7958 Biochemistryl1997,36, 7958-7966

Structural Characterization éfaracoccus denitrifican€ytochromec Peroxidase
and Assignment of the Low and High Potential Heme Sites

Wei Hu} Gonzalez Van DriesscheBart Devreesé,Celia F. Goodhewi,Dermot F. McGinnity? Neil Saunders,
Vilmos Fulop! Graham W. Pettigrew,and Jozef J. Van Beeumeh*

Department of Biochemistry, Physiology, and Microbiology, Laboratory of Protein Biochemistry and Protein Engineering,
State Uniersity of Gent, B-9000 Gent, Belgium, Department of Molecular Biophysicgetsity of Oxford,
South Parks Road, Oxford OX1 3QU, U.K., and Department of Preclinical Veterinary Sciences, Royal (Dick) School
of Veterinary Sciences, Umrsity of Edinburgh, Summerhall, Edinburgh EH9 1QH, U.K.

Receied December 20, 1996; Reed Manuscript Receed April 14, 1997

ABSTRACT. The amino acid sequence of the diheme cytochroperoxidase fronParacoccus denitrificans

has been determined as the result of sequence analysis of peptides generated by chemical and enzymatic
cleavages of the apoprotein. The sequence shows 60% similarity to the cytoahperexidase from
Pseudomonas aerugingsd9% similarity to an open reading frame encoding a putative trihetype
cytochrome inEscherichia coli and remote similarity to the MauG proteins from two methylotrophic
bacteria. Itis proposed, on the basis of the pattern of conserved residues in the sequences, that a change
in iron coordination in the N-terminal heme domain may accompany reduction to the active mixed valence
state, a change which may be accompanied by conformational adjustments in the highly conserved interface
between the N- and C-terminal domains. These conformational adjustments may also lead to the appearance
of a second Cd binding site in the mixed valence enzyme. The exposed edge of the heme in the
C-terminal domain is surrounded by several different patterns of charged residue$fardeeccusand
Pseudomonasnzymes, and this is consistent with the interaction of the former with the highly positively
charged front face of the donor cytochrom&50.

In most living cells, hydrogen peroxide is toxic and likewise contains one high and one low potential heme, the
therefore neutralized by the enzymes catalase or peroxidaseformer heme acting as a source of the second electron for
Catalase disproportionates peroxide into water and oxygenthe reduction of peroxide whereas the latter acts as a
whereas peroxidase reduces peroxide to water using a varietyperoxidatic center (Gilmour et al., 1993). Reduction of the
of oxidizable substrates which, in the case of the cytochrome Paracoccushigh potential heme results in a switch of the
c peroxidases (CCP),are the small monoheme-type low potential heme to a high spin state, as shown by visible
cytochromes. The bacterial members of the peroxidases carand NMR spectroscopy. The spin state switch of the low
also oxidize the copper protein azurin (Soininen et al., 1972). potential heme is accompanied by an increase of the redox
Bacterial CCP’s (which contain two covalently bourttype  potential of the high potential heme by 50 mV, an indication
hemes) so far have been isolated frBseudomonas aerugi-  of heme-heme interaction. A bound €ais essential for
nosa(Ronnberg & Elifolk, 1979; Elifolk et al., 1983; Foote  the high spin state switch of tHearacoccusow potential
etal., 1984)Paracoccus denitrifican@Goodhew et al., 1990;  heme (Gilmour et al., 1993, 1994, 1995). TRaracoccus
Pettigrew, 1991; Gilmour et al., 1993Rhodobacter cap-  enzyme is significantly different from that &fseudomonas
sulatus(Hanlan et al., 1992), anblitrosomonas europeae in the time course of high spin formation after reduction of

(Arciero & Hooper, 1994). Th@seudomonaSCP has been  the high potential heme, and in the requirement for bivalent
well characterized by different techniques, and its sequencecations.

has been redetermined recently (Ellfolk et al., 1991; Ridout
et al., 1995; Samyn et al.,, 1995). The three-dimensional
structure of thd°>seudomona€CP consists of two domains,
each containing one heme (Fulop et al., 1993Pyracoccus
CCP is similar to PseudomonasCCP in size, visible
absorption spectrum, and cellular locatioRaracoccusCCP

In this paper, we present the covalent structure of the
cytochromec peroxidase fronfParacoccus denitrificangPad
CCP) and relate this to the known three-dimensional structure
of the fully oxidized inactive form oPs. aeruginosaCP.
Consequently, we propose an explanation for thé*Ca
dependent activity of Pad CCP and for the change in heme
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containing HgGJ. After incubation overnight at 37C, the solvent delivery system (Perkin EImer, Applied Biosystems
hemes and salts were removed by gel filtration on a column Division, Foster City, CA) equipped with a 1000S photodiode
of Sephadex G-25, fine (1.5% 24 cm), equilibrated, and  array detector (Perkin Elmer, Applied Biosystems Division,
eluted with 5% formic acid. Foster City, CA). The solvents were 0.1% TFA in Milli-Q
Gel Electrophoresis.SDS—polyacrylamide gel electro- water and 0.1% TFA in 70% acetonitrile. They were
phoresis was carried out on a 12% gel, as described bypumped at a combined flow rate of 1@Q/min.
Laemmli (1970), in a SE 250 small electrophoresis system Amino-Terminal Sequence and Amino Acid Composition
(Hoefer Scientific Instruments, San Francisco, CA). After Analysis. Automated N-terminal sequence analysis of pep-
electrophoresis, the proteins were transferred in a Transblottides was performed with an Applied Biosystems pulsed
cell (Bio-Rad, Hercules, CA) onto two layers of PVDF liquid 475A or 477A sequenator equipped with an on-line
membranes (Millipore, Bedford, MA) and stained with 120A PTH-amino acid analyzer (Perkin Elmer, Applied
0.015% Amido Black in 1% acetic acid. Destaining occurred Biosystems Division, Foster City, CA).
with 2 volumes of water. The membranes were allowed to Amino acid composition analysis was performed on a
dry into air. 420A derivatizer with an on-line 130A separation system
In Situ Enzymatic Digestion. In sinzymatic digestion  (Perkin Elmer, Applied Biosystems Division, Foster City,
with trypsin was performed on the main bands (37 kDa) from CA). Gas-phase hydrolysis at 106 for 24 h was carried
four lanes as described by Aebersold et al. (1987). Bandsout in a borosilicate glass tube of:6 55 mm placed in a
from the stained PVDF membranes were cut into small piecesPierce hydrolysis vial, us;m6 N HCI as hydrolysis agent.
of about 2x 2 mm and treated with 200L of PVP-40 in Mass Analysis. Plasma desorption mass spectra were
methanol and incubated at 3C for 30 min. Then, 20@&L collected on a Biolon 20K biopolymer mass analyzer
of water was added, mixed with the solution, and discarded (Biolon, Uppsala, Sweden) during &6tart counts of the
after about 5 min. The wet membranes were immediately 252Cf source at an accelerating potential of 15 kV. Samples
immersed with 5Q:L of 100 mM Tris-HCI buffer, pH 8.3, were applied in small volumes of 0.1% TFA in Milli-Q water
containing 1ug of trypsin. After incubation fo5 h at 37 and spin-dried on nitrocellulose-coated targets wetted with
°C, the membranes were washed with 1400f 80% formic 5 uL of 0.1% TFA in methanol.
acid and four times with water. All the solutions were Electrospray mass spectrometry was performed on a Bio-Q
combined and dried in a Speedvac concentrator (Savant,quadrupole mass spectrometer equipped with an electrospray
Hicksville, NY). ionization source (Micromass, Altrincham, U.K.). Ten
Enzymatic Digestions and Chemical Clege. Twenty microliters of sample solution in 50% acetonitrile/1% acetic
nanomoles of apoprotein was digested v@tlaphylococcus  acid was injected manually in the 10L loop of the
aureusV8 protease (Glu-C) in 50 mM phosphate buffer, pH Rheodyne injector and pumped to the source at a flow rate
7.0, at 37°C for 5 h using an E/S ratio of 1/35 (w/w). An of 5uL/min. The solvent, 50% acetonitrile/1% acetic acid,
enzymatic digestion with Lys-C endoproteinase froypso- was delivered by a 140A solvent delivery system. Scans of
bacter enzymogenefBoehringer Mannheim, FRG) was 12 s over the mass range of 400600 amu were collected
carried out on 30 nmol of apoprotein in 0.1 M ammonium over 2 min. Calibration of the scans was performed with
hydrogen carbonate, pH 8.0rfé h at 37°C atan E/Sratio 50 pmol of horse heart myoglobin.

of 1/38.
Partial acid hydrolysis of 20 nmol of apoprotein was RESULTS
performed with 2% formic acid at 108C for 2 h. The complete primary structure of Pad CCP has been

Enzymatic SubdigestionsA subdigestion of 6 nmol of  determined as the result of sequence analysis of peptides
peptide K15 with 1ug of trypsin (Boehringer Mannheim, generated by various enzymes and one chemical cleavage
FRG) was carried out in 50 mM ammonium hydrogen applied to the apoprotein or to the apoprotein in which the
carbonate, pH 8.3, f@ h at 37°C. Two nanomoles of K17  cysteines were derivatized by pyridylethylation. The result
was digested with Asp-N endoproteinase in 50 mM sodium is given in Figure 1, although only the most important
phosphate, pH 7.0, at 3T for 22 h using an E/S ratio of  peptides necessary to deduce the sequence are shown.
1/50 (w/w). Further subdigestion of peptide K17 D2 was  An initial attempt to obtain N-terminal sequence informa-
performed with 0.5:g of trypsin fa 2 h at 37°C in 50 mM tion on electroblotted protein failed, suggesting that the
ammonium hydrogen carbonate, pH 8.3. N-terminal residue of the polypeptide chain was blocked for

Peptide Purification. The peptides obtained aftar situ Edman degradation. The first peptides obtained were those
digestion or digestion on the apoprotein were separated byfrom a tryptic digest on the electroblotted protein. The
reversed-phase high-performance liquid chromatography onseparation of the peptides is shown in Figure 2. The
a Pep S @Cygcolumn (4.6x 250 mm, Pharmacia, Uppsala, sequence information from all these peptides covered about
Sweden) or a TMS column (1& 100 mm, Bio-Rad, half of the total polypeptide chain, mostly from the N-
Hercules, CA), respectively. The elution equipment con- terminal region of the protein. Due to partial cleavage at a
sisted of an 870 three-headed piston pump, an 8800 systemLys—GIn bond, it was ascertained that fractions T12<(16
controller, a variable wavelength detector set at 220 nm (all 29) and T10 (36-49) were adjacent peptides.
parts from DuPont, Wilmington, DE), and a 7120 rheodyne  Most of the other overlaps came from a digest of the
injector equipped with a loop of 1Q€L.. The solvents used  apoprotein with Glu-C endoproteinase (Figure Sl; see Sup-
were 0.1% TFA in Milli-Q water (solvent A) and 0.1% TFA  porting Information). The result was a set of large fragments
in 70% acetonitrile or 100% acetonitrile (solvent B) at a flow of 43 residues (1:355), 68 residues (118185), 27 residues
rate of 1 mL/min. (247—268 and 276-274), and 30 residues (36325, 327,

Peptides generated by subdigestions were purified on a329-336), respectively. The overlaps between these frag-
PTC Ggcolumn (2.1x 220 mm, Brownlee, Perkin EImer, ments and several not yet positioned tryptic and Glu-C
Applied Biosystems Division, Foster City, CA) with a 140A peptides were established by sequence analysis of peptides
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Ficure 1: Amino acid sequence of cytochrorageroxidase fronPa. denitrificans.Evidence for this sequence is obtained after Edman
degradation of peptides generated by three enzymatic digestions with trypsin (T), Glu-C (S), and Lys-C (K) endoproteinase and one chemical
cleavage with diluted formic acid (D). Amino acids which are identified unambiguously during Edman degradation are indicated with
arrows. The start and end positions of peptides confirmed by mass spectrometric analysis are indicated by vertical lireXXXbyf
which XXXis the position where the peptide ends. The composition of the blocked peptide S10 was determined by amino acid analysis and
therefore indicated with a dashed line.

from a Lys-C endoproteinase digest (Figure 3) and a partial spectrometry (calculated mass: 1015.2 Da). The quantitative
acid hydrolysis with dilute formic acid (Figure SllI). A data of the sequence analysis of peptides from different
subdigest of peptide K15 (Figure Slll) with trypsin was enzymatic digestions and one chemical cleavage are given
successful in establishing the overlap of S23 (2891) with in Tables S+SV (see Supporting Information).
S26 (285-297)/K16 (288-338), resulting in structural The exact sequence of the first five residues of the
information of the nearly complete C-terminal region of Pad polypeptide chain was deduced indirectly from the amino
CCP. acid composition analysis of peptide S16-2/13) (Table
The exact sequence of the C-terminal region was deducedSVI). The peptide itself was resistant to Edman degradation.
from a subdigest of Lys-C peptide K16 with N-Asp en- PDMS mass analysis of S9{42/13) showed the presence
doproteinase (Figure SIV). One of the two resulting frac- of two peptides differing each by 129.4 Da (see Table Sll),
tions, K16nD2 (321338), appeared to be the C-terminal the mass of a glutamic acid residue. This confirmed that
peptide, but the sequence analysis failed to prove the lastthe C-terminal end of S9 was Arg-Glu-Glu and not Arg-
four residues. A further subdigest with trypsin also resulted Glu. In combination with the compositional analysis of S10
in two peptides (Figure SV) of which K16nD2T2 (329 (which showed a similar C-terminal heterogeneity), and given
338) unambiguously proved the C-terminal sequence to bethe fact that an N-terminal glutamine residue can undergo
Leu-Pro-Thr-Pro-Met. This result was in agreement with cyclization during protein and/or peptide purification, it
the mass of 1016.0 Da measured by plasma desorption masbecame clear that the N-terminal sequence of Pad CCP is
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apoprotein gave a mass of 36679.49 Da (Figure 4B). This
value is compatible with a calculated mass of 36680.91 Da
for the apoprotein of which each heme binding sequence
(Cys-X-Y-Cys-His) will carry a Hg atom bound after the
heme removal process. Such a mercury adduct has already
been described for several apocytochromes obtained after
heme removal of the native protein with acidic Hg@amyn
etal., 1994). Pad CCP does not contain cysteines other than
those of the heme binding sites. Further confirmation that
the whole protein sequence has been determined comes from
digestion of the holoprotein with subtilisin under native
conditions (McGinnity et al., 1996). A single peptide bond

is cleaved and the two peptides have masses of 27950.9 and
9581.38 Da. These masses closely correspond to those
calculated for pGluxThr250 (27950.93 Da) and Arg251

—L o Met338 (9579.87 Da).

60

Time (min) DISCUSSION

Cepies Somna s o stk o cieyepionsy "  Seauence Algriment and Sequence Simiaftye amino
apgpfotein. Conditions of theygepargtion are described underamd. sequences of the cytochromepero?(ldases fronPa.
Experimental Procedures. denitrificans (Pad CCP) andPs. aeruginosa(Psa CCP)
(Ridout et al., 1995; Samyn et al., 1995) are compared in
03 14 Figure 5 along with the open reading frame (f465) reported
in the E. coli genome (Sofia et al., 1994). The sequence
12 similarity is shown in the matrix of Figure 6. The 60%
similarity between the Pad and Psa CCP sequences is high
in comparison with the low levels of similarity seen in the
small cytochromes and in S1 oligonucleotide rRNA maps
(Moore & Pettigrew, 1990a). THe. coliopen reading frame
f465 also shows a high degree of homology (approximately
40%) although it has an N-terminal extension that has no
counterpart in the other sequences. This extension contains
UUL 30 a putative methionine ligand, positioned 61 residues to the
C-terminal side of a third heme site (boxed in Figure 5). It
may be that this is the result of a gene fusion involving a
I 0 small class | cytochrome donor, a possibility which has
precedents in the case of the caa3 type oxidases (Sone &
Time (min) Yangita, 1982). No protein product of this open reading
FiIGURE 3: HPLC separation of peptides generated by digestion of frame has yet been identified . coli, and indeede-type
apoprotein with Lys-C endoproteinase. Conditions of the separation cytochromes only appear in this bacterium under quite
are described under Experimental Procedures. specialized growth conditions (lobbi-Nivol et al., 1994).

GIn-(Thr-Glu)-Ala and that the resistance to Edman degrada- The partial sequence of a cytochromeeroxidase from
tion was due to the formation of pyroglutamic acid. This N.europaedas been determined (Arciero & Hooper, 1994).
conclusion is in agreement with the fact that the mass Over the 47 residues covered by the two heme peptides, there
difference between S10 and S9 (both forms) is 341.3 Da, IS respectively 49% and 51% similarity to the Pad CCP and
which corresponds to the calculated mass of pGlu-(Thr-Glu) Psa CCP sequences and 38% similarity to Ehesoli orf.
(341.4 Da). This sequence was confirmed by removal of Although the sequence information fi europaesCCP is
the cyclized glutamine by pyrrolidonecarboxylic acid remov- limited, these data suggest that the divergence of the
ing enzyme. Edman degradation of the remainder of the Nitrosomonagyene is more recent than that of tke coli
protein gave the sequence Thr-Glu-Ala-lle-Asp-Asn. orf.

Overall, it can be said that the sequence as given in Figure Although a case can be made for the inclusion of Ehe
1 is solidly proven for all peptide bonds, except for regions coli orf and theNitrosomona<CP in a new class of bacterial
75—85 and 283-289. However, given the fact that, in all cytochromec peroxidases, the situation is less clear for the
those cases where detailed mass analysis of peptides waputative MauG proteins frorivlethylobacter extorquerend
performed, the data corroborated the proposed sequencéethylophilus methylotrophy€histoserdov et al., 1994a,b).
(Tables St+SV), we are convinced that this sequence Their alignment requires greater use of gaps, and the
proposal is error free. The amino acid composition of the percentage similarities are in the range-35%% (Figure 6).
holoprotein expressed as moles of amino acid per 2 molesChistoserdov et al. (1994a,b) have suggested that the MauG
of heme shows a very good agreement with the proposedproteins are indeed peroxidases but ones for which the
sequence composition (Table SVII). The mass of the oxidizable substrate is not cytochroméut an intermediate
holoprotein measured by ESMS was 37512.27 Da, in very in the synthesis of the prosthetic tryptophan tryptophylquino-
good agreement with the calculated sequence mass ofne (TTQ) group of methylamine dehydrogenase. It therefore
37512.79 Da, including two hemes (Figure 4A). The seems best to view the MauG proteins as members of a
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FiIGure 4: Electrospray ionization mass spectra of holoprotein (A) and apoprotein (B) of cytoclerperexidase fronPa. denitrificans
The number at the top of each peak represents the number of positive charges for the perticodak.

related but distinct family. This is consistent with the recent of the conventional methionine.
report of a MauG gene sequenceRa. denitrificans(van The two domains also differ in the pattern of chain
der Palen et al., 1995) which is even more remote from the following the left reara-helix. In the standard class | fold,
cytochromec peroxidase sequences than are its MauG the chain forms a left-side loop and then passes upward to
relatives fromM. extorquensandM. methylotrophus This bring the methionine iron ligand into place followed by the
suggests that MauG and cytochronceperoxidase are  C-terminala-helix. Using the SOPM helix prediction suite
paralogous rather than orthologous gene products that haveassembled by Geourjon and Deleage (1994), it is clear that
diverged to perform different but related functions. the a-helices are conserved features of the three sequences
Consevation of a-Helices and the Class | Fold.As shown in Figure 5. Not only are most of the actoathelices
emphasized by Fulop et al. (1995b), both the N- and in the Ps. aeruginosatructure correctly predicted, but also
C-terminal heme domains have the fold of the classylpe the same pattern of helix prediction is essentially obtained
cytochromes, although with some variations on the theme, for the Pad CCP an#. coli orf (broken bars in Figure 5).
in different regions of the molecules. The class | patterns The only regions where the helix is predicted but not found
of the two domains are shown in Figure 7¢,d and comparedin the Psa CCP structure are-8404 and 242246, which
with the patterns known for tuna cytochroneeand for correspond to the highly conserved stretches- 88 and
Pseudomonasytochromec-551 (Figure 7a,b). 241-263. The significance of this will be discussed in the
Both the N- and C-terminal domains of the cytochrome following section.
peroxidases differ from the standard class | fold in that the The Heme Ligands in Cytochrome ¢ Peroxidase in the
right side loop traverses across the front of the heme beforeOxidized and Mixed Valence Statedn cytochromec
returning to the right side. The loop carries histidine 71 peroxidase fronPs. aeruginosaFulop et al. (1995b) have
which acts as a sixth coordination ligand of the iron in place shown that the heme of the N-terminal domain is coordinated
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FiGURe 6: Matrix of percent identities of the amino acid sequences
of the bacterial cytochrome peroxidases and relatives. Psa and
(3) FALYHDPRLSADSTISCAHCHALNAGGVDGRKTSIGVGGAVGPINAPTVEN Pad CCP, cytochromeperoxidases frons. aeruginosandPa.
denitrificans respectively; Ec, open reading frame 465 from the
E. coligenome; Me, Mm, and Pad MauG, MauG proteins fidm
extorquensM. methylotrophusandPa. denitrificansrespectively.
ockEMHS i The number of identities in a pairwise comparison was obtained
90 6T 110 o 120 o5 130 06 by summing (a) the number of identical residues and (b) the number
(3) SVFNVEQFWDGRAATLODQAGGPPLNP T EMASK SUDELIAKLEKDPOLKTQR of identical gap regions (gaps were scored as one point of

comparison no matter the size).
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Ficure 5: Comparison of the amino acid sequences of the bacterial
cytochromec peroxidases from (1pa. denitrificansas determined

in this paper, (2Ps. aeruginosaand (3) open reading frame 465
in the E. coligenome. Thé. coli open reading frame encodes an
N-terminal extension that has no counterpart in the other two
sequences. An additional possible heme binding site is boxed, and
a possible methionine ligand is indicated by an arrow. The asterisks
indicate regions where the MauG protein sequences (not shown)
are longer than the sequences shown here. Identical residues in th
amino acid sequences froRa. denitrificansand Ps. aeruginosa

are boxed and shaded. The actaahelices present in the X-ray
structure of thePs. aeruginosanzyme are indicated by a solid
line below that sequence with the helix numberied{all) of
Fulop et al. (1995b)a-Helices predicted by the SOPM method of
Geourjon and Deleage (1994) for thea. denitrificans Ps.
aeruginosa and E. coli sequences are shown as broken lines.
Predictions of three or more residues are included. The bracketed
region indicates a sequence which is related to sequences in th
B-roll proteins involved in C& binding.

Ficure 7: Class | folds of (a) tuna cytochrornog(b) Ps. aeruginosa
cytochromec-551, (c) the N-terminal domain of Psa CCP, and (d)
the C-terminal domain of Psa CCP. Coordinates for tuna ferrocy-
tochromec (Takano & Dickerson, 1981) an®s. aeruginosa
cytochromec-551 (Matsuura et al., 1982) were obtained from the
Brookhaven Protein Data Bank. Structures were viewed using
Maclmdad software (Molecular Application Group, Palo Alto, CA).
8n each case, the chain is traced by conneatirgarbon positions,

and key residues are shown space-filled. The positions of the heme
. o ) ligands on thex-chain are indicated in red. A low atomic radius
by the proximal histidine 55 (69 in the Pad CCP) and the (0.7 A) was used to enhance clarity of the diagram. In the case of
distal histidine 71 (85 in Pad CCP). For the latter to occupy the Nt domain of CCP, a highly conserved segment of sequence
the distal side, the loop of the chain following the heme (residues 8898) is shown in green (see also Figure 8). Similarly,

. . S residues 241263 in the C-terminal domain are shown in yellow
which usually forms the proximal side in class | Cytochromes (see also Figure 8). The heme groups are shown side-on at the front
must traverse across the heme edge and then return (Figuréace of the structures with propionate groups pointing downward.
7). The heme of the C-terminal domain is coordinated by At the far left of the Ct domain (d), the free chain ends are due to
the proximal histidine 201 (215 in Pad CCP) and the distal residues missing from the X-ray structure determination.
methionine 275 (289 in Pad CCP). This is a more conven-
tional coordination structure for a class | cytochrome chromec peroxidases but also in thE. coli {465 open

Three of these four amino acids (His55, His201, and reading frame and in the MauG proteins. The fourth (His71)
Met275) are conserved not only in the two known cyto- is not found in either the f465 or the MauG proteins, and
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the conservatism is associated with the fact that it is at the
base of their hemes that the two domains interact. Indeed,
as Fulop et al. (1995b) have pointed out, a small stretch of
Ct domain p-strand in the N-terminal domain (Psa-9%7) is hydrogen
bonded to a partner strand in the C-terminal domain (Psa
243-246).

In conventional monoheme class | cytochromes such as
in mitochondrial cytochrome, the polypeptide segments
which form the base of the heme crevice and the left-rear
a-helix are among the most variable in the molecule (Moore
& Pettigrew, 1990). Thus, in the cytochroro@eroxidases,
the constraints of domairdomain interactions may impose
a structural conservatism on a region which is relatively
@  Sequence 83-98 (Pad 102-112) unconstrained in the simple monoheme proteins.

@ Heem group We have mentioned above the possibility that some
rearrangement of the protein occurs during the transition to
the mixed valence state so that Met115 (129 in Pad CCP)
becomes the coordinating ligand of the N-terminal domain.
FiGUre 8: Highly conserved regions in the cytochromeeroxi- Of interest in this respect is that arhelix is predicted in
o aonsyiivames poescabe oo s e 254 s, B0 the highy conserved regions (Psa-8B, Psa 243
Conr?ectiongtare madepbetween tb«sarbogn positions. The two 263) in all _three sequences of Figure 5 and yetrfelix is
heme groups of each monomer are indicated on the gray scaleObserved in the X-ray structure. Perhaps these conserved
and their orientation is such that the exposed edges of the N-terminalregions are constrained in the observed conformation in the
hemes point toward us and the exposed edges of the C-terminalpxidized state but switch to a new conformation including
2221_9236%0'{;};3 chSeS”Z%@t)a:r? dlegte'rg“;gf; d“l%?ﬂ% a;?g fggr“e‘?“cesan a-helix in the mixed valence enzyme. A conformational
sented as space-filled regions. Histidine 261 (Pad 275), which is '€@rrangement in this region upon reduction of the enzyme
easily modified in the oxidized enzyme (see text), is shown as the IS consistent with the results of modification of histidine 261
least shaded residue and faces toward us. (275 in Pad CCP). This residue, which appears shaded and
exposed in Figure 8 is very easily modified at a low excess
there is no alternative conserved histidine in their N-terminal of the reagent diethyl pyrocarbonate in the oxidized enzyme
domains. In this connection it should be remembered that but is much more difficult to modify in the mixed valence
the oxidized form which has been crystallized represents aenzyme (McGinnity et al., 1996).
dead-end conformation into which the protein relaxes to  Ca** Binding. We have shown (Gilmour et al., 1993,
protect the catalytic site in the absence of reductant (McGin- 1994) that C&" is required for the switch to the active high-
nity et al., 1996). Thus the conformation of the oxidized spin state at the low potential heme of Pad CCP. Also, the
form may not be so evolutionarily constrained as that of the enzyme loses activity on dilution and was therefore proposed
functional mixed valence enzyme. to be in a dimermonomer equilibrium with the dimer as

A residue that is conserved over the broader group of the active form. A more detailed analysis ofZC#inding
sequences is methionine 115 (129 in Pad CCP). It is locatedshowed that at least two types of binding site were present
a very typical 60 residues C-terminal to the heme binding (Gilmour et al., 1995). Site | is occupied in the oxidized
site that is characteristic of the class | cytochromes. Also, enzyme while site Il is of low affinity in the oxidized state
this residue is located on the left raahelix (Figure 7¢) in but becomes high affinity in the mixed valence state in a
a position equivalent to the coordinating methionine of the transition associated with dimerization. Although no re-
C-terminal domain and close to His71. We suggest that this quirement for C&" had previously been shown for the Psa
residue is the distal ligand of the N-terminal heme domain CCP, Fulop et al. (1995b) found one bound?Caer
in the E. coliand MauG proteins and must also be considered monomer in a buried coordination shell provided by four
a candidate for the distal ligand in all the proteins in their water molecules and oxygen atoms associated with residues
mixed valence state. If that were the case, the roles of theN79, T256, and P258 (Figure 9). These also occur in Pad
peroxidatic center and electron-transferring center tentatively CCP (and indeed in th. coli orf), and we therefore presume
assigned to the N- and C-terminal hemes, respectively (Fulopthat this C&' site is conserved. We propose that it represents
et al., 1995b), may require reassessment once the structuraite |.
of the mixed valence enzyme is known. The possibility of  One possible location in the sequence for site Il is the
a switch in the heme properties associated with reductionsegment G(72)LGGVDGL(79) (Pad CCP) which corre-
has already been noted (Prazeres et al., 1995). sponds well to the consensus sequence GGXGXDXq (where

Highly Consered Regions.In Figure 5, the most highly g is a hydrophobic residue) found in tfieoll proteins such
conserved regions of the sequences are the 1l-residu@s alkaline protease (Baumann et al., 1993). In alkaline
segment Psa 888 (Pad 102112) and the 23-residue proteases, this sequence is situated at the engjedteand
segment Psa 241263 (Pad 255277). Even in the more  region and contributes one-half of the coordination for &Ca
remote E. coli sequence, most of these regions remain ion, the other half being provided by a second sequence of
strongly conserved. These segments are located in the N-this type on a neighboring turn to formgaroll.
and C-terminal domains, respectively, in which they form  Since there are no further consensus patterns of this type
the base of their respective heme crevices (Figure 7). Figuredetectable in the cytochroneperoxidase sequences, it is
8 shows the relationship between the two domains and theirpossible that C4 is held at the interface of a dimer in which
conserved regions as part of the whole molecule. Clearly, each monomer contribues to the coordination. However, the

() Sequence 241-263 (Pad 255-277)

(O His261 (Pad 275)



Sequence oPa. denitrificansCytochromec Peroxidase Biochemistry, Vol. 36, No. 26, 19977965

(a)

D63

P66

(b)
G58 D63

" P258

Ficure 9: Calcium binding site oPs. aeruginos&CP. The figure
shows the segment G5®66, N79, T256, P258, and four bound
water molecules (W) around the €awhich is colored yellow. The
carbonyl oxygen and water molecules are colored red, and amide
nitrogen is in blue. View a is showing a region of the surface of Figure 10: Charged surface of the cytochromperoxidases and
one monomer within the dimer interface and is looking inward to their redox partners: (aJs. aeruginosaytochromec-551 [coor-
the just visible calcium ion. View b is showing the same residues dinates of Matsuura et al. (1982)], (#)s. aeruginosaCCP
but in an orientation rotated 18@erpendicular to the plane of the  (coordinates of Fulop), (cPa. denitrificanscytochromec-550
paper. Here we are seeing the coordinating oxygens of the bound[coordinates of Benning et al. (1994)], and (@. denitrificans
Cet. CCP (based on the sequence reported in this paper applied to the
coordinates for thés. aeruginosanzyme). In all cases, positive
X-ray structure shows us that this is not so. Despite a careful thﬂges ar$ ShO\k/]VH blue and kél\fe placeddon |()j’S|ne le ordarglrxne
: ; negative charges are shown in red and are placed on Asp
S?amh’ Fulop et al. (1995b) found no“Caite other than OD1 or Glu OE1 (this is an arbitrary choice of one of the two
site 1. Segment G58P66 (72-80 in Pad CCP) as well as  5ipoyuyiate oxygens). In the case of @@ denitrificansstructure,
the known C&" coordination ligands are included in Figure charges were placed according to the sequence on a position on
9. The structure of the fully oxidized Psa CCP demonstratesthe Ps. aeruginosaide chains most closely corresponding to that
that (1) some of the groups (such as the side chain of D63for a Glu, Lys, Asp, or Arg charge. A circle of diameter 28 A is
(D77 in Pad CCP) expected to bind to a?Care pointing shown on each structure which approximately corresponds to the

) . - face of cytochrome-551. Hemes are shown in yellow.
inward rather than outward at the dimer interface, (2) the 4 4
sequence segments in the two monomers do not lie closeyaricylar case of mitochondrial cytochronze electron

together in the dimer (not shown), and (3) although the ansfer takes place at an exposed heme edge surrounded by
segment lies very close to the residues known t0 be 5 pattern of surface positive charge that allows specific
coordinating the site | C&, they are clearly too far away to  jteraction with the redox partner. Similarly, Williams et
be participating in the coordination themselves. However, 5 (1995) have argued that the positively charged hydro-
we have noted above that site Il is only high affinity in the phobic patches around a partly exposed redox center may
mixed valence state and that there may well be conforma-pe 5 common feature of the periplasmic electron shuttle
tional changes in the transition to that state. Perhaps thereproteins of bacteria. The electron donor to Pad CCP is
are rearrangements at the dimer interface in the mixed cytochromec-550 (Pettigrew, 1991), a close relative of
valence enzyme so that tfieroll-like sequences are brought  jtochondrial cytochromes This cytochrome carries a net
close together. negative charge but has a highly skewed distribution of
The potential C& binding sequence immediately follow-  |ysines on the molecular surface and a positively charged
ing the proximal histidine ligand (His55) of the N-terminal  front face (Pettigrew, 1991; Williams et al., 1995) (Figure
domain recalls the Ca binding to lignin peroxidase (Poulos 10c). The electron donor to Psa CCP is a cytochrosg1
et al, 1993). In this enzyme, serine 177 contributes its (Soininen & Ellfolk, 1972) which is a less close relative of
carbonyl and hydroxyl groups to the coordination of #Ca  the mitochondrial cytochromes Cytochromec-551 also
and lies adjacent to the proximal heme ligand His176. The carries a net negative charge and also excludes negative
remainder of the Cd coordination sphere is formed by a residues from the front face (Figure 10a). However, there
type | reverse turn from Asp194 to lle199. is very little cross-reactivity of these cytochromes with the
The Charged Surface and Interaction with Donor Cyto- nonphysiological peroxidase (Pettigrew, 1991). A reasonable
chromes. The class | cytochromesare diffusable carriers  hypothesis is that fruitful collision of these donor cyto-
shuttling between donor and acceptor redox centers whichchromes with their respective peroxidases involves interac-
are often part of fixed proteins in the membrane. In the tion of the front face of the donor cytochrome with an
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equivalent but complementarily charged heme face of the Gilmour, R., Goodhew, C. F., Pettigrew, G. W., Prazeres, S., Moura,
peroxidase. We would expect the surface charge features_ . & Moura, J. J. (1993Biochem. J. 294745-752.

; ; ; Gilmour, R., Goodhew, C. F., Pettigrew, G. W., Prazeres, S., Moura,
of the two peroxidases to differ in order to accommodate =’y 3., & Moura, I. (1994Biochem. J. 300907914

their specificity for their physiological donor. One edge of Gjmour, R., Prazeres, S., McGinnity, D. F., Goodhew, C. F.,
the heme of the C-terminal domain is indeed exposed at the Moura, J. J. G., Moura, I., & Pettigrew, G. W. (199Bjr. J.
molecular surface, and the surrounding surface charge Biochem. 234878-886.

topographies of the Psa CCP and the Pad CCP are shown ifsoodhew, C. F., Wilson, I. B., Hunter, D. J., & Pettigrew, G. W.

. : . (1990) Biochem. J. 271707-712.
Figure 10b, and d. The predominantly negative features of Hanlan, S. P., Hold, R. A., & McEwan, A. G. (199EEMS Lett.

the Pad CCP are consistent with its binding the very positive 97 283-28s.
front face of the Pad cytochron®e550. The heme of the lobbi-Nivol, C., Crooke, H., Griffiths, L., Grove, J., Hussain, H.,
N-terminal domain also has an exposed edge (not shown), Pommier, J., Mejean, V., & Cole, J. A. (199BEMS Microbiol.

h rroundin rf not have the ex Lett. 119 89-94.
but the surrounding surface does not have the expected, o™ % ™1 620\ ature 227 680685,
differences in charge that we see around the C-terminal hemeyts,ura. Y. Takano. T.. & Dickerson. R. E. (1982)Mol. Biol.

edge. We conclude therefore that the C-terminal heme is 156 389-409.
the likely site of electron entry. This is consistent with its McGinnity, D. F., Devreese, B., Prazeres, S., Van Beeumen, J.,
His-Met coordination and the expected high potential that Moura, I., Moura, J. J. G., & Pettigrew, G. W. (1998)Biol.

. . . . : Chem. 27111126-11123.
\1v9eg%i§OC|ate with such a coordination (Moore & Pettigrew, Moore, G. R., & Peftigrew, G. W. (1990a) iBytochromes c.

Evolutionary, Structural and Physicochemical Aspepts 115-
159, Springer-Verlag, Berlin, Germany.
SUEPO_RTING INFQRMATION AVAILABLE ) Moore, G. R., & Pettigrew, G. W. (1990b) i€ytochromes c.
Five figures showing HPLC chromatograms of peptides  Ewvolutionary, Structural and Physicochemical Aspegis 27—

under various experimental conditions and seven tables 113, Springer-Verlag, Berlin, Germany.

giving sequence and mass data and amino acid compositiorjﬁgmgfﬁ' f \é\iivx(/:\?gslleoihln\}\}a?ilﬁswyﬁ %2‘0%2535;2?1993)

analyses of peptides discussed under Results (20 pages). 3 giol. Chem. 2684429-4440. T T

Ordering information is given on any current masthead page. prazeres, S., Moura, J. J. G., Moura, I., Gilmour, R., Goodhew, C.
F., Pettigrew, G. W., Ravi, N., & Huynh, B. H. (1993) Biol.
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