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Structural Comparisons of Heme Binding Proteinst 
Patrick Argos* and Michael G. Rossmann 

ABSTRACT: Of the 82 three dimensionally characterized 
residues of cytochrome cssl, 49 are found to be structurally 
and topologically equivalent to the globin fold and 41 are 
equivalent to the cytochrome bS fold, with a respective root 
mean square separation of 3.5 and 4.9 A between equivalenced 
C,  atoms. The common fold represents a central heme binding 
core, corresponding to the middle exon of certain globin genes. 
After superposition of the protein folds, the heme irons are 
found to be separated by 5.4 and 1.6 A, while their heme 
normals are inclined by 6’ and 32O, respectively. Furthermore, 
the heme “face”, determined by the asymmetric attachment 
of the vinyl and propionyl side chains, is directed similarly in 
all three heme proteins. The heme itself is rotated by 72O and 
116’ about its normal, respectively. The minimum base 

?;le three-dimensional structures within three families of 
heme binding proteins have been well studied: the globins, 
the cytochrome c family, and the mammalian cytochrome bS 
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change per codon for the three pairwise comparisons corre- 
sponds to the expected value of random sequence comparisons. 
While all three heme proteins may have diverged from a 
common ancestor, their similarity may have arisen from the 
requirements of heme binding or the utilization of a partic- 
ularly stable fold. Known structures within commonly ac- 
cepted divergent families were superimposed in order to 
discriminate better between convergence and divergence. 
Minimum base changes per codon, number of deletions and 
insertions, percentage of equivalenced residues, precision of 
heme superposition, and root mean square separation of 
equivalenced C, atoms were tested as measures of evolutionary 
relationships. 

from the endoplasmic reticulum. Rossmann & Argos (1975) 
have shown a reasonable structural similarity between the 
globin fold and cytochrome b5. This paper demonstrates that 
a comparable structural similarity exists between the cyto- 
chrome c and globin folds. 

The globin family extends further than the oxygen carriers 
hemoglobin and myoglobin found in higher vertebrates. 
Proteins with the same function and homologous structure have 
been found in the annelid worm Glycera dibranchiata (Padlan 
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& Love, 1974), in sea lamprey (Hendrickson et al., 1973), in 
fruit fly (Weber et al., 1978), and even in the root nodules of 
leguminous plants (Vainshtein et al., 1975). Amino acid 
sequences from an even greater array of species have been 
determined [cf. Dayhoff (1972)], establishing that the basic 
globin fold must have appeared at least as early as the first 
eucaryotes, about 1.2 billion years ago. 

The tertiary structure and amino acid sequence of eucaryotic 
cytochromes c show that this electron transfer protein in the 
oxygen respiratory chain has evolved only very slowly in the 
last billion years [cf. Dickerson & Timkovich (1975)l. The 
amino acid sequences (Ambler & Bartsch, 1975; Ambler, 
1973) and structure determinations (Salemme et al., 1973a; 
Almassy & Dickerson, 1978; Timkovich & Dickerson, 1976; 
Weber & Salemme, 1977; Korszun & Salemme, 1977) of a 
large number of procaryotic cytochrome c like molecules have 
demonstrated that electron transport is mediated by these 
molecules not only in oxygen respiration but also in sul- 
fide-using photosynthesis, sulfate respiration, cyclic photo- 
synthesis, and water-using photosynthesis (Dickerson et al., 
1976). Although these cytochrome c like molecules have many 
structural features in common, there are substantial differ- 
ences. Their amino acid sequences, varying in length from 
82 to 134 residues, cannot always be aligned without reference 
to their three-dimensional structures (Dickerson, 1979). Thus, 
the origin of the cytochrome c fold must be placed well before 
the occurrence of photosynthesis, about 2 billion years ago. 

The classification associated with cytochrome b molecules 
stems from the spectral properties of these heme proteins and 
their function as electron transport proteins. The structure 
of cytochrome b5 from beef liver endoplasmic reticulum has 
been determined (Mathews et al., 1971a,b, 1972). It catalyzes 
the transfer of electrons from an NADH-linked FAD-con- 
taining reductase to a nonheme cyanide-sensitive factor 
(Oshino et al., 1971; Holloway & Katz, 1972; Mathews & 
Czerwinski, 1976). Its similarity to a heme-linked fragment 
of yeast cytochrome b2 has been shown by sequence homology 
(Guiard et al., 1974) and other physical methods (Keller et 
al., 1973), thus suggesting that the cytochrome b5-bz family 
is at least 1.0 billion years old. 

Structural similarity is not always easy to perceive due to 
the frailty of the human mind in remembering three-di- 
mensional topology and recognizing structural arrangements 
(Rossmann & Argos, 1976). Thus, at first sight, the globin 
fold and the eucaryotic cytochrome c structure appear totally 
different. However, the presence of many deletions and some 
insertions significantly alters the structure of Pseudomonas 
aeruginosa cytochrome cS5, relative to eucaryotic cytochrome 
c. Although these two cytochrome c structures resemble each 
other and exhibit amino acid sequence homology, the small 
“core” cytochrome c55, molecule also has some resemblance 
to the globin fold. This similarity is masked in eucaryotic 
cytochrome c by the large insertions which dominate the 
structure. 

The recognition of structural similarity must not be taken 
as sufficient evidence for divergent evolution from a common 
ancestor. Rather, it may be indicative of convergence to an 
energetically favorable protein fold suitable for particular 
functions. Differentiation between these two possibilities must 
be given in terms of probabilities which are dependent on the 
extent of common structural and functional characteristics. 
An examination of such features among the globin, cytochrome 
c, and cytochrome b5 families is given in the final section of 
this paper. The lack of a definitive answer on evolutionary 
origin does not mitigate the importance of recognizing common 
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structural features and their correlation with function. 

Experimental Section 

The C, atom coordinates of cytochrome cS5, were kindly 
supplied by Professor R. E. Dickerson (Almassy & Dickerson, 
1978). All other coordinate sets were taken from the GAFJSOM 
data file (Feldmann, 1975). These included tuna cytochrome 
c (Dickerson et al., 1971; Swanson et al., 1977; Mandel et al., 
1977), Rhodospirillum rubrum cytochrome c2 (Salemme et 
al., 1973a,b), and Paracoccus denitrijiicans cytochrome cSs0 
(Timkovich & Dickerson, 1976; Timkovich et al., 1976). The 
globin family was represented by the horse oxy a and /3 chains 
(Ladner et al., 1977), sperm whale myoglobin (Takano, 1977; 
Watson, 1969), sea lamprey hemoglobin (Hendrickson et al., 
1973), and G. dibranchiata hemoglobin (Padlan & Love, 
1974). The cytochrome b5 structure was determined by 
Mathews et al. (1972). The amino acid sequences of the 
globins and their alignments were taken from the tables of 
Dayhoff (1972). This included the sequence of the hemoglobin 
from root nodules of leguminous plants (Ellfolk & Sievers, 
1971; Lehtovaara & Ellfolk, 1975). Although the structure 
of leghemoglobin has been solved (Vainshtein et al., 1975), 
no atomic coordinates were available for comparisons. The 
amino acid sequence alignments for the c cytochromes are 
given by Dickerson (1979). Guiard et al. (1974) have 
compared the sequences of cytochrome b5 and yeast cyto- 
chrome b2. 

The small cytochrome c551 molecule was used as the rep- 
resentative cytochrome c structure since it has a recognizable 
resemblance to the globin fold. The hemoglobin /3 chain served 
as a model of the globin structure. The specific use of the horse 
hemoglobin 0 chain will not significantly affect the results here, 
as the differences in the tertiary structure of the known globins 
(Padlan & Love, 1974; Huber et al., 1971; Perutz et al., 1968; 
Vainshtein et al., 1975) are small compared to those between 
the globins and cytochrome c or b. 

Structural equivalence was determined by a procedure 
developed by Rao & Rossmann (1973) and extended by 
Rossmann & Argos (1975, 1976). This technique alternatively 
minimizes the sum of the squares of distances between 
equivalenced atoms of the superimposed molecules and 
reexamines the set of equivalenced residues. The latter 
procedure requires a topological relationship between the two 
folds such that, if residues i and j are equivalenced, then 
residue i + n can be equivalenced to residue j + m only where 
n and m are positive integers. Further tests assure spatial and 
orientational similarities of the peptide bonds. Limits of 
topological equivalence were set by ambiguities in alignment 
and not by any maximum distance between C, positions 
(Rossmann & Argos, 1976). The algorithm for alignment of 
molecules was the same for all comparisons discussed in this 
paper. 

Results 

The structural relationship which had been found previously 
between the globin fold and cytochrome b5 (Rossmann & 
Argos, 1975) is shown in Figure l b  and is represented by 
columns 1 and 4 in Table I. The uniqueness of this com- 
parison was established by a universal search of all possible 
orientations (Rossmann & Argos, 1976). Structural equiv- 
alences between cytochrome c551 and the globin fold were 
initially selected by visual inspection of the polypeptide 
backbones. A number of related, but different, starting 
equivalences all resulted in the same superposition. The 
resultant fit is given in columns 1 and 2 of Table I which shows 
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a 9 

b 
\ 

FIGURE 1: Pairwise comparisons of the polypeptide folds for the horse hemoglobin f i  chain (G), cytochrome c551 (C), and cytochrome b5 (B). 
Amino acid sequence numbers are given for every tenth residue, for instance, lG,  2G, 3G, ... for residues 10,20,30, ... in the globin fold. Equivalenced 
parts of the structure are emphasized by thicker virtual bonds. The heme groups are represented diagrammatically by the central iron atom 
and its four surrounding nitrogen atoms. All comparisons are viewed approximately with the same orientation. (a) Cytochrome csSl (black 
bonds) against globin (open bonds); (b) cytochrome b5 (black bonds) against globin (open bonds); (c) cytochrome cSsl (black bonds) against 
cytochrome b5 (open bonds). 

49 equivalenced residues with a root mean square distance 
between C, atoms of 3.5 A. The corresponding structural 
superposition is shown in Figure la,  which illustrates the 
relative closeness of the heme irons (5.4 A) with the heme 
normals varying by 6’. 

The comparisons of cytochrome b5 and of cytochrome e551 

with the globin fold provided an initial alignment for su- 
perposition of cytochrome c551 and cytochrome b5. The end 
point of the refinement is shown in Figure I C  and in columns 
2 and 3 of Table I. A total of 41 residues were found to be 
topologically equivalent with a root mean square deviation of 
4.9 A. The heme iron atoms were separated by 1.6 A, with 
an inclination of 32’ between their heme normals. 

The alignments of cytochrome b5 with the globin fold and 
cytochrome c551 fold were not entirely consistent; thus, a 

“hybrid” equivalencing was devised by careful inspection of 
parts a, b, and c of Figure 1. Since several starting points in 
equivalencing cytochrome c55l and the globin fold converged 
rapidly to the same final alignment, no alterations were made 
in their alignments. However, the fit of cytochrome b5 to either 
of the other two structures allowed some latitude. Thus, a 
hybrid cytochrome b5 alignment was determined and is shown 
in column 5 of Table 1. It is hardly surprising that the root 
mean square deviations between the “hybrid structure” and 
globin (4.9 A) or cytochrome c551 (5.0 A) are slightly larger, 
yet it provides a consistent “fit” to both the cytochrome c and 
globin fold. Since eucaryotic cytochrome c and procaryotic 
cytochrome c55l are homologous (Almassy & Dickerson, 1978), 
the alignment of tuna cytochrome c to the other structures can 
also be given (column 6 of Table I).  
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Chart I 

globin cytochrome e , , ,  cytochrome b ,  
helix A helix a1 
helix C helix a1 helix a2 
helix E helix a2 helix a3 
helix F helix aj helix a4 
helix G helix a4 helix a5 

e 
- 0  I 

L b -  

e m  r.?. 

-1 

I I-r-I 

C. 1 

cytochrome b8 

FIGURE 2: Diagrammatic representation of the similar polypeptide 
chain topology in (a) hemoglobin p chain, (b) cytochrome cSSl, and 
(c) cytochrome b5. 

Common Structural Features. The topological alignment 
of the three heme binding proteins can be roughly summarized 
as shown in Chart I. This is shown diagrammatically in 
Figure 2. Table I1 compares the structural analogies discussed 
here with other “more established” relationships. The latter 
standards are the equivalence of (1) the NAD binding domain 
of lactate and glyceraldehyde-3-phosphate dehydrogenase 
(Rossmann et al., 1974; Ohlsson et al., 1974) and (2) hen egg 
white and phage lysozyme (Rossmann & Argos, 1976; 
Remington & Matthews, 1978). The quality of the com- 
parisons is here measured by the number of topologically 
equivalenced residues, the percentage of topologically 
equivalenced residues with respect to the mean number of 
residues in the molecules, and the root mean square deviation 
between topological residues. Although the number of 
equivalenced residues is less for the present comparisons than 
for the two standards, the total number of residues in these 
molecules is also less. Thus, the percentage of residues 
equivalenced compares favorably with the earlier results. The 
root mean square deviation between residues for the heme 
protein comparisons is comparable to that of the lysozyme case. 
Hence, the equivalences reported here appear as significant 
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Table 11: Comparison of Structural Superpositions Reported Here in Relation to Previously Reported Analogies 

no. of 5% of rms" 
mean no. topologically topologically deviation of 

comparison per molecule residues residues C, atoms (A) 
of residues equivalent equivalent equivalent 

(1) lactate dehydrogenase to glyceraldehyde-3-phosphate 
dehydrogenase 

(a) whole molecule 319 103 32 3.5 
(b) NAD binding domain 147 83 56 2.9 

(2) phage to  hen egg white lysozyme 147 6 4  44 3.9 
(3) hemoglobin p to  cytochrome b ,  114 4 8  42 4.1 
(4) hemoglobin p to  cytochrome css ,  116 49 43 3.5 
(5) cytochrome bs  to  cytochrome c,,, 84 4 1  49 4.9 

a rms, root mean square. 

as those given earlier. Furthermore, search functions for 
dehydrogenase, lysozyme, and cytochrome b5-globin com- 
parisons are all similar in their peak to background ratios and 
other measures of significance (Rossmann & Argos, 1976, 
1977; Remington & Matthews, 1978). 

The heme is roughly bound within the V-shaped cavity 
formed by representative helices E and F on two sides with 
the antiparallel helices C and G closing the cavity on the third 
side. This configuration thus forms an essential core as 
represented by cytochrome c551 (Figure 2). Among the cy- 
tochrome c structures only cytochrome c551 contains helix a2 
(topologically equivalent to helix E in the globins). Thus, 
cytochrome c55l forms a missing link between the cytochrome 
c family and the globins, The absence of helix D is not 
surprising as it is a short helix in the vicinity of the heme pocket 
present only in the hemoglobin 0 chain and in myoglobin. 
Helices A and B do not appear to be involved intimately in 
the formation of the heme binding pocket. The position of 
insertions or deletions is between helices both in the structural 
comparison between different heme binding proteins and in 
the alignment of sequences within any one family, thus 
preserving the basic core structure. The four-helical core 
configuration provides at least 80% of all residues lining the 
heme pocket. The possibility that a heme binding structural 
core exists within the globin fold has also been proposed by 
Blake (1 979) on the basis of the presence of a possible intron 
at the beginning (Tilghman et al., 1978) and an intron around 
position 110 f 10 in 0 (Tilghman et al., 1978; Jeffreys & 
Flavell, 1977) and y (Little et al., 1979) chains of hemoglobin. 
This is the same fragment of the globin chain for which 
structural equivalence is shown here, suggesting an ancestral 
exon for all three proteins. 

There is another protein fold which also consists primarily 
of CY helices. However, these helices are close packed and 
almost parallel. Such a fold has been found in the topologically 
similar structures of tobacco mosaic virus (Champness et al., 
1976), hemerythrin (Hendrickson et al., 1975), and cyto- 
chrome b562 (Mathews et al., 1979a). On the other hand, one 
domain of Tyr-tRNA synthetase (Irwin et al., 1976) and one 
of apoferritin (Banyard et al., 1978) show the same helix 
packing but with different topologies. The possible function 
(Argos et al., 1977) and topologies (Blow et al., 1977) of such 
arrangements have been discussed. These variously connected 
close packed arrangements bear little resemblance in both 
structure and topology to the loose association of helices in 
the heme binding proteins discussed here. Yet the globin fold 
may be one of a few simple ways in which a polypeptide chain 
can cover a heme group. The similarity of the heme binding 
structures could, therefore, be an example of convergent 
evolution representing a preferred packing arrangement of a 
helices which serves as a heme binding envelope. This ar- 

A 
0 0  

A 
0 0  

( a  1 

I I I 
his 63 -Fe- his 92 his16 -Fe- m e t 6 1  his 39 -Fa- his 63 

(Proximal) (Disfol) (Proximoll (Distol) I (Proximal) 

cytochrome bS 

(D'stol) I cys12 J 
globin (horsep) cylochrome c,,, 

( b  1 
&cytochrome globin 6, 

cytochrome c,,, 

( C  1 
FIGURE 3: (a) View of a heme group with the distal side nearest the 
observer. For definition of positive heme rotation, the second-named 
group is rotated clockwise about the heme normal when viewed in 
this manner. (b) Side view of heme groups showing the distal side 
on the left and the proximal side on right. (c) Relative rotation of 
heme groups. 

rangement can be considered as a super-secondary structure 
(Rao & Rossmann, 1973) with a chirality analogous to nu- 
cleotide binding to b-a-0 structures (Hol et al., 1978). An 
alternative four-helical topology and heme association is 
expressed by the hemerythrin-like cytochrome b562. 

The heme group displays handedness. Its two faces can be 
distinguished by the asymmetric attachment of its two vinyl 
and propionyl side chains. As viewed in Figure 3a, the oxygen 
binding (distal) side in the globins is closest to the observer.' 
This face will thus be referred to as the distal and the other 
will be referred to as the proximal for all the heme proteins, 
regardless of their oxygen binding ability. Rotation of the 

' We define the distal side of the heme face in the globins as that which 
associates with oxygen. The terms distal and proximal are then "borrowed" 
for the cytochromes by association of protein structure. These terms would 
otherwise be meaningless for cytochrome b, where the fifth and sixth iron 
ligands are both histidine coordinated. 
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FIGURE 4: Superposition of the heme roups as determined by the best topological equivalencing of the polypeptide backbones. Distances 
between iron atoms are less than 5.5 .f in all cases, and the heme normals incline to each other by less than 32'. All hemes face the same 
way. Part a shows the superposition of cytochrome cSsl (black bonds) on globin (open bonds) while part b shows the superposition of cytochrome 
c551 (black bonds) on cytochrome b5 (open bonds). A similar comparison of cytochrome b5 and globin was previously published (Rossmann 
& Argos, 1975). 

heme face about the heme normal, when viewed from the distal 
side, will be taken as positive when the second-named molecule 
is rotated clockwise with respect to the first. The heme group 
is liganded directly or indirectly to the protein at the fifth and 
sixth iron coordinate position for all three heme binding 
proteins (Figure 3b). However, the heme is also covalently 
bound to the vinyl group via a cysteine residue in cytochrome 

With these definitions, it is now easy to recognize that the 
heme group faces the same way in the globins and cytochrome 
c551 (Figure 4a). Although Figure 4b illustrates the same 
handedness of cytochrome b5 and cytochrome ~ 5 5 1 ,  recent 
results (F. S. Mathews, private communication) indicate that 
the vinyl groups had been wrongly assigned. Thus, the 
handedness of cytochrome b5 is opposite to that in the globins 
and cytochrome c551. Furthermore, erythrocruorin (Steig- 
emann & Weber, 1979) shows the opposite handedness to 
mammalian globin folds. The Fe-Fe distance is less than 2 
A in the comparisons with cytochrome b5 although it is 5.4 
A in the cytochrome c551-globin superposition. The heme 
normals incline to each other by no more than 10' in the 
comparisons with the horse hemoglobin 0 chain although the 
inclination is 32' in relating cytochrome b5 with cytochrome 
c551. Nevertheless, the orientation and position of the hemes 
are reasonably similar in all three heme binding proteins. 
However, the heme rotation differs substantially with an angle 
greater than 90' between the hemes of cytochrome c551 and 
cytochrome b5 (Figure 3c). Presumably, the rotation of the 
heme with respect to the binding pocket is not relevant to the 

C. 

function of electron transfer. Indeed, exposure of different 
heme edges to the solvent might facilitate transfer between 
various electron carriers (Salemme, 1976; Salemme et al., 
197 3 b). 

The distal heme ligands His-16 in cytochrome c551 (closely 
associated with the covalently bound Cys-12) and His-39 in 
cytochrome b5 have their C, atoms equivalenced. While the 
distal liganding group of globin (His-31 of helix E) is spatially 
close to the other distal coordinating residues, its C, atom does 
not equivalence to the corresponding secondary structural 
component. This contrasts to the proximal side of the heme 
where the liganding groups as well as their corresponding C, 
atoms superimpose approximately. Thus, the positions of the 
iron coordinating ligands within each polypeptide chain are 
essentially similar except on the distal side of the heme in the 
globins where provision must be made for the binding of 
oxygen. 

Conservation of the hydrophobic character of residues lining 
the heme binding pocket can be observed. However, there is 
no consistent spatial equivalencing of substituted residues. 
Table I shows residues associated with the heme pocket for 
the globins (Padlan & Love, 1974), cytochrome c (Almassy 
& Dickerson, 1978), and cytochrome b5 (Mathews et al., 
1979b). When the side chains of residues lining the heme 
binding pocket superimpose in space, they only rarely cor- 
respond to the C, atom alignment given in Table I. 

Origin of the Heme Binding Fold. When structures bear 
a resemblance as close as those of the globins, then it is 
generally assumed that divergent evolution has occurred from 
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Table 111: Measurements of Structural Differences within and between Families of Heme Binding Protein? 

B I o c H E M I ST R Y 

criteria G C  C C  G-C G-B C-B 
(1) mean no. of equivalent residues 134 91 49 54 43 

(3) mean heme Fe-Fe separation after alignment of the 1.0 0.9 5.3 4.2 3.3 

(4) mean no. of insertions (deletions) scored wherever at least one 6 5 10 9 7 

(5) mean minimum base change per codon 1.08 1.02 1.46 1.51 1.56 

(2) % of nonequivalent residues 7 16 5 1  53  42 

polypeptide chains (A) 

residue has been inserted (deleted) 

(6) mean rmsb separation between equivalent atoms (A) 1.9 2.0 4.4 4.9 5.3 
(7) mean angular separation between heme normals after 10 7 9 13 22 

alignment of polypeptide chains (deg) - - - 
(8) mean rotation of the heme in the second compound 10 13 69 62 114 

relative to  that in the first when viewed from the distal face (deg) 

G-G implies globin-globin; similarly, C refers to  the cytochrome c family and B refers to the cytochrome b family. rms, root mean 
square. 

a common ancestor. This hypothesis has been amply con- 
firmed from a wealth of other data relating to the evolution 
of species (Romero-Herrera et al., 1973). The situation is not 
quite as clear for the evolution of the cytochrome c family 
(Dickerson & Timkovich, 1975). Its common origin occurred 
sufficiently long ago to make reliable independent data scarce. 
This is particularly salient when dealing with the evolution of 
procaryotes where lateral gene transfer is quite feasible. 

When there are significant changes between structures, such 
as those discussed here, the possibility of convergence toward 
a stable, functionally useful form must also be entertained. 
Distinction between divergence and convergence must always 
be phrased in terms of probabilities unless an actual historical 
record becomes available. Where there are many common 
features and few differences, divergence is likely. 

A variety of properties have been tabulated in Table I11 in 
order to obtain some perspective on the evolutionary origin 
of the heme binding structures discussed here. The globin 
family, the cytochrome c family, and the cytochrome b family 
were each taken as examples of likely cases of divergence. The 
globin family was represented by the horse hemoglobin a and 
@ chains, sperm whale myoglobin, sea lamprey hemoglobin, 
G. dibranchiata hemoglobin, and leghemoglobin. Only se- 
quence comparisons were possible for leghemoglobin as no 
coordinates have yet been published. The cytochrome c family 
was represented by eucaryotic tuna cytochrome c and pro- 
caryotic cytochromes c2, c550, and c551. The cytochrome b 
family included cytochrome b5 and yeast cytochrome b2. 
Although the structure of cytochrome b2 is in progress 
(Mathews & Lederer, 1976), no results are yet available; thus, 
only sequence comparisons were possible within the cyto- 
chrome b family. Cytochrome b5 is also represented by the 
“hybrid” structure for the purpose of alignment with cyto- 
chrome c5s1 and the horse hemoglobin P chain. Comparisons 
were extended across the boundaries of each family in order 
to discern the change of various characteristics within and 
between families. 

The criteria listed in Table IV (but given only as means 
between or within families) include the number of equivalenced 
residues, percentage of nonequivalenced residues, heme Fe-Fe 
separation after alignment of polypeptide backbones, number 
of insertions and deletions, minimum base change per codon, 
root mean square separation between equivalenced atoms, 
angular separation of heme normals, and rotation of the heme 
groups relative to each other. Although only mean values are 
given here, it was observed that these characters display a 
continuous trend within and between families. Significant 
changes of structure or chemical character within divergent 
families do occur, although these are generally less than those 
which occur between families. The increased differences 

Table IV: Ranking of Various Criteria as Measures of 
Structural Similaritya 

criteria G C  C-C G C  G-B C-B 

(1) no. of equivalent 1 2 4 3 5  

(2) % of nonequivalent 1 2 5 4 3  

(3) Fe-Fe distances 2 1 5 4 3  
(4) no. of deletions 2 1 5 4 3  
(5) minimumbase change 2 1 3 4 5 

(7) inclination of heme 3 1 2 4 5  

residues 

residues 

per codon 
(6) rmsb C, separation 1 2 3 4 5  

normals 

a G-G implies globin-globin; similarly, C refers to the cyto- 
chrome c family and B refers to  the cytochrome b family. Rela- 
tive heme rotations, listed in Table 111, were not considered as 
functionally important and, hence, are probably a poor criterion 
of structural relatedness. b rms, root mean square. 

observed between families are, however, not dramatically 
greater. 

Cytochrome cjS1 and leghemoglobin showed the greatest 
differences within their respective families. However, 
Dickerson and co-workers proposed that cytochrome c2 di- 
verged from the other cytochromes c discussed here at  an 
earlier time (Dickerson & Timkovich, 1975; Almassy & 
Dickerson, 1978). Provided the rate of change of characters 
is roughly constant, such criteria as were examined in Table 
I11 suggest that cytochrome cSs1 branched off from the other 
cytochromes longer ago. 

The conservation of the mode of NAD binding to the 
dehydrogenases is highly conserved, suggesting that divergence 
preserves function faithfully (Rossmann et al., 1974). A 
similar example can be found for Ca binding protein domains 
(Kretsinger & Nockolds, 1973). Hence, the mode of heme 
binding was also examined in Table 111. The difference within 
and between families is quite marked. Although the Fe-Fe 
distance may be small in any one comparison between families, 
the heme normals or heme rotations will usually be sub- 
stantially different. Thus, while the mode of heme binding 
between families is similar, it is not as consistently preserved 
as NAD binding to dehydrogenases. 

The various measures listed in Table I11 have been ranked 
in Table IV on a scale of 1-5, where 1 represents the greatest 
similarity for a particular type of comparison between or within 
families. It is clear that the relationship within families is 
greatest. However, the inconsistent ranking between families 
obtained with different criteria might suggest (1) poor selection 
of criteria, ( 2 )  divergence from a common ancestor early in 
biological time such that differentiation between various 
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sequential possibilities is obscured, or (3) unequal rates of 
convergence of different characters toward a functional heme 
binding protein. 

Conclusions 
The similarity of the three well-studied heme binding 

structures and the different cytochrome b562 topology enhances 
the interest in the determination of other heme binding 
proteins. The structures of yeast cytochrome c peroxidase 
(Poulos et al., 1978) and catalase (Eventoff et al., 1976) can 
be expected within a short while. Their determination may 
provide a sufficient collection of structures to better distinguish 
between divergence from a common ancestor and preference 
for stable and functionally useful folds. It may then also be 
possible to discern essential functional and structural features 
of these folds. 
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A Correlation of the Visible and Soret Spectra of Dioxygen- and 
Carbon Monoxide-Heme Complexes and Five-Coordinate Heme 
Complexes with the Spectra of Oxy-, Carboxy-, and 
Deox yhemoglobinst 
Chi-Ming Wangf and William S. Brinigar* 

ABSTRACT: A systematic investigation was carried out con- 
cerning relationships between visible and Soret spectra of heme 
complexes and the nature of the axial ligands. Dioxygen (02), 
carbon monoxide (CO), and five-coordinate complexes were 
prepared from proto-, meso-, and 2,4-dimethyldeuteroheme 
dimethyl esters in N,N-dimethylformamide (DMF) solution. 
A variety of axial ligands was employed, including imidazoles, 
pyridines, aliphatic amines, and very weak bases such as DMF 
and acetone. Variations in the ligands included differences 
in basicity and differences in substituents which sterically 
hindered coordination to heme iron. In the five-coordinate 
complexes, a shift to shorter wavelength in both the visible and 
Soret peaks accompanied a change to a more hindered axial 
ligand. Difference spectra obtained by taking the spectrum 
of a heme complex with a more hindered ligand minus that 
of a less hindered ligand approximated the T minus R state 
difference spectrum reported by Perutz et al. [Perutz, M. F., 
Ladner, J. E., Simon, S. R., & Ho, C. (1974) Biochemistry 
13, 21631 for deoxyhemoglobin (deoxy-Hb) Kempsey f in- 
ositol hexaphosphate (IHP). In the CO complexes, a decrease 
in the basicity of the ligand or an increase in the steric 
hindrance of the axial ligand also resulted in a blue-shifted 
A,,, accompanied by an increase in the ratio of intensities of 
the long-wavelength visible peak (a )  to that of the shorter 
wavelength visible peak (P) .  The latter parameter is termed 
the a/P ratio. Spectra of the O2 complexes were observed only 
at temperatures below -40 OC because of limited stability at 

T h e  visible spectra of oxyhemoglobins and oxymyoglobins 
are characterized by two peaks, a (- 575 nm) and /3 (-  540 
nm), of which the a peak usually has slightly the greater 
intensity. The spectra of the CO complexes are similar, but 
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higher temperatures. In O2 complexes, shifts in A,,, and 
changes in the a/P ratio with unhindered ligands showed much 
the same pattern as with the CO complexes, but hindered 
ligands such as 1,2-dimethylirnidazole and 1,2,4,5-tetra- 
methylimidazole gave red-shifted visible A,,, and low a/P 
ratios compared to the unhindered 02-heme-l-n-butyl- 
imidazole complex. This observation is interpreted as being 
due to the greater ease with which the Fe is distorted from 
the porphyrin plane in O2 complexes than in CO complexes. 
Comparison of a /@ ratios of model 02- and CO-protoheme 
complexes with those of hemoglobins and myoglobins formed 
the basis for the suggestion that the proximal histidine is 
restrained by the protein, producing a relatively weak axial 
Fe-N interaction, both in liganded R-state hemoglobins and 
in common myoglobins. T minus R state difference spectra 
reported by Perutz et al. [Perutz, M. F., Kilmartin, J. V., 
Nagai, K., Szabo, A., & Simon, S. R. (1976) Biochemistry 
15, 3781 for 02- and CO-Hb Kansas f IHP were approxi- 
mated by model protoheme complexes of a stronger minus a 
weaker axial ligand, These results are interpreted in terms 
of T-state steric conflict between coordinated O2 or CO and 
amino acid side chains on the distal side of the heme. 
Transition to T state would result in the heme complex being 
forced toward the proximal imidazole, thereby strengthening 
the axial Fe-N bonding interaction and introducing strain in 
both the heme complex and the protein. 

the a peak is rarely observed to have a higher absorbance than 
the P peak. Deoxyhemoglobins have a single absorption band 
in the visible spectrum with a long-wavelength shoulder. 
Difference spectra have been reported recently for 02-, CO-, 
and deoxy-Hb'sl under a variety of conditions: for example, 

Abbreviations used: Hb, hemoglobin; Mb, myoglobin; IHP, inositol 
hexaphosphate; TPP, tetraphenylporphyrin; DMF; N,N-dimethylform- 
amide; BI, I-n-butylimidazole; CMI, 5-chloro-1 methylimidazole; DMI, 
1,2-dimethyIimidazole; MEI, 1-methyl-2-ethylimidazole; TMI,  1,2,4,5- 
tetramethylimidazole; Fe-N,, bond between heme iron and N,, of F8 His. 
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