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Catalase-Peroxidase Active Site Restructuring by a Distant and “Inactive” Domain
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ABSTRACT. Catalase-peroxidases are composed of two peroxidase-like domains. The N-terminal domain
contains the heme-dependent, bifunctional active site. The C-terminal domain does not bind heme, has
no catalytic activity, and is separated from the active site:B@ A. Nevertheless, without the C-terminal
domain, the N-terminal domain exhibits neither catalase nor peroxidase activity due to the apparent
coordination of the distal histidine to the heme iron. Here we report the ability of the separately expressed
and isolated C-terminal domain (K&f{to restructure the N-terminal domain (Kat3o its bifunctional
conformation. Addition of equimolar Kat@o Kat@" decreased the hexacoordinate low-spin heme complex
and increased the high-spin species (pentacoordinate and hexacoordinate). EPR spectra of the domain
mixture showed a distribution between high-spin species nearly identical to that of wild-type KatG. The
CD spectrum for the 1:1 physical mixture of the domains was identical to an arithmetic composite of
individual spectra for Kat® and Kat®. Both physical and arithmetic mixtures were nearly identical to

the spectrum for wild-type KatG, suggesting that major shifts in secondary structure did not accompany
active site reconfiguration. With the shift in heme environment, the parallel return of cataltdgeroxidase

activity was observed. Inclusion of bovine serum albumin instead of Kpt@duced no activity, indicating

that specific interdomain interactions were required to reestablish the bifunctional active site. Apparent
constants for reactivatiom{act~ 4 x 1072 min~1) indicate that a slow process like movement of established
structural elements may precede the restructuring of the heme environment and return of catalytic activity.

Catalase-peroxidases have a single multifunctional active are important benefits to be derived from understanding the
site that facilitates efficient catalaaedperoxidase activities.  structure and function of the catalaggeroxidases.

These enzymes have generated considerable biomedical The disproportionation of D; (i.e., catalase activity) by

interest. Cgtalaseperoxidage (KatG)from_Mypobacterium heme-dependent catalases, including the catajpesexi-
tuberculosishas been exploited for the activation of the front- 45565 starts with reaction of resting enzyme with 1 equiv

line antitubercular agent isoniazid to its antibiotic form. ¢ H,O, to yield HO and an oxoferryl porphyrin/protein

Interestingly, the increasing prevelance of isoniazid-resistant .o ical intermediate (compounl (Scheme 1). Compound
M. tuberculosiss strongly tied (over 70% of resistant strains) | is then reduced back to resting enzyme by a second

to mutations that compromise the ability of KatG to catalyze equivalent of HO,, generating @and HO. The peroxidase
activation @). It is also interesting to note that a novel group catalytic cycle also begins with compouridformation.

of periplasmic catalaseperoxidases have been identified as However, compound is reduced in two sequential one-

potential virulence factors in dangerous pathogens such 3%lectron steps by an exogenous electron donor to return the
the enterohemorrhagiescherichia colistrain O157:H7 4) bs by 9

and Yersinia pestig5—7), both of which are recognized as enzyme to its ferric state. The first reduction produces 1 equiv

hiah priority threats as agents of bioterrorism. Nevertheless of substrate radical and, with typical peroxidases (e.g.,
'gh prionty t 9 ! ISm. TNev ' horseradish peroxidase), the oxoferryl intermediate known
the mechanisms by which these enzymes may operate as

virulence factors have not been illuminated. Clearly, there as compoundl. However, recent evidence suggesits that in
' Y, catalase-peroxidases the heme iron is reduced first to yield

an Fé¢'—OH/protein radical complex8j. In both cases, the
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! Abbreviations: KatG Escherichia colicatalase-peroxidase; wt- enzymes known for their strong peroxidase activity show

KatG, wild-type KatG; Kat®, KatG N-terminal domain; Kat& KatG very weak catalase activity. The lack of catalase activity in
C-terminal domain; MnP, manganese peroxidase; LiP, lignin peroxidase; typical peroxidases (e.g., cytochronw peroxidase) is

ABTS, 2,2-azinobis(3-ethylbenzothiazoline-6-sulfonic acid); IPTG, ; ; ; i
isopropyl3-p-thiogalactopyranoside; Ni-NTA, nickel nitrilotriacetate; noteworthy because, with few exceptiod}, the active sites

LB broth, Luria—Bertani brothy-ALA, d-aminolevulinic acid; PMSF, of the.se enzymes and the CatalaperOXidaseslare Vi.rma"y
phenylmethanesulfonyl fluoride. superimposable on one anothet, (10). This striking
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Scheme 1: Representation of the Dual Catalytic Cycle of  ethylbenzothiazoline-6-sulfonic acid) (ABTS) were pur-

Catalase-Peroxidases chased from Sigma (St. Louis, MO). Isopropytp-
Ho0s H,0 (¢ N thiogalactopyranoside (IPTG), urea, and tetracycline hydro-
_ ro@ =0 chloride were obtained from Fisher (Pittsburgh, PA). All
(P’°)@'"< ------- o il restriction enzymes were purchased from New England
Resting Hx0+0, HyOp (PVO')@'V=0 Biolabs (Beverly, MA), and all oligonucleotide primers were
HoO + Ae Crmpd | purchased from Invitrogen (Carlsbad, CA). Al coli strains
[BL-21(DE3) pLysS and XL-1 Blue] and Pfu polymerase
AH were obtained from Stratagene (La Jolla, CA). Nickel
AH . nitrilotriacetic acid (Ni-NTA resin) was obtained from
(Pro.)@,,._OH Qiagen (Valencia, CA). All buffers and media were prepared

using water purified through a Millipore Q-Pakll system

or

@,V_ o (18.2 MQ/cm resistivity).
B Expression and Purification of wtKat@&xpression and
Cmpd Il purification of wtKatG were carried out as previously

a Catalase activity involves cycling between the resting and com- described) except that KatG was eluted from the Ni-NTA
pound | (Cmpd 1) forms. Peroxidase activity includes the reactions column by a linear gradient ranging from buffer A (50 mM
involving compound Il (Cmpd I1). phosphate, pH 8.0, 200 mM NacCl) supplemented with 2 mM

] . imidazole to buffer A supplemented with 2100 mM imidazole.
functional difference between two enzymes that are SO midazole was removed by gel filtration (Sephacryl 300 HR).
structurally similar provides a robust system for unraveling Appropriate fractions, as determined by SEFAGE and
the subtle perturbations of heme enzyme active sites that leadatg1ase assays, were combined and concentrated by ultra-
to profound differences in mechanism and function. filtration (30000 MW cutoff) and stored at80 °C.

Along these lines, catalasperoxidases have three promi-  Eypression and Purification of the KatG Domains, KAtG
nent structural features that are absent from monofunctional g Katcs. Expression of the KatG variants was carried out
peroxidases. All three structures are peripheral to the enzymeys described for wtkatG except that expression cultures were
active site, and evidence suggests that all three are essentigl ¢ supplemented with-aminolevulinic acid or ferrous
for catalase-peroxidase functioni( 2, 10, 11). One of these  gmmonium sulfate.
features is a 300 amino acid C-terminal domain. The gor kKat&E. cell pellets were resuspended in 200 mM
C-terminal domain also structurally resembles a monofunc- phosphate buffer, pH 7.0, supplemented with lysozyme (0.1
tional peroxidase, suggesting that its presence in the catag/mL) and PMSF (0.1 mM). Following homogenization,
lase-peroxidases is due to an ancient gene-duplication eventithe syspension was sonicated with a Branson 250 sonifier
however, this domain does not bind heme and does notat constant output, 3.5 duty, for eight cycles consisting of
catalyze any discernible reaction. Nevertheless, we haveys s on and 45 s off. Following sonication, benzonase (500
shown that this “inactive” domain is essential for catatase units) was added to the cell lysate, and the mixture was
peroxidase catalysisll). A catalase-peroxidase variant  incypated at room temperature with gentle stirring for 1 h.
containing only its N-terminal domain (Kallacks catalase  The cell lysate was then centrifuged at 12000 rpm for 20
and peroxidase activities (). Results of site-directed min_ The pellet was discarded, and the supernatant was
mutagenesis and spectroscopic studies indicate that, in thgyaded onto a Ni-NTA column that had been previously
absence of the C-terminal domain, an active site histidine yinsed with 100 mM Tris buffer by recirculating the solution
(the so-called distal histidine) acts as a ligand to the heme ihough the column bed overnight at 1 mL/min. The column
iron, interrupting its ability to act as a general base in \yas then washed with buffer A (200 mM phosphate buffer,
catalase-peroxidase catalysis. H 7.0). Two sequential washes were then performed with

Here we demonstrate the ability of the separately expressed, ffer A supplemented with 2 and 20 mM imidazole
and isolated C-terminal domain (K&fjto restructure the  yegpectively. KatGwas eluted from the column using buffer

active site found within the N-terminal domain (K&G A supplemented with 200 mM imidazole. Fractions contain-
Addition of equimolar KatG to KatG" resulted in a shiftin  jng KatG® were combined, and excess imidazole was

the active site heme coordination environment. There was aremoved by dialysis (36 h: five buffer changes).

decrease in the inactive hexacoordinate low-spin heme typical kataN was expressed in inclusion bodies. Because of this
of KatG" and a concomitant increase in the high-spin species ¢qjowing the centrifugation of the lysate, the supernatant
typical of W|I<_j—typt_a catqlaseperomdases. Consistent with ;55 discarded, and the pellet was resuspend@& urea,
these alterations in active site structure, both catadamsk rehomogenized, and recentrifuged. After the second cen-
peroxidase activities were detected. A generic protein, bOV'netrifugation, Ni-NTA resin was added to the supernatant, and
serum albumin, was unable to restore either catalase Oring resultant mixture was incubated overnight at@3with

peroxidase activities when it was incubated with K&iG constant, gentle agitation. The Ni-NTA resin was then
place of KatG, indicating that specific interdomain interac-  ¢|jected on a column and washed with 10 column volumes
tions were required for KatGactivation. of 10 mM imidazole h 8 M urea. The target protein was

then eluted from the column ugr8 M urea supplemented
MATERIALS AND METHODS with 200 mM imidazole. The purity of each fraction was
Materials Hydrogen peroxide (30%), imidazole, estimated by Coomassie-stained SEFAGE, and the ap-
phenyl-Sepharose resin, ampicillin, chloramphenicol, phe- propriate fractions%$95% pure) were pooled and dialyzed
nylmethanesulfonyl fluoride (PMSF), and 2gzinobis(3- against buffer A for 24 h with five changes. The resulting
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KatGN was then reconstituted with 0.95 equiv of hemin and ~ 40000 b -
stored at 4°C. 8 300001 /" o 1000
Domain Mixing and Incubation ProcedureBhe concen- N% s0000¥ 9 £
trations of Kat® and Kat& were calculated using the molar £ | 40000
absorptivities below. Solutions containing K&t&nd KatG g 100004 B 700 35 0
were incubated at 4C for times ranging from 0 to 72 h. E 04
Reactivation was also measured as a function of pH. In each £ 100001 [\t
case, Kat® and Kat& were incubated in the presence of 200001 N . .
120 mM buffer (citrate or phosphate) at the appropriate pH. 200 220 240 260 280 300
Following a given incubation time, aliquots were removed, Wavelength (nm)

and activity was measured according to the assays describedficure 1: Far-UV circular dichroism spectra for wtKatG and each
below. Assay conditions were such that the added aliquot of its separately expressed and isolated domains. Spectra were
volume did not significantly affect the pH of the assay. recorded for Kat® (a, bold line), KatG (b, dotted line), wtKatG

- . (c, dashed line), and an equimolar mixture of Kat@hd Kat&
Apparent rate constants for reactivatiénd) as a function (d, solid line). The inset shows a comparison of the equimolar

of pH were fit to eq 1, where andb are the theoretical  mixture of Kat@' and KatG to the composite spectrum derived

maximum and minimunk.ac: Values, respectively. arithmetically from the individual spectra for KatGand KatG.
All data are reported in terms of mean residue ellipticity (MRE).
y=a+ (b—a)(l+ ldJKa—pH) (1) The concentration of each protein was 4/4. All spectra were

recorded at 23C using 10 mM phosphate buffer, pH 7.0.

Catalase and Peroxidase Adty Assays Peroxidase  regponse of Katlto the separately expressed and isolated
activity was evaluated by monitoring the production of the ¢ _terminal domain (Kat§. Far-UV CD spectra for Katt
ABTS radical over time at 417 nm (34.7 mi¥icm ™) (12). (Figure 1, trace a) and KafQtrace b) indicate secondary
All assays were carried out at room temperature in 50 MM gy ctural content substantially different from each other and
acet{:\te.buffer, pH 5.0. C_atalase activity was gva_luated bywild-type KatG (trace c). However, a CD spectrum for the
monitoring the decrease in,8, concentration with time at physical mixture of Kat® and KatG (1:1 ratio) (trace d)
240 nm (39.4 M* cm™) (13). All assays were carried out \ya5 highly similar to that of wtKatG. The composite
at room temperature in 100 mM phosphate buffer, pH 7.0. gpectrum derived arithmetically from the separate spectra for
All catalase and peroxidase activities were normalized on k4N and Kat® was superimposable on the spectrum
the basis of heme content. obtained from the physical mixture of the domains (Figure

UV-—Visible Absorption Spectroscoppll UV —visible 1 inset). These data suggest that (1) preparation of the
absorption spectra were recorded using a Shimadzu UVlGOlseparated domains, KatGand KatC, does not result in

spectropNhoto_meter (Columbia, MD). The molar absorptivities mgajor disruption of secondary structural content from that
of KatG" (prior to heme addition) and KafGat 280 nm yhich is expected for each domain from the wild-type
were estimated according to the method of Gill and von enzyme and (2) the physical mixture of K&t@nd KatGs

Hippel (14): exsfKatG") = 1.11x 10° M~ cm™* andezger did not appreciably change the secondary structural content
(KatG®) = 3.36 x 10* M~* cm™. Concentrations of holo- ¢ gjther protein.

wtKatG and holo-Kat® were determined on the basis of An equimolar mixture of Kat® and Kat& had ap-

the molar abSOfPI'V'tY_(l)f the Soret baﬁ“@'aﬁi caogWiKatG) preciable catalase and peroxidase activities (Figure 2).

=_11-21 * 10° M~t em™ (2) andeadKatGY) = 9.8 x 10* Individually, neither Kat® nor KatG® had either catalase

M™tem™ (11). _ or peroxidase activity. Furthermore, incubation of Kéu@th
Circular Dichroism SpectropolarimetryFar-UV (185~ a generic protein such as bovine serum albumin (BSA) did

300 nm) circular dichroism (CD) spectra were recorded for nq restore either catalase or peroxidase activity, indicating
wtkatG, Kat@', KatG", and a 1:1 mixture of Kat&and that specific interactions between the domains were essential
KatG® using a Jasco J-810 spectropolarimeter (Tokyo, for restoration of the catalas@eroxidase active site in
Japan). To minimize buffer interference at wavelengths k5N,
below 200 nm, all spectra were recorded using 10 mM £y rther examination revealed that catalase and peroxidase
phosphate buffer, pH 7.0, and Suprasil quartz cells (0.1 mm gciivities increased with time of coincubation of the two
path length). All spectra were recorded atZ3 domains (Figure 3). At £C, increases in peroxidase and

Electron Paramagnetic Resonance SpectroscBpgctra  catalase activities were observed over the first 20 h.
were recorded using a Bruker EMX instrument equipped with |yterestingly, both activities were observed to return at similar
an Oxford ESR 900 cryostat and ITC temperature controller. aias  Fits of the observed data to a single exponential
Additional sample concentration, if necessary, was performed equation produced rate constants for reactivatioadj of
using Amicon Ultra-4 centrifugal filter devices (Beverly, 34 10-3and 2.5x 10-3 min-* for catalase and peroxidase
MA). The settings for the spectrometer were as follows: activities, respectively.
temperature, 10 K; microwave frequency, 9.38 GHz; mi-  \ve measured steady-state kinetic parameters for the
crowave power, 0.1 mW; modulation amplitude, 10 G; catgjase activity of the equimolar mixture of Kat@nd
modulation frequency, 100 kHz; time constant, 655.36 Ms;  41GS following 30 min, 24 h, and 48 h incubations at@
conversion time, 655.36 ms; and receiver gain, £.00°. (Table 1). These data show that the increase in activity over
RESULTS time (see Figure 3) was due primarily to an effect on the
apparenk;, increasing from roughly 907$ following a 30

To gain additional insight into the role of the C-terminal min incubation with KatG to about 2000 s following 24
domain in KatG structure and catalysis, we measured theand 48 h incubations. The latter values represent 20% of
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6 A peroxidase kinetics for wild-type KatG and our K&f&atG®
mixture were complex. Nevertheless, the maximum peroxi-
dase activity (the apparekt,) followed a trend similar to
4] that determined for catalase activity (Table 1). Following
24 and 48 h incubations with KafGvalues of about 1373
a_ were determined and represent about 22% of the value that
we have recorded for wild-type Kat@,(15).
The effect of pH on the rate of KatGreactivation by
1] KatG® was also explored (Figure 4, closed symbols). As the
/b ¢ /" pH decreased from 8.0, there was a progressive increase in
0 the apparent rate constank.f) for reactivation. The
maximum observetteqc (9.4 x 1073 min~1) was obtained
at pH 6.0, representing a 7-fold increase in rate. A fit of the
B data (pH 8-6) to eq 1 yielded an apparenKpof 6.2 and
predicted a maximunReactof 1.4 x 1072 min~1. However,
below pH 6.0 there was an abrupt decreasekif
751 AN precluding a more complete data set to directly observe the
true maximum and more accurately determine th&. p
501 Nevertheless, the data suggest 6.5 as an upper limit for the
apparent 5 governing the reactivation of Katthy KatG".
25] In a similar manner, the extent of reactivation was
b ¢ d determined from the amplitudes of the single exponential
0.0 < £ data obtained at each pH. The amplitude remained essentially
0 10 20 30 40 50 constant from pH 8 to at least pH 6.5. Furthermore, in a
Time (s) trend resemblingkeass there was an abrupt decrease in
FiIGURE 2: Reactivation of KatfSin the presence of KasCatalase ~ amplitude at low pH. The parallel and dramatic disruption
(A) and peroxidase (B) activities were measured for an equimolar of rate and extent of activation suggests that, at low pH, the
mixture of Kat@ and Kat& (a), Kat@' alone (b), KatG alone structural |ntegr|ty of the free Katl‘Gor KatGC may be

(c), and an equimolar mixture of Kat@&nd bovine serum albumin : :
(d). Catalase activity was measured for a 100 nM concentration of compromised. Along these lines, we have observed by UV

each protein in the presence of 10 mM®4and 100 mM phosphate  Vis an increased propensity of Kat@uward unfolding and
buffer, pH 7.0. Peroxidase activity was measured for a 50 nM aggregation at low pH. Within errok.eac: and amplitude
concentration of each protein in the presence of 1 mpD411 values obtained in the presence of phosphate or citrate buffers
mM ABTS, and 50 mM acetate buffer, pH 5.0. All assays were \yere the same, indicating that the behavior at low pH was
carried out at 23C. not due to the buffer itself.

5

3

2]

H,0, consumed (mM)

0 10 20 30 40 50 60
Time (s)
125

10.04

ABTS-* formed (uM)

S, 125 Visible absorption spectra corresponding to thes, and

:‘g 1001 s L charge transfer transitions for KdiGchanged little im-

° mediately following the addition of an equimolar concentra-

< 075 tion of the C-terminal domain (Figure 5). However, following

2 0501 a 48 h incubation at 4C, increases in absorption corre-

< 0.25] sponding to the short- and long-wavelength charge transfer

o transitions (near 500 and 645 nm, respectively) were
00051518 5% 50 56 45 48 observed. Decreases in the intensities of theand 8

Time (hr) transitions (536 and 568 nm, respectively) were also ob-
FiGure 3: Catalase and peroxidase activities over time for an served, ad a 4 nmblue shift in the Soret/) band from 416
equimolar mixture of Kat® and KatC. An equimolar mixture of  t0 412 nm was also detected (data not shown). These spectral
KatGN and Kat® was incubated at 4C for an increasing length  shifts are all consistent with a loss of the hexacoordinate
of time prior to measurement of its catalase (closed circles) and low-spin heme iron typical of KattSalong with increases
peroxidase (open squares) activities. All activity assays were carried;, the high-spin species (hexacoordinate and pentacoordinate)
out as described for Figure 2. . - -

that are typically observed for wild-type KatG. Comparison
of the spectrum obtained at 48 h to those of wild-type KatG
those obtained by our laboratory for wild-type Kat® 15) and Kat® alone suggests that approximately 50% of the
and fall between 15% and 60% of the values obtained for KatGN has undergone active site restructuring in the presence
catalase-peroxidases from other organisms. Incubation with of KatGC.
KatGC showed relatively little effect on the apparéqy for In the absence of the KafGthe EPR spectrum of KatG
H.O,. A value of about 2.5 mM was observed following all is dominated by signals consistent with a hexacoordinate low-
three coincubation times. This is very similar to the apparent spin heme complex (Figure 6, spectrum a). Indeed gthe
Kwm of wild-type KatG for HO, (2, 15, 16) and well within (2.92), 92 (2.28), andgs (1.53) values obtained from the
the range for that observed for other catatggeroxidases.  spectrum suggest that the strong-field sixth ligand in the
The apparent second-order rate constant obtained for thecoordination sphere is a histidine residdé,(18). Previous
recovered catalase activity was abouk90° Mt s71. work from this laboratory strongly suggests that this histidine
Likewise, we evaluated the steady-state peroxidase activityis the so-called distal histidine within the active site of

of the coincubated domains as a function ofCxl The catalase-peroxidases1(1). Addition of an equimolar con-
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Table 1: Apparent Kinetic Parameters for Catalase and Peroxidase Activities from Coincubat&dakdtat®

catalase peroxidase
Kear(s7) Km (mM) KealKm (M~1s7%) Kear(s™)
wtKatG® 1.24+0.2x 10 4.0+0.4 3.1+ 0.5x 1¢° 58+ 3
N + C (0.5% 86+ 18 3.1+ 0.8 2.9+ 0.3x 10 8+5x 108
N + C (24) 2270+ 18 2.2+0.2 1.0+ 0.1x 10¥ 13+1
N + C (48) 1900+ 160 2.2+ 0.1 8.7+ 0.6 x 1¢® 14+1

a Catalase assays included 50 nM K¥tG0 nM Kat@, and 100 mM phosphate, pH 7.0, 23. ? Peroxidase assays included 20 nM K#&t@0
nM KatGF, and 50 mM acetate, pH 5.0, 28. ¢ From ref2. ¢ KatGY and Kat& (1:1) incubated at 4C in 120 mM phosphate, pH 7.0, farhours
(in parentheses).

0.012 2000

2X—»
~ 0010 g 292
T 1600 5 228 153
= 0.008] 3 a / /
E H200 ©
< 0.006] =

1800

g 0.004] a
£

b
[400 "J/\’\f“

0.0021

0.000 : : : : 0
4
pH

Ficure 4: Effect of pH on the apparent rate constagt.() and ¢

amplitude for Kat® reactivation by KatG. KatGY and Kat& (1

uM each) were incubated together at@ in 120 mM phosphate

(squares) or 120 mM citrate (triangles) at various pHs. Aliquots
were removed periodically to measure catalase activity at pH 7.
From single exponential fits of the datgeactvalues corresponding

to rate (solid symbols) and amplitude values corresponding to
maximum recovered activity (open symbols) were obtained. The
bold solid line represents a fit &feac:(pH 6—8) to eq 1. The general
trends Ofkeact (pH 6 and below) and amplitude (pH-8B) are
highlighted by the dashed and light solid lines, respectively. Catalase

activity was measured in the presence of 8.5 mpDHat 23°C. Gan \193;
The units for the amplitude are in reciprocal seconds because they 199 —1 T
are taken from rates of catalase activity divided by [K§tG 500 1400 2300 3200 4100 5000
0.05 Field (G)
° FiGURE 6: Effect of separately expressed and isolated Kai6
e 0.04\ the EPR spectrum for Kat An EPR spectrum was recorded for
8 0.03] ) KatG\ alone (a), Kat® immediately following mixture with
= equimolar KatG (b), Kat@' following a 48 h incubation (4C)
& 0.02] with equimolar KatG (c), and wtKatG (d). All spectra were
2 recorded at 10 K. Spectrometer settings were as described in
0.01 Materials and Methods. Thg-values corresponding to the axial
0.00 . . . m— signal of the hexacoordinate high-spAn@ndA;) and the rhombic
450 500 550 600 650 700 signal of the pentacoordinate high-spBy,(By, andB,) species are

Wavelength (nm) indicated in spectrum d.

FiGURE 5: Effect of separately expressed and isolated Kai6

the visible absorption spectrum of KatG\ spectrum corresponding : . .
to the charge transfer andandp transitions of the heme prosthetic some hexacoordinate low-spin complex was still observable

group were recorded for KatGalone (so“d ||ne), an equim0|ar aﬁer the 48 h InCUbatIOH HOWGVGI’, the dlStl’IbutIOﬂ Of h|gh'
mixture of Kat@' and Kat®& immediately after mixing (dashed  spin components in the spectrum bore a strong resemblance

line), and an equimolar mixture of KatGnd KatG following a to that of wild-type KatG (compare signalsgt- 6 in spectra
48 h incubation at 4C (bold line). A typical spectrum for wtKatG c and d)

is also shown (dotted line). Spectra were recorded in 100 mM
phosphate buffer, pH 7.0, at 28. To investigate the discrepancy between restored KatG

active sites by activity20%) and by spectroscopy50%),
centration of KatG to KatG" resulted in the appearance of We eévaluated the effect of added®4 on the EPR spectrum
EPR signals corresponding to high-spin pentacoordinate andof KatG" following its restructuring by Kat& H,O (20
hexacoordinate heme iron, as evident from a group of signalsequiv) was added and allowed to react foh before the
with g-values around 6 and increased amplitude mear2 sample was frozen and a spectrum recorded. The signals
(spectrum b); however, the hexacoordinate low-spin complex corresponding to the pentacoordinate and hexacoordinate
was still the dominant species present. Following a 48 h high-spin species were highly similar to the unreacted RatG
incubation (4°C) of the two domains together, a dramatic KatG® mixture. However, the signal intensity was diminished
increase in the high-spin species was observed along withby roughly 30%. With the exception of a weak free radical
the concomitant decrease in the hexacoordinate low-spinsignal aty ~ 2, no other obviously new species were detected
complex (spectrum c). Consistent with our BVis results, (data not shown).
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DISCUSSION G' helix -

I' helix

Despite its substantial distance from the active site and B'C'loop C helix

lack of any identifiable catalytic activity of its own, the
C-terminal domain is clearly an integral component of
catalase-peroxidase structure and catalysis. In the absence
of the C-terminal domain, the N-terminal domain, which
contains the active site, has no apparent activity. The active
site heme is in a hexacoordinate low-spin state, and the strong=icure 7: Interfaces between the N- and C-terminal domains of
field sixth ligand is likely supplied by the so-called distal KatG. Structures from the N-terminal domain are shown as a blue

histidine. Because hetero|ytic C|eavage of hydroperoxide ribbon. Structures from thentrasubunit C-terminal domain are
: P : hown as redx-carbon traces. Structures from tigersubunit
substrates requires their direct access to the heme iron, an(i:_termmal domain are shown as grassarbon traces. The heme

because the distal histidine is required as a general base foforange) and distal histidine (cyan) are also shown. All C-terminal
the reaction, the loss of catalase and peroxidase activity is adomain structures are labeled with primed letters (e.®, Bop),

reasonable expectation for active site rearrangement of thisand all structures from the N-terminal domain are shown with
type. unaccented letters (e.g., AB loop). The approximate analgous

. location of the C&" ion found in monofunctional peroxidases is
These effects are at least partially reversed by the jngicated (*). Coordinates from the structure Bfirkholderia

reintroduction of the C-terminal domain as a separate protein. pseudomalleKatG were used (PDB accession number 1IMWV)
The restructuring of the active site is evident, first of all, (10).
from spectroscopic analyses of the coordination environment;nieractions are also observed between the AB loop and C
of the heme. The UVvisible spectra clearly reveal an pelix of the N-terminal domain and a structure encompassing
increase in high-spin heme species, and this comes at theyg|ices Gthrough I of the C-terminal domain. On both sides
expense of the hexacoordinate low-spin complex. The EPR g these interdomain interfaces, many of the individual
spectra confirm these conclusions and also show a distribu-yesjgues involved in the interactions are strictly conserved
tion between high-spin species nearly identical to that of the z¢r0ss the catalas@eroxidases.
wild-type enzyme. The mixed population of coordination |hterestingly, many of the monofunctional peroxidases use
states for ferric catglas_qneromdasgs is a peculiarity of these 5 completely different strategy to support the BC loop and
enzymes, one that is highly sensitive to subtle changes arounds helix. In the fungal secretory peroxidases (i.e., the class
the active site induced by mutagenesis and, in some casesy| peroxidases), a calcium ion is coordinated by residues from
aging, buffer conditions, etc19, 20). Itis striking thatthis  the BC loop and B helix30, 31). The loss of this calcium
distribution is so precisely reproduced by domain recombina- resyits in the coordination of the distal histidine to the heme
tion. iron, yielding a hexacoordinate low-spin heme in the active
The more exacting measure of active site reconstruction, site and the concomitant loss of peroxidase activag—
however, is the presence of not only peroxidase activity but 34). It is interesting to note that in our systdga.increases
catalase activity as well. Recent studies by our laboratory as pH decreases with an apparei pf 6.2. This would be
and others indicate that the catalase activity of the catalase consistent with the protonation of a histidine residue to
peroxidases exists due to a precarious balance of factorsdisfavor its coordination to the heme iron and thus achieve
Precisely ordered hydrogen-bonding networks are requiredactivation of Kat®. Indeed, the bishistidine coordinated
for catalase activity. These are either dependent upon (at leasheme of Cat-deficient manganese peroxidase (a class Il
in part) or act in concert with a novel covalent cross-link peroxidase) loses a histidine ligand with decreasing pH
between active site Trp 105, Tyr 226, and Met 2E2 ¢oli according to a i, of 5.7 (32).
KatG numbering). Many catalasperoxidase variants cre- In the class Il peroxidases (plant secretory peroxidases
ated by site-directed mutagenes8sg, 21-28) and deletion  such as horseradish peroxidase and peanut peroxidase), the
mutagenesis2) exhibit little or no catalase activity. Spec- BC loop and B helix are further stabilized by a disulfide
troscopic evaluation of these variants often indicates that only bond that straddles the calcium coordination s&8, (36).
rather subtle modifications of the heme environment have Thus, the loss of calcium by these enzymes produces a much

resulted from these modification®, @, 9, 21-26). Indeed,  |ess dramatic outcome. Less activity is lost, and a more subtle
the vast majority of these variants retain peroxidase activity alteration of the heme environment occug,(38). Indeed,
equal to or better than their wild-type counterpa@s§; 9, greater active site stability has been imparted to the class II

21-28). The substantial catalase activity observed from manganese peroxidase (MnP) by using site-directed mu-
KatG" upon incubation with KatEindicates that the separate tagenesis to introduce an analogous disulfide bond to that
C-terminal domain supports a very precise restructuring of observed in the class Ill enzyme39.
the active site environment. Among the class Il and class lll peroxidases, the shifts in
Visual inspection of the reported catalageeroxidase heme coordination environment and loss of activity are
structures, 10, 29) and comparison to the known behavior reversible upon the reintroduction of calcium. Likewise, we
of similar monofunctional peroxidases supports a connection demonstrate that the same consequences for structure and
between the presence or absence of the C-terminal domairactivity that are observed in catalageeroxidase upon
and the coordination state of the heme iron, particularly as removal of the C-terminal domain can be reversed by
it involves the distal histidine (His 106). Prominentra- reintroduction of the domain as a separately expressed and
subunit interactions are observed between tt@& Bop and isolated protein.
E' helix of the C-terminal domain and the BC loop of the The striking difference between these reactivation pro-
N-terminal domain (Figure 7). Substantigitersubunit cesses is the time course for active site restructuring.
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Reintroduction of calcium to the class Il and IIl peroxidases present a significant kinetic barrier to active site restructuring.
leads to rapid restoration of active site architecture and Indeed, precedent for such slow conformational changes of
peroxidase activity. For example, incubation of inactivated exactly this type has been observed in the substrate-induced
MnP with calcium restores activity within a matter of minutes interconversion of quaternary isoforms of human porpho-
(40). Conversely, active site restructuring in K&tGas bilinogen synthase. Rate constants for this interconversion
evident from shifts in heme coordination environmantd as measured by substrate-induced reactivation of the enzyme
catalytic activity, takes on the order of 24 h. This may be were on the order of 1.% 1072 min~! (reported as 1.05
partially accounted for by the fact that reactivation of Ka&tG  h™1) (43), very similar to what we have observed for K&G
was accomplished with a single equivalent of Kgt@hereas reactivation.
reactivation of MnP was carried out using over 30 equiv of  Whether measured spectroscopicatys0%) or by cata-
Ce" (40). Nevertheless, to a first approximation, K&G |ytic activity (~20%), active site restructuring by KaliGs
reactivation occurs at about one-tenth the rate o¥*Ca  not complete. It is possible that a fraction of the N-terminal
dependent MnP reactivation. domain is locked in a conformational state that is recalcitrant
This is suggestive of slow structural rearrangements thatto the actions of Kat& We suggest that this is reported by
may precede the spectroscopic and catalytic evidence ofthe fraction that remains in its hexacoordinate low-spin state
reactivation. One possible process is the establishment of(~509%). At the present time, we have not identified
the Trp-Tyr-Met covalent adduct unique to catalase conditions that address this population.

because establishment of the covalent adduct is peroxidespectroscopically responsive to K&@ependent restructur-
dependent and occurs via formation of compou(8, 26). ing, it either produces a less active conformation or produces

In our studies, no peroxide was added to induce activation, 3 ‘mixed population of active and inactive states. Two
and compound formation is not supported by the hexaco- possible explanations are currently under investigation in our

ordinate low-spin complex observed in K&tGhus, forma- |aporatory. One is that restructuring of Kat®y KatG®
tion of the adduct could not precede the reorganization of yroquces a proportion of active sites that, while spectroscopi-
the active site. cally similar to wild-type KatG, do not react correctly with

A .Eecond explanation is that structural perturbation of H,0, |ndeed, the fact that reaction with a low concentration
KatG" and/or KatG is required to establish a productive ot H,0, produces an appreciable change in EPR spectrum
conformation that allows for the subsequent restructuring of eyjigent a full hour after addition suggests that at least some

the active site. This would be consistent with the suggestion proportion of restructured KatGis compromised with
of Carpena et al. that the C-terminal domain serves as respect to catalytic consumption of the substrate.

platform to ensure the proper folding of the N-terminal
domain @2). Indeed, there are several points of contact .
between the two domains, including those mentioned above.
Although the precise sequence of events leading to active
site restructuring remains to be established, our data sugge
that large-scale unfolding and refolding of either domain at
the secondary structural level are unlikely. Our Kathd
KatG® have CD spectra that are consistent with what is
expected from the wild-type enzyme. The folded arrangement
of KatG is such that both active site histidines appear to
serve as axial ligands to the heme irdrl)( Importantly,
there are no changes observed in CD upon coincubation of
the separated domains. In any case, it is clear that KetG
able to induce whatever structural changes in the N-terminal
domain are necessary to restore its active conformation.
Interestingly, a rearrangement that involves shifts in
preexistent structural elements could account for the observe
data. All known catalaseperoxidase structures show an
intricate association between the first 30 amino acids of both

N-terminal domains. Each C-terminal domain also contrib- N-terminal domain to its bifunctionally active conformation
utes to this part of the dimer interfacé, (10, 29). It is y '

reasonable to suggest that, in the absence of the C-terminaEeag:xiti'ton t?)f thﬁ)ggz%/t:ge g;?&:}g&gerbpmxﬁgﬁ i#g'%u_e
domain, the first amino acids of the N-terminal domain adopt teprfninal dgmainpdirects the folding and ma)i/ntenance of this
an alternative conformation that does not allow for the correct uniauelv bifunctional active site 9

interaction across the dimer interface. It is anticipated that quely '

the switch out of such an alternative conformation could ACKNOWLEDGMENT

A second and potentially related possibility is that some
atGN structural elements outside the active site are not
arranged correctly by Kat&to yield full activity. Indeed,
we have produced a KatGrariant lacking the so-called LL2
Shterhelical insertiort. This modified Kat® has no catalytic
activity and forms a hexacoordinate low-spin complex just
like KatGN. Spectroscopically, the active site of this variant
is restored to a similar extent60%) by equimolar Kat&
However, unlike Kat®, the peroxidase activity of this KatG
variant is restored to a commensurate levebQ%) in
comparison to the intact KatG lacking the same inserion.
Interestingly, anintersubunit point of contact between the
domains occurs between the LL2 interhelical insertion of
one subunit and the C-terminal domain of a second subunit.
It is possible that Kat&does not fully or correctly address
dIhis structural feature in Kat

In conclusion, the essential nature of the C-terminal
domain to catalaseperoxidase structure and catalysis is
demonstrated by its ability to restore, at least in part, the

2 This interhelical insertion is known as large loop 2 (LL2);(it is We are indebted to Dr. Holly Ellis for helpful discussions.
also known as the FG insertion because it is located between the FWe thank Dr. Evert Duin for assistance with EPR. DNA
and G helices of the N-terminal domai?)( KatG lacking this  gequencing was carried out at the Davis Sequencing Facility
interhelical insertion has little or no catalase activity but retains - . . .
substantial peroxidase activitg)( by Eric Bowman, Carrie Stoltz, Michael Pollack, and Jaime

3Y. Li and D. C. Goodwin, unpublished observations. Lizarraga.
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