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ABSTRACT: A cDNA library was constructed from chick aorta poly(adeny1ic acid)-containing R N A  in the 
expression vector pEXl.  Several clones were identified by screening the library with a polyclonal antiserum 
raised against chick tropoelastin and confirmed by D N A  sequencing. Analysis of the deduced amino acid 
sequence, corresponding to the mature tropoelastin and most of the signal peptide, revealed that the molecule 
is composed of a t  least 8, and possibly 13, repeating units. The common features of each unit include an 
N-terminal region composed largely of alanines and lysines and ending with an aromatic amino acid, followed 
by a GAG span and then a C-terminal region consisting mostly of valines, prolines, and glycines often present 
in several copies of the sequence (VPGV). This structure is discussed in terms of the functional properties 
of the molecule. 

z e  elastic component of connective tissue, elastin, is formed 
by covalent cross-linking of a soluble precursor, tropoelastin, 
in the extracellular matrix (Sandberg, 1976). Once secreted, 
tropoelastin is modified by the enzyme lysyl oxidase, which 
oxidizes the €-amino group of most lysines to aldehyde groups 
(Kagan, 1986). These groups spontaneously condense, forming 
several types of derivatives that link together different mole- 
cules (Partridge, 1962; Franzblau, 1971; Gallop et al., 1972). 

The primary structure of tropoelastin has been the subject 
of several studies in the past (Sandberg et al., 1971; Foster 
et al., 1973, 1975; Rucker et al., 1975; Smith et al., 1981), 
the most extensive of which concerns pig tropoelastin [reviewed 
by Sandberg and Davidson (1984)l. These studies have 
identified two types of regions: alanine- and lysine-rich regions 
where cross-links are established and hydrophobic sequences 
which are probably responsible for the elastic behavior of the 
mature fibers. More recently, additional information has been 
obtained on the structure of the signal peptide of chick and 
sheep tropoelastin by protein sequencing (Karr & Foster, 1981; 
Sandberg & Davidson, 1984) and on the carboxy-terminal end 
of sheep and bovine tropoelastin by sequencing of cDNA of 
genomic clones (Yoon et al., 1985; Cicila et al., 1985). In both 
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species the carboxy-terminal end is highly basic and contains 
two cysteine residues. Until now, however, the complete se- 
quence of tropoelastin from any source has not been deter- 
mined. 

In this paper we report the isolation and characterization 
of cDNA clones coding for chick tropoelastin. The open 
reading frame covered by these clones spans most of the signal 
peptide and the entire sequence of the mature protein. The 
data show that the molecule has a repeating structure, being 
formed by 8, and possibly 13, regions with variable degrees 
of homology. 

EXPERIMENTAL PROCEDURES 
cDNA Cloning. Poly(A+)' RNA was purified (Chirgwin 

et al., 1979) from 2-day-old chick aortas and cDNA syn- 
thesized (Gubler & Hoffman, 1983) by using a random 
hexanucleotide (Pharmacia) as a primer. A library was 
constructed in the expression vector pEXl (Stanley & Luzio, 
1984) by use of adaptors (Haymerle et al., 1986). Screening 
of the library and expression of tropoelastin clones were 
performed by established procedures (Stanley, 1983; Stanley 
& Luzio, 1984). 

Radioactive probes were prepared as described by Feinberg 
and Vogelstein (1983). Southern blot analysis was effected 

Abbreviations: poly(A+), poly(adeny1ic acid) containing; bp, base 
pairs. 
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FIGURE 1: Cloning of tropoelastin cDNA: (a) clones that have been characterized; (b) assembled structure of tropoelastin cDNA; (c) M13 
clones used for seauencing the cDNA. K = K D ~ I  restriction site: filled box = signal peptide; open box = region coding for mature tropoelastin; 

I 

continuous line = 3’ untranslated region. 

by standard procedures (Maniatis et al., 1982). 
DNA Sequencing. Random fragments (Deininger, 1983) 

or restriction fragments from different tropoelastin clones were 
subcloned in M13mp19. Sequencing was executed with the 
method of Sanger et al. (1977) as modified by Biggin et al. 
(1983). 

Sequence Comparison. The sequence start positions of the 
tropoelastin repeats were delineated by intercomparing all 
possible tropoelastin spans, 20 residues in length, by a com- 
bination of two scoring procedures: the Dayhoff relatedness 
odds matrix and correlations of several residues’ physical 
characteristics (Argos, 1985, 1986). The mean and the 
standard deviation (a) of the scores for all the segment in- 
tercomparisons were calculated; the scores were then tabulated 
in a search matrix (bounded by the tropoelastin sequence 
positions) as a number of standard deviations above or below 
the mean score (henceforth referred to as standard deviation 
fractions or CT level). The self-sequence comparison scores as 
well as all those below 3.0 u were set to zero. Scores along 
a vertical column in the search matrix were then summed and 
plotted at  each sequence position as described previously 
(Altruda et al., 1985). The sequence positions at the beginning 
of successive significant peaks represent the suggested start 
sites for repeating units in the tropoelastin sequence. 

RESULTS AND DISCUSSION 
cDNA Library Screening and Sequence Determination. An 

aliquot (about 1.2 X lo5 independent clones) of the chick aorta 
library, which contained about 7.5 X lo5 clones, was screened 
with an antiserum obtained in rabbits against chick tropoelastin 
(Bressan et al., 1983). Of the 30 reactive clones that were 
chosen, 29 were positive in a second screening with the same 
antibody. When tested in a “retroblotting” assay (Hall et al., 
1984), all the clones gave a positive result. The clone with 
the longest insert, TE7 (about 2250 bp), was further studied 
by partial sequencing of its three KpnI fragments in both 
directions. Comparison with published tropoelastin sequences 
established that the clone extended from the signal peptide 
coding region to 32 bases past the termination codon. The 
sequence of the entire clone was determined by a shotgun 
approach as summarized in Figure 1. 

To gain further information on the region 5’ to TE7, the 
KpnI digests of the remaining clones were analyzed on a 
Southern blot with a radioactive probe prepared from the 5’ 
KpnI fragment of TE7. Clones with a reacting fragment 
comparable in size to the 5’ KpnI fragment of TE7 were 
subcloned in M 13 and sequenced from the 5’ end. Clones 
TE17 and -21 were found to extend for an additional 29 bases 

in the 5’ direction (Figure 1). The sequence data obtained 
from the three clones are shown in Figure 2. 

The sequence does not include the start codon, and the first 
codon specifies an alanine in a position where protein se- 
quencing of chick pre-tropoelastin has placed the starting 
methionine (Karr & Foster, 1981). This difference might be 
due to chick strain variability. The signal peptide shows 
significant homology with the sheep sequence (Sandberg & 
Davidson, 1984), and the comparison suggests that two codons 
might be missing in our cDNA clones. 

Assuming an amino terminus as determined by protein 
sequencing (Foster et al., 1975; Rucker et al., 1975$, mature 
tropoelastin comprises 726 amino acids with a molecular 
weight of 61 246. The protein does not contain methionine, 
tryptophan, histidine, aspartic acid, and glutamic acid. It 
contains one asparagine (residue 196) which is not in a can- 
onical sequence for N-glycosylation. 

Repeating Units in Tropoelastin. Figure 3 shows a 
smoothed plot of the tropoelastin sequence position vs. the 
summed fractional standard deviation scores of the self-com- 
parison search matrix. It is clear that peaks 3 and 6-12 
strongly indicate start positions for repeating sequence units. 
A visual examination of these segments showed several com- 
mon features that allowed a facile alignment. The sequence 
repeat plot also indicated three other possible start positions 
for repeating units (peaks 1,2, and 4 in Figure 3). These units 
were then aligned visually with the previous eight segments 
in the light of the observed shared organization. Only two 
spans were left unaligned in the molecule (units 5 and 13); 
they were subsequently added to the alignment list as they 
contained certain of the conserved features (Figure 4). 

The significance of the putative 13 repeat homologies was 
tested by a control experiment in which the sequences in the 
13 tropoelastin segments were randomly shuffled, resulting 
in 182 different residue spans. All possible pairwise alignments 
were made from the N-terminal most ends, the alignment 
length corresponding to the shorter of the two segments. The 
number of amino acid identities was collated for each of the 
16471 trials, and their mean and standard deviation were 
calculated. The mean number of identical residues in these 
comparisons was 9, with a standard deviation of 4. Table I 
lists the number of identities for all interrepeat alignments as 
well as the number of standard deviations (u) above the mean 
of the number of identities in the random-shuffled sequences. 
In agreement with the peak heights of the search plot, units 
3 and 6-12 show highly significant relationships. The smallest 
u level needed to relate them is 6.0, either by direct means or 
through implication (Le., two pairs with a strong relationship 
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1 f f i ~ f f i C f f i C A G C I G C A C C C c F c c T C C C C G G A C T C C ? C A  
A R Q A A A P L L P G V L L L E S I L P A S Q Q G G V P G A I P G  
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10 20 311 40 

201 w \ u ; u j ~ o 4 G T G G C c F c ~ A C ~ f f i ~ ~ ~ C C ? G C ~ ~ ~ ~ ~ f f i f f i T ~ ~ f f i ~ ~ f f i C C T ~ C C ~ ~ C  
G V S G L G G L G P L G L Q P G A G V G G L G A G L G A E P G A A  

50 60 78 
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80 90 100 
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501 C A G C m r C C U ; G r r X i C U j ~ T G c F c C ~ ~ T A r r ~ ~ T ~ ~ C - T I C ~ ~ C U ; G A ~ ~  
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150 160 170 
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G P G A G A F A G I P G G Y R L P F V N G L G P G G I G A G V L A  

180 190 200 

701 a ; G A P a ; C I G G G T A C ~ A f f i T G ~ f f i ~ ~ ~ ~ C a ; ~ ~ T A C a ; f f i C ~ ~ r r C ? G C ~ C ~ f f i  
G K A G Y P T G T G V G A Q A A A A K A A A K Y G A G V L P G A G G  

218 220 230 240 
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FIGURE 2: Nucleotide and deduced amino acid sequence of tropoelastin. Amino acids are numbered from the start of the mature protein. 

implying a third pair). Similarly, units 1, 2, 4, and 5 can be 
added to the previous cluster with the smallest u level required 
at 2.8. Repeat 13 is by far the weakest, showing as its highest 
u value only 1 .O with unit 4. Nonetheless, unit 13 does contain 
the marker sequences KPPK, Y, and GAL (Figure 4). Given 
the level of statistical significance, it is suggested that at least 
8 and possibly 13 of the repeats have evolved from a common 
ancestral sequence. 

The alignment of the repeat units clearly points to several 
characteristic regions within the repeats, which are depicted 
in Figure 5 and which probably have functional significance. 
N-Terminal most is the lysine-containing, cross-link region, 
which ends with an aromatic amino acid. This is followed by 
the GAG segment (the hinge region) and then the C-terminal 

hydrophobic region with its HyPGHy (Hy = hydrophobic 
residue) repeats, which are generally separated by one to three 
residues of which one is glycine. The partial exon charac- 
terization of bovine tropoelastin, which has been recently re- 
ported (Cicila et al., 1985), supports the repeating model 
proposed here. The cross-link segments comprise one type of 
exon, while the hinge plus hydrophobic segments are together 
contained in a separate exon. The only pecularity exists for 
the weakest repeat, 13, where the homologous bovine sequence 
shows two exons, the first containing the KPPK span, a hinge 
region, and part of a hydrophobic segment and the second 
containing the cysteine pair and a short C-terminal basic span. 

Comparison with Other Species. Available partial sequences 
of tropoelastin [summarized in Sandberg and Davidson (1984) 
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partially identical. Common repeats are the polytripeptide 
(GGX)s (amino acids 97-1 11) and the polypentapeptides 
(VPGVG)lo (amino acids 425-474) and (GGLGV/A),, where 
n is 4 in chick (amino acids 650-669) and 2 in pig. Repeated 
sequences characteristic of chick are the polytripeptide 
(VPG),, (amino acids 35 1-386) and the polyheptapeptide 
(GGLV/A PGV/A), (amino acids 500-548). On the other 
hand, the polyhexapeptide (PGVGVA)4 and the polynona- 
peptide (AGVPGFGVG)3 have been detected only in pig. 

A search of the entire National Biomedical Research 
Foundation Protein Sequence Database (Barker et al., 1986) 
for sequences related to the chick tropoelastin was performed 
by using the Lipman-Pearson algorithm (Lipman & Pearson, 
1985). Although statistically significant homologies were 
detected, especially with collagenous proteins, they were re- 
jected because none of the proteins displayed the sequence 
pattern as found in the overall organization of the unit repeat 
in tropoelastin. 

Structure-Function Relationship in Tropoelastin. Func- 
tional aspects of tropoelastin include cross-linking and elastic 
behavior (Gray et al., 1973), chemotaxis (Senior et al., 1984), 
and possible assembly into fibers (Bressan et al., 1986), binding 
to other proteins as lysyl oxidase and microfibrils (Ross & 
Bornstein, 1969), and cell binding (Netland & Zetter, 1986; 
Hornebeck et al., 1986). 

Domains participating in cross-link formation have been 
studied more thoroughly and are better defined in mammals 
(Foster et al., 1974; Juricova et al., 1975; Gerber & Anwar, 
1975). The results show that the alanine- and lysine-rich 
regions are cross-link sites where lysine residues forming 
desmosines are found in pairs, separated by two or three 
alanines. The secondary structure predicted for these regions 
is a-helix. Since the lysines would lie on the same side of such 
a structure, kinetic arguments suggested that the first step in 
the formation of desmosine is the condensation of several 
adjacent lysines into lysinonorleucine or allysine aldol, followed 
by the condensation of lysinonorleucine and allysine aldol of 
different molecules into desmosine (Gray, 1977). A corollary 
of this biosynthetic pathway is that one desmosine, which is 
a tetrafunctional cross-link, can bind together a maximum of 
two molecules. 

Chick tropoelastin contains several alanine-rich regions with 
exactly two lysine residues separated by two or three alanines 
(Figures 2 and 4). However, a group of three lysines can also 
be found in the sequence AAAAKAAAKAAK (amino acids 
485-496 and 558-569). These lysines would be on the same 
side of an a-helix and could therefore condense into mero- 
desmosine as an intermediate step in desmosine biosynthesis, 
a pathway suggested by Francis et al. (1973). In this case 
desmosine would also cross-link two molecules. One other 
lysine residue (lysine-21 1) is not an element of a couple, the 
nearest lysine being 17 amino acids downstream. Studies on 
cross-link-containing peptides have shown that a lysine followed 
by a sequence identical with the amino acids that follow ly- 
sine-21 1 contributes to desmosine in mammals (Gerber & 
Anwar, 1975). Finally, lysine-176 is expected to reside on the 
opposite site of the second lysine of the couple in an a-helical 
conformation of the polypeptide chain, since the two residues 
are separated by only one alanine. These two last observations 
not only emphasize the hypothesis that the formation of some 
desmosines procedes through the condensation of three lysine 
residues into merodesmosine but also open the possibility that 
some desmosines cross-link more than two molecules. 

Four of the lysine couples are separated by prolines in chick. 
These sites occupy a position correspondent to the KAAK 
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FIGURE 3: Plot of the tropoelastin sequence position vs. the sum of 
the standard deviation (u) fractions in the self-comparison search 
matrix based on a search probe of 20 residues. The numbers a t  the 
bottom of each peak refer to the number of search matrix values 
greater than or equal to 3.0 u found in determining the sum a t  the 
sequence position corresponding to the maximum value of a given 
peak. The numbered arrows refer to the sequence start positions used 
for each of the correspondingly numbered repeats in the alignments 
of Figure 4. 

Table I: Comparison of the 13 Tropoelastin Sequence Repeats" 

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

1 2.8 0.5 1.3-0.5 0.8 0.3 1.5 1.0 1.8 0.8 1.8-0.8 
2 20 2.3 2.0 1.3 0.8 1.8 2.5 2.0 3.8 1.8 2.3 0.5 

4 14 17 15 2.3 2.5 2.3 3.5 2.8 3.3 2.8 1.8 1.0 

6 12 12 23 19 12 §J, 4.8 5.3 5.5 4.5 2.3 0.0 

8 15 19 34 23 20 28 40 123 am 5.5 0.5 

10 16 24 33 22 19 31 39 48 46 83 5.0 0.5 
1 1  12 16 25 20 16 27 38 51 55 43 4.5 0.0 
12 16 18 15 16 16 18 23 31 39 29 27 0.3 
13 6 11 8 13 8 9 8 11 8 1 1  9 10 

3 11 18 1.5 1.5 3.5 5.0 §J, 5.5 69 4.0 1.5-0.3 

5 7 14 15 18 0.8 1.8 2.8 2.0 2.5 1.8 1.8-0.3 

7 10 16 29 18 16 34 a u 3.5-0.3 

9 13 17 31 20 17 30 44 58 9.311.5 u - 0 . 3  

"The lower left portion of the matrix lists the number of amino acid 
identities in the alignments (Figure 4) of the respective repeats, while 
the upper right displays the number of standard deviations above or 
below the mean number of amino acid identities in the control test. 
Values over 6 u are underlined, showing the strong relationship among 
units 3 and 6-12. 

for pig; Yoon et al., 1985; Cicila et al., 19851 allow an extensive 
comparison between the avian and the mammalian molecules. 
However, alignment of most sequences is difficult, due to the 
lack of knowledge of their order. Several tryptic peptides from 
pig can be aligned at  the amino-terminal end of the chick 
sequence without ambiguity. Homology at the carboxy-ter- 
minal end is comprised of about 50 amino acids, which includes 
the very basic terminal stretch RKRK and the two cysteines 
of chick tropoelastin. A conserved region in the middle of the 
protein includes the hydrophobic domain containing the se- 
quence (VPGVG),o. 

A common feature of tropoelastin from different species is 
the presence of several tandem copies of short sequences. The 
repeated short sequences in chick and mammals are only 
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( 3 )  b3-127 
( 6 )  219-262 
( 7 )  263-316 
( 8 )  319-393 
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FIGURE 4: Alignment of the 13 repeat structures proposed for chick tropoelastin. The numbers in parentheses at the beginning of each line 
refer to the repeat number (arrowed numbers in Figure 3), The numbers that follow refer to the inclusive sequence positions for each repeating 
unit. The repeats are clustered according to the strongly related repeats (units 3 and 6-12) and then the remaining units. The residues are 
boxed in the first eight units to emphasize the domains and repeating patterns in each unit. Amino acids are boxed in units 1, 2, 4, 5,  and 
13 if at least two residues within a boxed span match any of the corresponding boxed residues in the eight clustered repeats above them or 
if boxed single glycines match. 

Crosslink Hinge 
Region Region 

Hydrophobic 
Region 

FIGURE 5: Common structural features of the repeat unit of chick tropoelastin. N-Terminal most is the lysine-containing, cross-link region, 
which ends with an aromatic amino acid (a). This is followed by the span GAG (the hinge region) and a hydrophobic region, which includes 
the repeating HyPGHy-XGX spans. Hy indicates a hydrophobic residue, most frequently valine, while X varies among glycine, proline, valine, 
leucine, and isoleucine. 

regions in the basic repeat of tropoelastin and share sequence 
homologies with them, like the presence of an aromatic amino 
acid and the group GAG following the lysines (Figure 4). 
Moreover, the h o  types of sequences are likely to be evolu- 
tionally related, as the second lysine-containing region from 
the carboxy-terminal end is AKAAKF in sheep and bovine 
and AKPPKF in chick. The two sequences are homologous 
since the amino acids surrounding them are also similar. These 
observations favor the suggestion by Yoon et al. (1985) that 
KPPK sequences are potential cross-linking sites, although an 
a-helical conformation is unlikely. 

The cross-link sequence ends with an aromatic group fol- 
lowed by GAG. It is speculated that the aromatic residue may 
affect the lysine modification (Foster et al., 1974) and that 
the GAG hinge region may act as a flexible link to the hy- 

drophobic portion of a repeating unit. 
Direct information on the function of the hydrophobic region 

of tropoelastin units is limited to the polyhexapeptide 
(PGVGVA)4 and the polypentapeptide (VPGVG)lo sequences. 
The first has been shown to be chemotactic for fibroblasts and 
macrophages (Senior et al., 1984) and is found in pig but not 
in chick. Therefore, either a chemotactic function is not 
present in chick or a different sequence performs it. As to the 
second repeating structure, a synthetic polypeptide (VPGVG), 
mimics some of the temperature-dependent aggregation 
properties of tropoelastin in vitro (Volpin et al., 1976; Bressan 
et al., 1983), which have been suggested to control proper 
alignment of the molecules during fiber formation (Urry, 1976; 
Bressan et al., 1986). Furthermore, a synthetic polypeptide 
(VPGVG),, in which cross-links have been introduced between 
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chains, shows elastic properties similar to those of elastic fibers 
(Urry et al., 1976). This is certainly not the only domain with 
such characteristics, since most of the polypeptide chains of 
elastin show high mobility (Torchia & Piez, 1973), a property 
required for the entropic-type of elasticity observed in elastin 
(Hoeve & Flory, 1974). Examination of the alignments of 
Figure 4 shows the elemental repeating unit of the chick hy- 
drophobic segment to be HyFGHy, where Hy is mostly valine, 
but can also be alanine, leucine, and isoleucine. Urry and his 
colleagues (Urry et al., 1976, 1981; Cook et al., 1980), through 
various biophysical studies as NMR and X-ray crystallogra- 
phy, have suggested a @-spiral architecture for the (VPGVG), 
repeating peptide, where VPGV adopts a type I1 @-turn con- 
formation and the connecting glycines allow the formation of 
the spiral. In chick tropoelastin, besides the variability of the 
HyPGHy structure in the first and fourth positions, the linker 
regions between the repeats vary in length from one to three 
residues, of which one is glycine and the others generally vary 
among proline, glycine, valine, and leucine. Alanine is rarely 
found in this hinge connection in the chick sequences; in fact, 
Urry and collaborators have found that substitution of an 
alanine in position 5 of the VPGVG repeats abolishes the 
elastic properties of the polypentapeptide (Urry et al., 1983). 

Given the above-mentioned observations, we propose the 
following rough model for the chick tropoelastin repeat unit. 
Most cross-link regions would adopt an a-helical conformation, 
with lysines exposed on the same side of the helix and available 
for cross-linking where appropriate, as suggested by Gray et 
al. (1973). The aromatic residue may exist for purposes of 
structural stability and packing in a hydrophobic environment 
and/or for protecting the modification of nearby lysines (Foster 
et al., 1974). The hinge region, with its two glycines, would 
provide a flexible link to the hydrophobic region. The hy- 
drophobic sequence, with its repeating, relatively rigid p-turns, 
can be viewed as a series of beads connected by spans of 
variable length that allow at least some of the elastic properties 
of the fibrous molecule, presumably through the use of the 
structurally flexible glycine. 
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ABSTRACT: We  have compared the 2.5-8, crystal structure of yeast cytochrome c peroxidase (CCP) with 
that of its semistable two-equivalent oxidized intermediate, compound I, by difference Fourier and least-squares 
refinement methods. Both structures were observed at  -15 "C. The difference Fourier map reveals that 
formation of compound I causes only small positional adjustments of a few tenths of an angstrom. The 
map's most pronounced feature is a pair of positive and negative peaks bracketing the heme iron position. 
Least-squares refinement shows that the iron atom moves about 0.2 8, toward the distal side of the heme. 
N o  significant difference density is evident near the side chains of Trp-51 or Met-172, each of which has 
been proposed to be the site of the electron paramagnetic resonance (EPR) active radical in compound I. 
However, the second most prominent feature of difference density is a negative peak near the side chain 
of Thr-180, which, according to the results of least-squares refinement, moves by 0.15 8, in the direction 
of Met-230. These observations, together with the results of mutagenesis experiments [Fishel, L. A., 
Villafranca, J. E., Mauro, J. M., & Kraut, J. (1987) Biochemistry 26, 351-360; Goodin, D. B., Mauk, A. 
G., & Smith, M. (1986) Proc. Natl. Acad. Sci. U.S.A. 83, 1295-12991 in which Trp-51 and Met-172 have 
been replaced without loss of the EPR radical signal in compound I, lead us to consider the possibility that 
the radical site lies within a cluster composed of the side chains of Met-230, Met-231, and Trp-191. This 
cluster is contiguous with Thr-180 and about 10 8, from the heme plane on the proximal side. 

C o m p o u n d  I (also termed compound ES) is a semistable 
enzyme intermediate that results from the oxidation of cyto- 
chrome c peroxidase (ferrocytochrome c:H202 oxidoreductase, 
EC 1.1 1.1 .5; CCP)' by its substrate, peroxide (Abrams et al., 
1942). Various peroxides, including H202, react with CCP 
to remove two reducing equivalents from the enzyme to form 
compound I, which is then rereduced in two successive one- 
electron steps by ferrocytochrome c. The reaction scheme may 
be written (Yonetani & Ray, 1966) 

CCP + ROOH - compound I + ROH 
compound I + cyt-c(Fe2+) + H+ - 

compound I1 + cyt-c(Fe3+) 
compound I1 + cyt-c(Fe*+) + H+ - 

CCP + cyt-c(Fe3+) + H 2 0  
where ROOH is an alkyl peroxide or hydrogen peroxide. 
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Compound I is not an enzyme-substrate complex in the usual 
Michaelis-Menten sense, but rather, it is an intermediate 
species in which the first step of the enzyme-catalyzed reaction, 
reductive cleavage of the peroxide bond, has already occurred. 

The importance of CCP as an object of study derives in part 
from certain functional similarities to respiratory cytochrome 
oxidase. The latter is a heme-containing multisubunit complex 
that catalyzes the reduction of molecular oxygen to water by 
ferrocytochrome c as the ultimate step in the electron-transport 
chain. CCP similarly contains heme as a prosthetic group, 
catalyzes the reduction of an oxygen-oxygen bond by ferro- 
cytochrome c, and has been shown to substitute as a terminal 
oxidase in yeast when the respiratory oxidase is inhibited 
(Erecinska et al., 1973). Thus, as a simpler model for the more 
complicated and experimentally elusive cytochrome oxidase, 
CCP has become the focus of much study and speculation. 

The initial crystal structure of CCP was reported by our 
laboratory in 1980 (Poulos et al., 1980), and the 1.7-A re- 
finement in 1984 (Finzel et al., 1984). A structure-based 
mechanism suggested by Poulos and Kraut (1980a,b) incor- 

Abbreviations: CCP, cytochrome c peroxidase: ENDOR, electron 
nuclear double resonance; EPR, electron paramagnetic resonance; EX- 
AFS, extended X-ray absorption fine structure; HRP, horseradish per- 
oxidase. 
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