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ABSTRACT: A recombinant form of the prototypic diheme bacterial cytochrarperoxidase (BCCP) from
Pseudomonas aerugino§@saCCP) has been expresseddscherichia coliand purified to homogeneity.

This material was used to carry out the first integrated biochemical, spectroscopic and structural investigation
of the factors leading to reductive activation of this class of enzymes. A single, tightly boufidioda

(K =3 x 10'° M) found at the domain interface of both the fully oxidized and mixed-valence forms

of the enzyme is absolutely required for catalytic activity. Reduction of the electron-transferring (high-
potential) heme in the presence of?Caons triggers substantial structural rearrangements around the
active-site (low-potential) heme to allow substrate binding and catalysis. The enzyme also forms a mixed-
valence state in the absence of?Caons, but a combination of electronic absorption, and EPR
spectroscopies suggests that under these circumstances the low potential heme remains six-coordinate,
unable to bind substrate and therefore catalytically inactive. Our observations strongly suggest that the
two mixed-valence forms of nativBesaCCP reported previously by Foote and colleagues (Foote, N.,
Peterson, J., Gadshy, P., Greenwood, C., and Thomson, A. (B&3)em. J. 230227—237) correspond

to the C@"-loaded and -depleted forms of the enzyme.

The bacterial cytochromeperoxidases (BCCPscatalyze pha GB17), Rhodobacter capsulatud/ethylococcus cap-
the two-electron reduction of hydrogen peroxide to water sulatus Neisseria gonorrheaand Nitrosomonas europaea
and link an essential detoxification pathway to respiration (2—9). In these organisms the electrons necessary for this
(1). Expression of BCCP is induced under microaerobic reductive process are generally obtained from the cytochrome

conditions in a range of bacteria includifRpeudomonas
aeruginosaPseudomonas fluorecerdseudomonas nautica
Paracoccus pantotrophugormerly Thiosphaera pantotro-

bc, complex of the bacterial electron transfer chain via either
a reducecc-type cytochrome or a cupredoxiti@).

The enzymes so far characterized from these bacterial

sources show some common features. All have been found
N.J.W. and V.F.) and the Wellcome Trust (Award 066363/Z/01/Z to to be dlm.erlc \.Nlth each SUb.umt (3{40 kDa).comprlsmg
N.J.W. and T.B.). A.E. was in receipt of a UK EPSRC studentship. W0 domains with each domain containing a single covalently
# The coordinates of the structure reported in this manuscript have boundc-type heme §, 11—13). Within the fully oxidized
been deposited with the PDB accession code 2vhd. forms the high-potential heme (HP heme) found in one
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domain has been shown to have His/Met axial ligation while
the low potential heme (LP heme) in the other domain has
His/His axial ligation or, in the case of the enzyme isolated
from N. europaea is five-coordinate with a proximal
histidine ligand 11, 12). C&" ions have been found to be
bound at the domain interface and have been implicated in
functional roles in the enzymes from all species so far
studied. In the oxidized form the single €aion shows
unusual hepta-coordination, with three ligands provided by
peptide backbone and amide carbonyl oxygen atdhis (
The remaining four ligands are provided by coordinated
water molecules, two of which further hydrogen bonded to
the carboxylic acid terminal of the propionate side chains
of the HP heme, although these later two water molecules
were not observed in the case of tRecapsulatussnzyme
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(14). A number of previous studies have investigated the the first time, reveals the extensive changes around the active
mode of action of these enzymes and have established thasite heme and which take place in response to reduction of
with the exception of the enzyme purified frds europaea  the high-potential heme that prepare the enzyme for catalysis.
(12) the as isolated enzymes are fully oxidized and catalyti- RecombinantPseCCP was also used to investigate the
cally incompetent15—17). These can be activated by partial characteristics of the Gabinding site and its impact on the
reduction to yield a mixed-valence form in which the catalytic activity of the enzyme. This work shows that
electron-transferring (HP) heme is ferrous and the peroxidatic interconversion of the spectroscopically distinct “active” and
LP heme becomes five-coordinate ferric. Reaction of the “inactive” mixed-valence forms of the enzyme depends on
mixed-valence form of the enzyme with hydrogen peroxide the occupancy of this €abinding site rather than irrevers-
in the presence of reductant initially leads to the formation ible proteolytic inactivation as had previously been proposed
of an Fe(IV)-oxo species known as “compound khich (23). The outcome of this integrated biochemical, spectro-
is then reduced to a form of the enzyme in which both hemes scopic and structural study of the factors leading to reductive
are oxidized state, but unlike the enzyme as isolated is activation of the BCCPs is an experimentally testable model
functionally active within the catalytic cyclel§). for the activation of the enzyme froP\. aeruginosand the
Despite these similarities the CCPs obtained from various role of the mixed-valence form of the enzyme in turnover.
bacterial species show some significant differences. For
example the BCCP fronP. pantotrophus(PapCCP) has ~ MATERIALS AND METHODS
hemes with reduction potentials #226 mV and—150mV,
and was originally reported to bind two €aions in the
oxidized state. The high-affinity site was reported to bin
Cat with aKq of 1.2 uM, a value which shifts to M on
reduction of the HP heme of the enzyme, while occupancy
of low-affinity site (Kq = 520 «M in the oxidized form of
the enzyme) was considered to be important for dimerization
(13, 19). However recent structural investigations have
identified only a single binding sit&(). In contrast the CCP
purified from Pseudomonas stutzes reported as having a
single interdomain C4 binding site with an equilibrium
constant in the nM range for the mixed-valence form of the
protein @1). The N. europaeaenzyme exhibits redox
potentials of +470 mV and —260 mV and the crystal
structure of the catalytically competent oxidized state
indicates that the single €abinding site is fully occupied.
Potentially important differences have also been reported
in the structural changes associated with the formation of
the mixed-valence form for the BCCPs isolated frém
nautica(22) andP. pantotrophu420), which are most likely
to be related to the choice of crystallization conditions. X-ray
diffraction and biochemical studies of the fully oxidized form
of the native (e.g., non-recombinant) enzyme frétm
aeruginosashowed it to have a single €abinding site (1)
and possess hemes with redox potentialg-820 mV (HP ) - i ,
heme) and-330 mV (LP heme). Previous investigations of ML " chlorampenicol at 28C with shaking at 160 rpm for
the PsaCCP have established the general reaction mechanisnf*8 h @nd without IPTG induction. Cells were harvested by
for this enzyme including the need for reduction of the Hp Centrifugation and th&seCCP initially released from the
heme in order to produce a catalytically active mixed-valence P€riplasm by treatment with polymixire{). The enzyme
form of the enzyme although the structure of this form has was further purified by ammonium sulfate fractionation<{30
not previously been reported. Moreover there have been no>>%) followed by sequential chromatography on S-Sepharose
biochemical studies on the role of €dons in the activation ~ &nd Superdex-75, following extensive dialysis. The purity
of PsaCCP. of the final enzyme preparation was verified by SEFFAGE
and UV/vis spectroscopy. Typically the ratio of the absor-
bance at 407 and 280 nni\7Azs0) was >4.2, which is
similar to the value reported for the native proteB)
Purification of recombinarPsaCCP expressed i. coli co-
transformed with pETCCP and pEC86, as outlined above,

allowed the preparation of up to 8 mg of pure enzyme per
2The nomenclature that has been used to describe intermediates injter of cell culture.

the catalytic cycle oPsaCCP is confusing. Although the active site . L

heme is an Fe(I\}yoxo species, neither the porphyrin macrocycle or For structural studies a form of the enzyme containing a

an amino acid has been oxidized to provide the extra electron required C-terminal (Hisy tag was used. This required a modified

for scission of the O bond as is observed in Compound | of ; i ;
Horseradish Peroxidase (HRP) and Yeast CCP respectively. ThereforeexDreSSlon vector (pETCCP-Histag) which was constructed

strictly speaking the initial product of the reaction B§eCCP with by amplifying the region of pET-CCP betwe_en the T7
H.0 should be referred to as Compound II. promoter and the'3end of thePsa ccpgene using pET-

RecombinantPsaCCP was expressed . coli IM109
d (DES3) co-transformed with pETCCP and pEC86 plasmids.
pPETCCP was constructed by amplifying tRe aeruginosa
ccp gene 24) using the following primers: NM1.fwd
(GCGRCCATGGEGTCCTCGCAACTG)andNM3.rev(CCGCGTC-
CCGCGGAATAATAAGCTTCCC). The amplified product
was digested wittNcd and Hindlll and cloned into the
expression vector pET21d (Novagen) to yield pETCCP. Note
that incorporating acd site into the NM1.fwd causes the
glutamine residue at position 2 of the amino acid sequence
to be substituted by a glycine. Since the first 22 amino acids
of PseCCP comprise a cleavable leader sequence that directs
the apoenzyme to the periplasmic space via the sec-pathway,
this substitution has no effect on the mature enzyme. The
plasmid pEC86 is a pCYCA derived plasmid containing the
E. coli ccm operon which increases the levels of those
proteins required for covalent attachmentcetype hemes
into periplasmic proteins and their subsequent maturation to
the fully formed holoenzymes2b). The cytochromecss;
which was used as an electron donor in the enzymic activity
assay was expressedHn coli using a plasmid which was a
kind gift from Prof. F. CutruzzoldRome, lItaly) @6).

Transformed cells were grown in 750 mL of Terrific Broth
(TB) supplemented with 50g mL~* ampicillin and 34ug

We describe the expression and purification of recombi-
nantPsaCCP expressed igscherichia coliwhich we used
to obtain the X-ray structure of the mixed-valence form. The
structure of the mixed-valendesaCCP, reported here for
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CCP as a template. The following primers were used both CD spectra were deconvoluted into the various secondary
to amplify the fragment of interest and to insert appropriate structural components using publicly available software

restriction sites:T7 Promoter TAA TAC GAC TCA CTA (K2D).

TAG GG CCP1 TTT CGC CTC GAGTTC CGC GGG EPR spectra were recorded using an ER-200D X-band
ACG CGC CGT GGT. The PCR product was digested with spectrometer (Spectrospin, Bruker), equipped with a liquid

Xba and Xhd and cloned into the expression vector pET- helium flow cryostat (ESR-9, Oxford Instruments), and
26b vector (Novagen) to yield pETCCP-Histag. For expres- interfaced to an ESP1600 computer. Spectra at 9.41 GHz
sion of recombinant his-taggd&seaCCPE. coliJM109(DE3)  were collected using 2.0 mW microwave power with a
was co-transformed with pETCCP-Histag and pEC86. Trans- modulation amplitude of 2 mT.

formed cells were grown in 800 mL of TB supplemented  cygallization, X-ray Data Collection, Structure Deter-

with chloramphenicol and kanamycin for 228 h at 30°C. mination and RefinemenAfter extensive screening, crystals
His-taggedPsaCCP was purified from cell paste derived ¢ mixed-valencePsaCCP were obtained from 24% PEG
from 3 L of cell culture as follows. The cell paste was 600, 0.2 M imidazole malate pH 5.5, 20 mM DTT. All the
resuspended in 30 mL of 50 mM Hepes, 200 mM NaCl, 4 ¢omponents used for the crystallization experiments were
mM CaCl, 60 mM imidazole, 0.01% Triton X-100, pH 7.5 purged with oxygen-free nitrogen for 20 min and the
and the suspension was supplemented with 0.1 mg/mL crystallization trays (Nextal) used to set up the crystallization
lysozyme and protease inhibitors (2 mM AEBSF uR experiments were fitted with an airtight seal. After opening
leupeptin, 2uM pepstatin) prior to sonication (1 min per g crystallization tray the crystallization drop was quickly
liter of culture). Cell debris was separated from the soluble ¢qated with a thin layer of mineral oil to prevent oxidation
fraction by centrifugation at 21,000 rpm for 60 min @) and crystals were directly flash-frozen in a nitrogen stream.
and the supernatant loaded on a Ni-sepharose column. Thgptia| X-ray diffraction experiments were performed at the
column was initially washed with 60 mM imidazole, fol-  grs paresbury (U.K.), but the final data set was collected
lowed by a second wash with 88 mM imidazole. His-tagged 5t 100 K at EMBL, Hamburg (Germany) using synchrotron
PseCCP was eluted with 140 mM imidazole and at this stage (5giation. Data were processed using the HKL suite of
the Aso7.Azeo is approximately 3.7. Fractions containing programs 29). The remaining structure factor calculations
enzyme were pooled and the buffer exchanged for 50 mM \yqre performed using programs supported by CC38}. (

MES, 4 mM CaCJ, pH 6.0 and loaded on a prepacked : ;
. ) Molecular replacemen8() was performed using the dimer
Resqurce Q (1 mL). The protein was e'“?‘?‘ with a salt coordinates of the mixed-valence from of fAedenitrificans
gradient from 06 1 M NacCl. Sa_mples containing enzyme enzyme (20), PDB code: 2C1V). Refinement of the
\(I:voeggei?rzltri]oﬁ%aliﬁljbaer;grgrlgr;él)irqlu(r)nn Zu”geaacﬁggc:?teossuﬂgsl structure was carried out by alternate cycles of REFMAC
Phe (1 mL). The protein elutegs towgrdpthe end of the (32) using noncrystallographic symmetry (NCS) restrains and
. ‘ P : . i X manual rebuilding in O33). Water molecules were added
decrgasmg ammonium sulfate gradient withAagy:Aggo ratio to the atomic model automatically by Arp/wARB4), and
th?; IS greatetrr tr;]arlrS.\(l)v. rformed usina an Adilent 1100 at the last steps of refinement all the NCS restrains were
.asics:Prelc OT € K/Isas ge \c; € USI’D gpa MgALeDITOF released. The final model includes all 323 residues, the two
SEries on rap anda voyager e 1o covalent heme groups and the boundCfar both subunits

MS. UVl/visible absorption spectroscopy was performed : : . g
X X X of the dimer. Data collection and refinement statistics are
using a Shimadzu UV-2501 PC instrument. f given in Table 1.

In experiments involving the investigation of the role o
C&" ions in the structure and function d?saCCP all RESULTS
solutions were prepared using “Cédree” water (USF Elga
Maxima ultrapure water) and all samples were stored and Spectroscopic Properties of the Mixed-Valence Form of
handled without contact with glassware. SampleBsd{CCP PsaCCP. The UV/vis absorption spectrum of oxidized
were buffer exchanged as necessary by passage through eecombinantPsaCCP in the region 356700 nm closely
small (10 cmx 1 cm) Sephadex column equilibrated with matches that previously published for the native enzyme. The
the appropriate buffer. Catalytic activity using cytochrome addition of sodium ascorbate to the oxidized enzyme in the
Css1 was determined according to the procedures previously presence of Cd ions rapidly leads to formation of the
described by Z8). mixed-valence species as indicated by changes in all regions

Mixed-valencePsaCCP was prepared by adding sodium of the spectrum (Figure 1). The Soret region broadens,
ascorbate to a final concentration of 10 mM. The formation leading to perceived loss of intensity, and its peak shifts to
of the mixed-valence form of the enzyme was monitored by 421 nm. This is due to the spectrum of the ferrous HP heme
absorption spectroscopy in the 390 nm to 450 nm region. with a maximum at 420 nm overlaying the spectrum of the
C&" was removed from the mixed-valence form of the high-spin ferric LP heme which appears as a broad shoulder
enzyme (2QuM PsaCCP) by addition of EDTA to a final ~ between 390 and 405 nm. There is an increase in intensity
concentration of 2 mM, and the reaction was monitored by in the a/f region of the spectrum with new peaks at 521
observing the optical density change at 390 nm over a periodand 557 nm that are consistent with the reduction of one
of 60 min. Samples dPsaCCP devoid of C& were prepared  low-spin heme. In the 606700 nm region of the spectrum
by passing the EDTA-treated mixed-valeiesCCP sample  there is a significant increase in the intensity of the weak
down a small Sephadex column equilibrated with the feature at~640 nm. Broad weak bands in this region of the
appropriate buffer. Fluorescence, circular dichroism and spectrum are associated with the ligamdetal charge-
stopped flow experiments were performed on an Applied transfer (CT-band) of the sixth ligand of high spin ferric
Photophysicd1*180. hemes with a proximal histidine ligan@%).
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able to bind substrate. However, the observation of a single

Table 1: Crystallographic Data Collection and Refinement _ - . . !
low-spin ferric heme at cryogenic temperatures is entirely

Statistic$

mixed-valence form

Data Collection

synchrotron, detector

and wavelength (A)
space group
unit cell @, b, c(R), B (deg))

EMBL X11

MAR CCD 165 mm; 0.8115
c2

173.2,44.8, 106.2, 106.7

resolution (A) (76—2.30)
observations 167124
unique reflections 34786
lo(l) 16.0 (1.6)
Reyn? 0.089 (0.717)
completeness (%) 98.6 (95.8)
Vwu/solvent content (%) 2.8/56
molecules per AU 2

Refinement
all non-hydrogen atoms 5407
water molecules 289

consistent with work on nativ®saCCP @3, 36) and the
CCPs isolated frorR. pantotrophu$37) andP. stutzeri(21).
Moreover the presence of this species in the EPR spectrum
is always associated with the presence of@0 nm CT-
band in the room-temperature absorbance spectrum.

Formation of the mixed-valence form of recombinant
PsaCCP in the presence of EDTA is also characterized by
the loss of they = 3.41 species (Figure 2; middle trace). In
this case the LP heme gives rise to a rhombic trio that is
similar in form and intensity to the oxidized and suggests
that in the absence of €aions the ligand set to the LP
heme remains low-spin ferric with His/His axial ligand set.
This is consistent with the room-temperature optical spectrum
which suggests there is no high-spin ferric heme present
under these conditions.

C
?éﬁé‘ctions used Oéfgg(f '(2243%)1) Remaal of C&* lons from the Mixed-Valence Species.
Rred 0.246 (0.333) Quantitative analysis of this process indicated a single-
ref'ec“l‘l’”s used 1805 (132) exponential time course for the optical density change as a
%g;‘ﬁedmaggfature factor P 2'2137 function of time with an associated rate constant of 80
rmsds from ideal values s 1 (£2 x 104 s1) over the pH range 6:0 9.0. The rate
bonds (A) 0.016 of loss of C&" from the enzyme was found to be essentially
angles (deg) 16 independent of pH. However, the extent of removal o¥'Ca
DPI coordinate error (A) 0.30

by EDTA was sensitive to the pH at which the measurements
2 Numbers in parentheses refer to values in the highest resolution\yere made being much less at acid pH. (We can rule out
shell.® Rym= ¥;3nllnj — Dn0VS;S ndnOwherely,; is thejth observation o L
of reflectiyomn h, e{nd [I]hJDis the mjean intensity (J)f that reflectiohReyst the possibility that the d_lmmIShed absorbance change at 380
= 5 ||Fobd — |Feard |/ |Fobd WhereFops andFeac are the observed and "M seen at low pH arises from a pH dependence of the
calculated structure factor amplitudes, respectiveBhec is equivalent absorption spectrum of the mixed-valence state of*Ca
to Reys: for a randomly selected subset of reflections not used in the depleted enzyme as the spectrum of the*"Cdepleted
refinement. enzyme produced at pH 9.0 and then lowered to pH 6.0 is
unaltered by the change in pH.) Using the known pH
When the mixed-valence form BaCCP was treated with ~ dependence of the €abinding constant of EDTAZY, 30)
an excess of EDTA, the spectrum showed a number of it was possible to determine the effective binding constant
significant changes. Over the course of approximately 40 for C&* to the mixed-valence form of thBsaCCP using
min the Soret region of the spectrum narrowed with a the extent of the 380 nm change as a function of pH. The
progressive loss of absorbance at 380 nm (Figure 1). Indata was best fitted to a binding constant ok3L0'° M~*
addition the removal of G4 ions from the mixed-valence (Figure 3). Simultaneous monitoring of the peroxidase
form of the enzyme leads to an almost complete abolition activity and the electronic absorption spectrum of the enzyme
of the CT-band at-640 nm (Figure 1 inset). These spectral during treatment with EDTA showed that the loss of catalytic
changes are consistent with the ferric LP heme undergoingfunction followed a decrease in optical density at 380 nm
a transition from a high-spin state to a low-spin state. (Figure 4).

In the presence of 0.5 mM CaClthe X-band EPR When C&" depletedPseCCP was rapidly mixed with Ca
spectrum of the oxidized recombinaPsaCCP is complex in the range £100 mM, the time course of the optical
with resonances &= 3.41, 3.00, and, 2.27 (Figure 2; upper density change in the Soret region of the spectrum showed
trace). The form of the spectrum is identical to that reported the presence of two kinetic phases. These two kinetic phases
for the native enzyme2@, 36). The signals ay = 3.41 and showed somewhat different difference spectra (Figure 5A).
g = 3.00 represent thg, components of two low-spin ferric At a wavelength of 380 nm the time course of the reaction
hemes; the His/Met coordinated HP heme and the His/His was sigmoidal while at 405 nm (a wavelength isosbestic in
coordinated LP heme. the overall spectral change) two reactions associated with

On treatment with ascorbate to form the mixed-valence OPtical density changes of different sign could be observed
state the EPR spectrum changes (Figure 2; lower trace).With associated rates of 0.003'sand 0.03 _sl (Figure 5B).
There is the expected loss of tige= 3.41 signal that is At other wavelengths the sum of two simple exponen_tlal
associated with reduction of the HP heme, andgtke3.00, processes cpulq be seen. The observed rates and amplitudes
g = 2.27 species is replaced by a very sharply defined of the two kinetic phases were found to be independent of
rhombic trio (g = 2.86, g = 2.39, g = 1.53). In a sense [Ca].
this is surprising because these signals must arise from a Structural Changes upon Aettion. Circular dichroism
low-spin (e.g., six coordinate) ferric heme, yet the loss of studies of the secondary structural changes in the protein
the distal histidine residue (H#® from the LP heme would  associated with the mixed-valence formation and the sub-
be expected to yield a high-spin ferric species (as seen insequent removal of Ca ions indicated a conversion ¢@f
the room-temperature UV/vis absorbance spectrum) that isstructure to random coil on mixed-valence formation and a
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FiGURE 1: Spectral changes associated with the removal 8f @am mixed-valencésaCCP. Oxidized recombinafsaCCP (3uM) was
dissolved in 5 mM Mes/5 mM Hepes pH 6.5 (solid line). The mixed-valence state of CCP was obtained by the addition of 10 mM ascorbate
(dotted trace) in the presence of 0.5 mM Ca@a" ions were subsequently removed from the mixed-valence enzyme by the addition of
10 mM EDTA followed by 45 min incubation at room-temperature (dashed trace). The inset shows the detail of the near infrared region
of the spectrum.
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Ficure 3: Determination of the Ca binding constant for the
mixed-valence form oPsaCCP. The experimentally determined
183 extent of C&" release as a function of pld, measured from the
2.36 decrease in absorbance at 380 nm, is shown compared to the
calculated release—() based on literature values for the pH
dependence of the equilibrium constant for EDT@&" binding
, o . . . , using a cytochromec peroxidase Ca" binding equilibrium
100 200 300 400 500 constant of 3x 100 M.

_ Magnetic Field (mT) on a time scale identical to that observed for the loss of
FiGURE 2: The effect of C&" on the X-band EPR spectra of the absorption intensity reported above.

mixed-valence form oPsaCCP. Oxidized recombinarRsaCCP - .
(~40 M) was dissolved in 5 mM Mes/5 mM Hepes pH 6.5 and Both oxidized (PDB entry 1eb7.()) and mixed-valence

the spectrum recorded at 10 K. The mixed-valence stafsafCP forms (PDB entry 2vhd) of the enzyme have very similar
was obtained by the addition of 10 mM ascorbate and the spectrumthree-dimensional structures (Figure 6); superimposition of
rerecorded in the presence or absence oftdans. Microwave 267 common @ atoms gives 1.03 A root-mean-square (rms)
g;qpﬁ'ﬁggeyz 91'31GGHZ' microwave power2 mW and modulation  yeyiation. Comparison of the two redox forms identifies four
' regions (residues 6876, 91-115, 215-243 and 277283)

with different conformation. These residues account for
conversion ofa to § structure on subsequent removal of 22% of the polypeptide chain and are located near the two
Ca&". Parallel investigations monitored via fluorescence heme groups. Generally, the structural rearrangement is very
spectroscopy showed that the addition of EDTA to the similar to that found irPapCCP @0) showing that the overall
mixed-valence form of the enzyme led to an increase in the structures of the corresponding redox states are more similar
intensity of the emission spectrum in the 34215 nm region, to each other than structures with different redox forms of

MV +Ca’
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Ficure 4: Correlation of C&" removal and loss of catalytic activity

in the mixed-valence form dPsaCCP. The time course for €a
removal fromPsaCCP at pH 9.0 in 100 mM borate buffel) is
compared with the enzymic activity of the enzyn®).(The scale

on theY-axis (%) represents the percentage of the original activity
and bound calcium in the absence of added EDTA.
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Ficure 6: Redox-linked changes in the structure RP$aCCP.
Structural differences (residues 686, 91-115, 215-243 and
277-283) are colored blue and red for the oxidized and mixed-
. . ) ) . . valence forms of the enzyme respectively. The hemes, the calcium
0008 e 290 200 10 220 230 ion and some key residues of the structures are in ball-and-stick
Wavelength (nm) representation. Figures were drawn with MolScrig6,(47) and
rendered with Raster3D48).

-0.006 -

(B) 0.003 -

0.002 k Conformational Changes at the HP (Electron Reued)
Heme SiteThe coordination of the HP heme by Pfisand
Met?"® remains unaltered in the two redox states. Following
one-electron transfer from electron donors to the HP heme,
the orientation of its D propionate group changes, leading
to a loss of a hydrogen bond to the main chain Leu216 amide
(Figure 7A). This suggests that the reduction of the heme
group might be coupled to proton uptake by its propionate
group, in a process known as a redox-coupled Bohr effect
(38), which in turn initiates a cascade of structural changes
that prepares the enzyme for turnover. A similar trigger for
structural rearrangement has been reported for Rhe

0 100 200 300 400 pantotrophusenzyme 20).
Time (s) The spatial arrangement of the residues between the two

Ficure 5: Kinetic differencg spectra for reaction of the mixed- heme groups does not significantly change upon activation.
valence form ofPsaCCP with C&" ions. Panel A shows the  Tha co-ordination sphere of the €abinding site between

contribution of the fast4) and slow ®) kinetic phases of Ca L . : : .
binding to calcium deplete®PseCCP together with the overall  the two heme domains is also identical in both oxidation

spectral change~) associated with the @abinding process. Panel states and contains no charged Iigand in the first coordination
B shows the time courses for the reaction of 25 mM*Qaith 2 shell. The seven ligands are the amide oxygen of Asn79,
#M calcium-depleted®seCCP at pH 7.0 in 10 mM phosphate buffer  the main-chain carbonyls of Thr256 and Pro258 and four
%r(?l)aﬁfyo nm, (b) 405 nm and (c) 380 nm. The traces are offset,\ o molecules (Figure 7A). The nearest carboxylate group
' is the A propionate of the HP heme, which is linked to the
the protein originating from the same organism (0.95 A rms calcium via two water molecules.
for 297 and 0.59 A rms for 320 commomGitoms in the Conformational Changes at the LP (Peroxidatic) Heme
oxidized mixed-valence forms, respectively). Site. The simultaneous reduction and proton uptake of the

0.001 I
0.000 I
-0.001 I
-0.002 I
-0.003 I
-0.004 I

-0.005

-0.006
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(A) been suggested to play critical roles in the formation and
stabilization of the oxyferryl intermediate of both tie
europaeaandP. pantotrophusCCPs.

DISCUSSION

Our studies of the mixed-valence form BsaCCP in
solution indicate that Ca binds to at a single binding site
with an affinity of approximately 3< 101° M. The binding
of a single C&" ion is clearly a prerequisite for steady-state
catalytic activity, and only in the presence of saturating
concentrations of Ga ions does the mixed-valence state
contains a high-spin heme center that can bind substrate.
These data are consistent with existing models of activation
for this class of enzymes in which reduction of the HP heme
leads to a cascade of conformational changes which includes
the LP heme losing its distal histidine ligand so that it can
bind substrate.

This paper represents the first report of the dependence
of the activity of PsaCCP upon C#& ions. This is perhaps
not surprising as not only is there is a clear relationship
between catalytic activity and the presence of'dans in
a number of other BCCPs including the enzymes fiem
denitrificans P. nauticaand P. stutzeri(2, 19, 21), but in
addition the structure of the oxidizetl) and mixed-valence
(Figure 6)P. aeruginosaenzyme clearly shows a &aion
bound at the domain interface. The relationship betweén Ca
ions and catalytic activity in thBsaCCP was almost certainly
clouded by two issues.

o First of all CCP isolated fromP. aeruginosa(native
Ficure 7: The heme and Ca binding sites oPsaCCP. Panel A: . . :
The HP heme of the mixed-valence form &sa&CCP. The PseCCP) is very susceptible to proteolytic cleavage by

propionate D group of the heme undergoes a conformational change€lastase Whi?h is expres_sed bY the organism under the same
upon reduction and loses the interaction with the main chain amide growth conditions that yield high levels of CCBY 40).
of Leu216. The corresponding conformation in the oxidized form Second it was established by Foote and colleagues that native

is shown in red. The propionate A group is linked to thé'Can lPSGCCP could be isolated in both catalytically “active” and

via two water molecules and does not change under activation. Pane tive” f hich t icallv disti
B: The LP heme and dimer interface of the mixed-valence form 'Nactivé iorms which were spectroscopically dis in2gy.

of PsaCCP. The loop carrying His71 moves away to the interface Although these authors argued that inactivity was correlated
of the homodimer. This structure is stabilized bystacking with the extent of proteolysis, they did not provide any data

interaction between the aromatic side chain of Trp73 and the peptideto support this assertion (this issue is discussed in more detail
bond of Gly72 of the opposite chain (labeled as G72B). The elsewhere 1)).

peroxide binding site is occupied by a water molecule, which is ) .
hydrogen bonded to GIn104 and Glull4. The corresponding It is however very important to remember that Foote et
residues in the oxidized form are shown in red. The SIGMAR) ( al. (23) completed their study on the natifsaCCP before

weighted 2nF, — AF. electron density using phases from the final  the role for C&" ions in activation of diheme CCPs was

model of the half-reduced form is contoured at thesle¥el, where ; P
o represents the rms electron density for the unit cell. Contours suggested by Pettigrewl§). As a consequence it is very

more than 1.5 A from any of the displayed atoms have been Nelpful to compare the spectroscopic data we present here
removed for clarity. Thin lines indicate hydrogen bonds. for the mixed-valence formsHC&* ions) of the recombinant

PsaCCP, which is expressed . coli and not susceptible
HP heme triggers a cascade of structural changes around théo proteolysis, with the extensive spectroscopic data that is
LP heme. Residue Arg97 moves significantly to initiate available for the mixed-valence forms of the “active” and
further structural changes. This residue switches from the “inactive” types of native PseaCCP (8, 23, 36). This
domain interface to form a hydrogen bond to one of the information is summarized in Table 2 and strongly suggests
propionates of the LP heme (Figure 7B). Although the that the “active” and “inactive” forms of the natiRseaCCP
proximal coordination of His55 stays unaltered, residues at in fact represent Ca-loaded and -depleted forms. The key
the distal side of the heme change dramatically. The loop diagnostic features of the €aloaded and catalytically active
carrying His71 moves away to the interface of the ho- mixed-valence form are the presence of a liganktal
modimer. This structure is stabilized hystacking interac-  charge-transfer band at640 nm in the room-temperature
tion between the aromatic side chain of Trp73 and the peptide UV/vis absorbance spectrum (Figure 1 inset) and a very sharp
bond of Gly72 of the opposite chain. The movement of this rhombic trio of resonanceg/(= 2.86,g9, = 2.39,g, = 1.53)
loop makes the peroxidatic site accessible for substrates andn the 10 K X-band EPR spectrum (Figure 2). A similar
also introduces two other conserved residues GIn104 andcorrelation between these spectroscopic featureg -Ca
Glul14. These two residues lie within hydrogen bonding loading and catalytic activity has been demonstrated in the
distance of the heme iron bound water (Figure 7B) and have CCPs isolated frorR. pantotrophusandP. stutzeri(21, 37).

L216
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Table 2: Spectroscopic Characteristics of Different Forms of the
Mixed-Valence (Half-Reduced) State Bf aeruginosaCCP from
Native and Recombinant Sources

nativePseCCP recombinarPseCCP
cat cat
“active”  “inactive”  bound depleted
UV/vis absorbance (maxima)
Soret (both hemes) 420 nm 421 nm 421 nm 421 nm

(~395nm) 410 nm) (395 nm)

visible (both hemes) 557 nm 557 nm 557 nm
525 nm 525 nm 525 nm

~630 nm ~640 nm

557 nm
525 nm

near IR absent absent

(LP Fe(lll) heme)

X-band EPR (10 K)
(LP Fe(lll) heme)

9.=2.85 @,=3.00
=226 gy=226
Ox=~154 gx=~1.4

0, = 2.86
9, =2.36
o =153

0, =2.96
9, =2.26
0= 1.49

Circular dichroism measurements show that the mixed-
valence form ofPsaCCP in the presence of €aform has
a lower 3-sheet content than the oxidized form. Structural
studies revealed that only tystrands (211213 and 244
246) are common between the two forms; the others
involving residues 9597, 214-218 and 233237 form
random coil and a short helix (23236) upon reduction
(Figure 6). The structural rearrangement of strane-9b

has a particular consequence, it breaks the main-chain
hydrogen bonding pattern between the two domains and

presumably makes the molecule more flexible for domain
movements. Consequently the structurally more rigid oxi-
dized form does not release €a since the continuous
formation of3-strands between the two domains makes the
interface inaccessible to EDTA. In contrast the?Cias

Echalier et al.

We suggest that the bound €aerves to modulate thep

of the HP heme A propionate that serves as its ligand such
that it is effectively never protonated. This arrangement
would imply that the only site on the HP heme that can
accommodate a proton when the heme iron becomes reduced
is the carboxyl group on the second, D, propionate and that
this event is responsible for initiating the structural changes.

As well as initiating structural reorganization of the distal
pocket to remove the blocking axial histidine (His71)
reduction of the HP heme also orientates GIn104 and Glu114
to allow them to participate in catalysis (Figure 7B). This
leads to the question as to whether these changes are
sufficient to activate the enzyme or if other structural changes
are required to endow catalytic competence? In this respect
it is interesting that the structures of the mixed-valence, and
thus catalytically active, forms oPsaCCP andPapCCP
clearly have Arg97 (Arglll in thd?apCCP structure)
interacting with the D-propionate of the LP heme. A similar
arrangement is also found in the catalytically active oxidized
form of theN. europaeaCCP (2) and in the OUT form of
the mixed-valence CCP frofdseudomonas nautiq22) so
it is useful to consider the consequences of this changed
electrostatic environment.

A combined DFT and QM/MM study of the active site
heme in cytochrome P45%), suggests that the interaction
of positively charged residues with the heme propionates has
a role in stabilizing the porphyrin-cation radical associated
with the Fe(IV)}-oxo intermediate responsible for substrate
hydroxylation @3). This proposed role for electrostatic
shielding of heme propionates has been tested experimentally
in a variant form of ascorbate peroxidase (APX) known as

exchangeable in the mixed-valence form thanks to confor- ! o )
mational changes initiated by reduction of the HP heme site. APX3M that has been engineered to stabilize the radical
The presence of two different, concentration independent, 9enerated in APX compound | on a tryptophan residue rather
rates of calcium binding is consistent with a structurally than on the heme porphyrin macrocyckel); Substitution
heterogeneous population in the calcium depleted enzymeOf an arginine residue (Arg172) that interacts with one of
in which conformational alterations rate limit the calcium the heme propionates with asparagine in this APX3M
rebinding process. background further inhibits the enzyme’s ability to form a
Thus both functional and structural studies support a model porphyrinzz-cation radical 44).

in which the C&"-binding site of theP. aeruginosanzyme As well as providing new insights into the structural basis
must be fully occupied for activation to occur through of reductive activation of this class of bacterial enzymes,
reduction of the HP heme. A similar model for the mecha- e work presented here provides an important link between
nism of activation has been proposed for the enzyme purified i extensive historical literature on natieaCCP and our
from P. pantotrophug20) which is also isolated in a resting emerging understanding of the role of¥Céons in enzyme

fl:]"y oxidized ;otrr]]forl_n;aﬂon. Tr]]emcascad_e of structural activation. Our demonstration of the true nature of the active
changes aroun e eme ol neaeruginoseenzyme and inactive forms oPsaCCP will allow re-evaluation of

that is initiated by reduction of the HP heme appears to be . : .

. . . the extensive set of variable temperature magnetic CD data
mediated by the movement of Arg97. This movement is collected by those workers. Moreover the ability to mu-
triggered by a redox-linked protonation of the HP heme D ¢ T é’ idual id " dih BCCP¥ hich
propionate group, something that might be expected to ﬁgenlze 'rr:_ 'r\:' ualre_SI uesin a di flr)neh h _(cj)_r Wd Ic q
require the reduction of the HP heme iron to produce a [NEre are high-resolution structures of both the oxidized an

mixed-valence forms will illuminate the roles of individual

change in the electron density on the D propionate group.' " ; \
Such changes have been observed in other systingpe residues in the catalytic cycle and allow us to address a

HP heme however possesses two propionate groups of whic'umber of outstanding questions regarding both the reductive

plausible explanation for this finding which also explains Whether the C-loaded mixed-valence form of the enzyme

the significant role played by the boundaon relates to
the unusual co-ordination chemistry of the?Chinding site.
Most C&" binding sites contain at least one carboxylate and
often more; for example the distal €abinding site of
Horseradish Peroxidase C uses three carboxylate ligdays (

forms part of the catalytic cycle d?saCCP (L5), or if this
state is only required for the first turnover of the enzyme
which then follows the reaction mechanism that has recently
been proposed, on the basis of protein film voltammetry
studies, for theN. europaeaenzyme 45).
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