have evolved from the simple small bacte- 
ria to the large complex multicellular animals and 
plants. Even more so: each separate group of ani- 
mals and plants in turn evolved to even larger spe- 
cies, increased functional complexity, and in- 
creased diversity--i.e.,  an increased number of 
forms or species in the group (Bonner 1988). How- 
ever, even if we accept that protein evolution is a 
prerequisite for organismal evolution, the relation- 
ship between the two is not straightforward. Organ- 
isms need not have larger proteins to be larger, it is 
not clear if they require multifunctional proteins to 
themselves be functionally complex, and they cer- 
tainly do not need to have many different proteins 
in order to evolve many different forms. 

Nor is there a parallelism in terms of selection 
forces. By size increase organisms can escape to 
new niches and evade predators, by multifunction- 
ality they become more independent of their envi- 
ronment, and by developing diverse forms they ex- 
ploit and create an ever-increasing number of 
different niches�9 The only obvious parallel phenom- 
enon is that new organisms form the environment to 
which others must adapt. Also, new proteins form a 
molecular environment to which new--paralo- 
gous--proteins must adapt. 

Still, it is obvious that the reason for the ob- 
served evolution of protein complexity must be 
found on the organismal level. What then are the 
selection pressures? A possible connection between 
protein and organismal evolution--not only for the 
copper proteins--is that proteins, by being larger, 
become more functionally complex and have more 
interactions with other molecules in their environ- 
ment. This in turn creates new possibilities for di- 
versity. It might be that the only selection force on 
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the organismal level that drives protein evolution in 
the direction we have seen is the requirement for 
functional complexity. 

Many groups of proteins exhibit the phenomena 
we have described. The serine proteases, in partic- 
ular the coagulation and complement factors, form 
a well-studied example, as do the immunoglobulins 
and related proteins. However, the copper proteins 
might be unusual in several respects. They describe 
an evolutionary history that spans nearly the entire 
period of life on Earth and involves prokaryotes, 
fungi, plants, and animals, whereas most of the 
other groups studied are confined to evolution of 
animal life. Furthermore, among the small blue pro- 
teins we find the nonenzyme ancestor of an unusu- 
ally complex group of enzymes--i.e., the blue oxi- 
dases--which in addition has an unusually complex 
active site structure. Subunit II of cytochrome ox- 
idase would be a second case if the proposed ho- 
mology to azurin is confirmed�9 The small blue pro- 
teins make up one of three different types of ancient 
electron-transfer molecules, the other two being cy- 
tochromes and ferredoxins. Although many en- 
zymes contain a heme group or nonheme iron sul- 
phur centers, there is not so far to our knowledge 
any demonstrated homology to these other elec- 
tron-transfer proteins�9 The observed homology be- 
tween ferredoxins and the noncatalytic subunit in 
the two homologous enzymes succinate dehydroge- 
nase and fumarate reductase from Escherichia coli 
(Cole et al. 1982; Darlison and Guest 1984) is not 
entirely comparable�9 

From the time of their appearance, the blue cop- 
per proteins have been connected to the develop- 
ment of the basic conditions of life: plastocyanin in 
oxygenic photosynthesis and the development of an 
oxygen-containing atmosphere, subunit I1 of cy- 
tochrome oxidase in the evolution of oxygen respi- 
ration. They are a striking demonstration of how the 
evolution of proteins changed the direction of the 
evolution of life on Earth. 
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Fig. 13. Tree for the protease 
domains of the coagulation 
factors of Fig. 12, and bovine 
trypsin. The trunk was placed 
arbitrarily on the longest 
internodal branch. Scale: 0.74 
mm = 1 PAM. 

a 
INJURY 

CF12-11-9-10-2 �9 CF12-11-9-10-2a 
; 

CLOTTING 

b INJURY 

CF12-11 ~ CF12-11a 

CF9-10-2 ~ Cg9-10-2a 

CLOTTING 

INJURY 

CF12-11~  CF12-11a 

CF9-10-~  "~ CF9-10a 

CF2 " ~  CF2a 

INJURY 

CF12 ~'- CF12a 

CF11 ~ CFlla 

CLOTTING 

INJURY 

CF12 ~ CFI2a g 
CF11 �9 Cglla 

C F g - 1 0 Z  CF9-10a 

CF2 - - - ~  CF2a 

CLOTTING 

, (-  
CF9--10-'--:'-~ CF9-10a+ CF8-5a.~ CF8-5 g- 

CF2 1~ CF2a ; 
CLOTTING 

INJURY 

CF12 ~ CF12a 

CF11 -~-ID'- CFlla 

C F 9 ~  CF9a + CF8a-q~-.- CF8 

CF10 ' ~ ' ~  CF10a+ CF5a.,4(--.- CF5 

CF2-~'~ ' -~ CF2a 

4, 
CLOq'TING 

Fig. 14. Suggested route in six 
steps, a-f, for the evolution of 
the extrinsic pathway of blood 
coagulation as based on the 
phylogeny of coagulation factors 
V, VIII, IX, X, XI, and XII. 
Factors marked by two or more 
Arabic numerals are the 
ancestors; thus CF8-5 is the 
ancestor of factor V and factor 
VIII. The activated form of each 
factor or ancestral factor is 
indicated by a lowercase a. 
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