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ABSTRACT. A detailed resonance Raman and electronic absorption investigation has been carried out on
a series of novel distal and proximal variants of recombinant catalase-peroxidase from the cyanobacterium
SynechocystiBCC 6803. In particular, variants of the distal triad PAsp—Asn and the proximal triad
His—Asp—Trp have been studied in their ferric and ferrous states at various pH. The data suggest marked
differences in the structural role of the conserved residues and hydrogen-bond networks in KatG and
CCP, which might be connected to the different catalytic activity. In particular, in KatG the proximal
residues have a major role in the stability of the protein architecture because the disruption of the proximal
Trp—Asp hydrogen bond by mutation weakens heme binding to the protein. On the distal side, replacing
the hydrogen-acceptor carboxamide group of Asn153 by an aspartate carboxylate group or an aliphatic
residue alters or disrupts the hydrogen bond with the distal His. As a consequence, the basicity of His123
is altered. The effect of mutation on Asp152 is noteworthy. Replacement of the Asp152 with Ser makes
the architecture of the protein very similar to that of CCP. The Asp152 residue, which has been shown
to be important in the hydrogen peroxide oxidation reaction, is expected to be hydrogen bonded to the
nitrogen atom of 1le248 which is part of the KatG-specific insertion LL1, as in other KatGs. This insertion

is at one edge of the heme, and connects the distal side with the proximal helices E and F, the latter
carrying the proximal His ligand. We found that the distal A$ie hydrogen bond is important for the
stability of the heme architecture and its alteration changes markedly the proximahsfishydrogen-

bond interaction.

Catalase-peroxidases (Kat&Gaye present in prokaryotes virtually identical to the peroxidases belonging to class |
and fungi. They have a predominant catalase activity togetherperoxidases, such as cytochrom@eroxidase (CCP) and
with a substantial peroxidatic activity with broad specificity. ascorbate peroxidase (APX). In particular, the distal and the
On the basis of sequence similarity) (KatGs have been  proximal heme pocket contains the amino acid triad His, Arg,
recognized as part of class | of the peroxidase superfamily Trp, and His, Trp, Asp, respectively (Figure 1). However,

I (enzymes from plants, fungi, and bacteria). Moreover, in the vicinity of the active site of KatG novel covalent bonds
recently the 2.0 A crystal structure of KatG from the are formed among the side chains of three residues including
archaebacteriurilaloarcula marismortui2) and the 1.7 A the conserved distal Trp, which seem to anchor a KatG-
crystal structure of KatG fronBurkholderia pseudomallei  specific loop to the molecular surface and the substrate
(3) revealed that the heme pocket contains catalytic residueschannel acces£(4, 5). Moreover, inspection of the active
site of KatG fromHaloarcula marismortuishows an Asp
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1 Abbreviations: KatG, catalase-peroxidase; CCP, cytochreme ~CoOnserved in all KatGs, is not present in CCP or in APX. In
peroxidase; CCP(MI), cytochromeperoxidase expressed B coli particular, a Ser and an Ala residue replace the Asp residue

containing Met Lys—Thr at the N-terminus; APX, ascorbate peroxi-  of KatG in CCP and APX, respectively.
dase; HRPC, horseradish peroxidase isoenzyme C; WT, wild type; '

P151A, Prol51— Ala; D152N, Aspl52— Asn; D152S, Aspl52 We have shown recently that mutation of the distal
Ser; D152W, Asp152> Trp; N153A, Asn153— Ala; N153D, Asn153 residues His, Arg, or Trp in the recombinant catalase-
— Asp; W341F, Trp341— Phe; W341A, Trp341—~ Ala; D402E, peroxidase from the cyanobacteri@ynechocystiBCC 6803

Asp402— Glu; D402N, Asp402— Asn; H290Q, His296~ GIn; CT1, ; ; N
long wavelength ¥ 600 nm) porphyrin-to-metal charge-transfer band; not only affects selectively the functional activity of the

RR, resonance Raman: 5-c, five coordinate: 6-c, six-coordinate: HS, Protein 6, 7), butin common with class | peroxidases altgrs
high-spin; LS, low-spin. the heme Fe coordination state and perturbs the proximal
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Asn 153 complexes were prepared by diluting concentrated protein
Prol51 in 500 mM NaF buffered with 500 mM sodium citrate at
pH 6.4. The ferrous enzyme was obtained by adding a small
volume (2-5 uL) of fresh sodium dithionite solution (20
o/L Nax$,04:2H,0) to a deoxygenated protein solution.
Sample concentration was about 0-@06 mM for RR
spectroscopy and about 0:06.1 mM for UV-—visible
absorption. The RR spectra were obtained by excitation with
the 406.7 nm lines of a Krlaser (Coherent, Innova 302)
and with the 441.6 nm line of a HeCd laser (Kimmon
IK4121R—G). The backscattered light from a slowly rotating
NMR tube was collected and focused into a computer-
controlled double monochromator (Jobin-Yvon HG 2S)
equipped with a cooled photomultiplier (RCA C31034A) and
photon counting electronics. The RR spectra were calibrated
with indene and CGlas standards to an accuracyief cn?
for isolated bands. In the figures, the relative intensities of
the high-frequency RR bands are normalized oniffeand
(not shown in the figures). To minimize local heating of the
protein induced by the laser beam, the sample was cooled
to approximately 15C by a gentle flow of N gas passed

Ficure 1: Structural diagram of the heme pocket of KatG according

to the crystal structure of KatG frotdaloarcula marismortui(2). through liquid N.
(- - -), hydrogen-bonds inferred on the basis of distance criteria. Peak intensities and positions of the bands in the-180
Six observed distal water molecules are also shown. 300 cnt? frequency region of the RR spectra of ferrous

Fe—Im bond strength. Moreover, it was shown that mutation KatGs and mutants were determined by a curve-fitting

alters the stability of the heme architecture, and in contrast Prodram (Tables L arld 3).

to CCP or other plant peroxidases such as horseradish per- Electronic absorption spectra were recorded at room
oxidase (HRPC), the protein easily lost the heme prosthetic €MPerature (281 °C) with a Cary 5 spectrophotometer,
group when a negatively charged residue was placed in thePOth Prior to and after RR measurements to check if sample
distal cavity, as in the case of the H123E muta@)t On the degradation had occurred under the experimental conditions.
basis of the recently resolved X-ray structures, this instability RESULTS

could result from the repulsive effect induced by the vicinity

of the negative charge of the carboxylate group of Asp152  Mutation of the Proximal Triad HisAsp-Trp. We have
residue which is present only in KatGs. studied the resonance Raman (RR) and electronic absorption
Therefore, in the present work we have extended the studyspectra of the following mutants of KatG obtained by site-
to a series of novel mutants of the triad Pro, Asn, Asp on specific mutagenesis: Asp482 Asn, Glu (D402N, D402E)
the distal side of the heme pocket (namely, P151A, D152N, in which the Asp carboxylate group, which acts as hydrogen-
D152S, D152W, N153A, and N153D) and present a com- pond acceptor to the proximal His290 ligand of the heme
prehensive spectroscopic analysis that demonstrates the rolge, is replaced by either a carboxamide group of an Asn or
of these residues in maintaining the stability of KatG. 3 carboxylate group of a Glu residue; Trp3441Phe, Ala
Moreover, a detailed spectroscopic study of the effect of (w341F, W341A) in which the proximal Trp hydrogen
mutation of the proximal triad His, Asp, Trp (namely, W341F ponded to Asp402 is replaced by the non-hydrogen-bonding
and W341A, D402E and D402N, H290Q) has been carried aromatic residue Phe or aliphatic residue Ala; His290
out to establish possible interactions between the distal andGIn(H290Q) in which the proximal Fe atom ligand has been

proximal sides of the heme. converted to the polar GIn residue.
The mutation affects to different extents the coordination  Ferric Form. At neutral pH the UV-Vis spectrum of

and spin states of the native protein. The changes arepaiive KatG, with a Soret band at 407 nm, Q-bands at 502
explained in terms of pH-dependent changes, charge locationgng 542 nm and a CT1 band at 637 nm, is indicative of a
size, and hydrogen-bonding acceptor/donor properties of thefiye-coordinate (5-c) high-spin (HS) heme coexisting with
replacing amino acid. The data are compared with those of 5, aquo six-coordinate (6-c) HS hen®.(As previously
corresponding CCP variants (where available) and discussedenoried 9), only the W341F variant retains spectral features
in terms of the functional activity of the mutated proteins gjmilar to the wild type (WT) protein, giving rise to a
studied in parallel works-11). spectrum characteristic of a mixture of HS hemes (data not
MATERIALS AND METHODS shown). However, the blue-shift of the CT1 band to 628 nm
suggests the presence of a higher amount of an aquo 6-c HS
Mutagenesis, expression, and purification of KatG from species as compared to the WT protein. Moreover, weak
SynechocystiBCC 6803 have been described previouly (  bands in the 576590 nm region indicate the presence of a
9, 10). 6-c low-spin (LS) heme as previously reported for the
The following buffers were used: 100 mM sodium corresponding W321F mutant bfycobacterium tuberculosis
phosphate at pH 7.0, 100 mM KRO,/100 mM citric acid KatG (12). All the other variants give rise to spectra that
at pH 6.5, 100 mM TRIS HCl at pH 8.0 and 8.5. The fluoride are typical of a 6-c LS heme, with Soret band in the range
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Table 1. Spectral Parameters of the RR Bands of the Ferrous Forms of the WT KatG and the Various Mutants at pH 6.5 30 @ao0
Region Obtained by a Band-Fitting Program Using Lorentzian Line Shapes

v (Fe—Im)° v (Fe—Im) v (Fe—Im) v (Fe—Im)
KatG WT v(cm™?) 202 226 233 251 267 284
Av(cm™?) 16 17 19 19 19 16
| (%) 21 5 17 36 13 8
W341F v(cm) 205 226 233 253 267 284
Av (cm™?) 15 17 19 19 19 21
I (%) 18 1 12 33 22 14
D402E v(cm™) 202 213 226 233 239 251 265 284
AV (cm™Y) 19 19 17 19 19 19 19 16
| (%) 13 4 2 5 25 31 15 5
D152N v(cm?) 204 226 233 251 267 284
Av (cm™?) 19 17 19 19 19 19
| (%) 21 6 17 36 12 8
D152S v(cm™Y) 204 226 hidden 237 250 267 284
AV (cm™Y) 17 17 19 19 19 12
| (%) 25 8 20 34 9 4
D152w v(cm?) 205 226 hidden 237 254 270 284
Av (cm™?) 19 17 19 19 19 19
| (%) 15 10 12 43 11 9
N153A v (cm™) 201 226 233 237 251 267 284
Av (cmY) 19 17 19 19 19 19 19
I (%) 31 10 4 20 24 6 5
N153D v(cm™?) 204 226 233 251 271 284
Av (cm™Y) 19 17 19 19 19 19
I (%) 22 2 18 43 10 5
P151A v(cm) 204 226 233 252 270 284
Av (cmY) 19 17 19 19 19 19
I (%) 21 8 15 38 12 6

aFrequenciesy) and bandwidthsA7) are given in cmt. The band intensities (I) are in arbitrary units expressed a$ # bold are indicated
thev (Fe—Im) stretching mode frequency of wild-type KatG; in bold and italics are the frequencies of the bands which are changed as compared
to WT; the newv (Fe—Im) stretching mode not observed in wild-type KatG is underlined.

Table 2: ApparenK, andkca Values for the Catalase Activity of free heme (data n_Ot Shown?' Interestingly, .in th_e spectrum
Wild-Type and Variants of Catalase-Peroxidase freymechocystis of the D402E variant the vinyl stretches give rise to two

PCC 6803 strong bands at 1623 and 1634 dimcompared to the
catalase activity peroxidase activity corresponding bands of WT KatG at 1624 énfweak) and

Ko (MM) kea(S D) o-dianisidine (units mg?) 1629 cm? (strong) @). Similar spectral features are also
KalG (41+02) (3500% 350) 3.2+ 0.3) obse_rved _for the D402N iind W341A mutants. A direct
D152N  (2.5+0.1) (95+ 9) (7.5+ 0.4) relationship between thgC=C) vinyl stretching frequency
D152S  (2.4£0.2) (2004 25) (7.64 0.4) and the orientations of the vinyl groups, as induced by
Bigﬂ/ ((3% 8-% 2 é%%i ‘11)90) (Zéii 8-3 specific protein interaction, was established recently for the
W341F (6:3ﬁ: 0:2) (1460% 150) (6:1j: 0:4) superfamily of plant perox_|dase$3). In particular, it was
W341A (4.3+0.1) (16 4) (0.840.1) found that, when the protein matrix exerts no constraints on
H290Q  (15+0.1) (3x£1) (0.18+ 0.05) the vinyl groups, two distinct(C=C) stretching modes are
D402N  (6.4+0.3) (17+ 4) (1.840.2) observed in the RR spectrum as found in model compounds
D402E  (5.9+0.2) 21+ 4) (2.1+£0.2)

in solution (4). Therefore, an increase in frequency is
#Also given are specific peroxidase activities (units per mg protein). consistent with further reduced steric constraints in the near
Reaction conditions: 50 mM phosphate buffer, pH 7 and@@—11). proximity of the vinyl bond, resulting from a major archi-

412-418 nm, and Q-bands at about 57&B0 nm. In tecture read_Jl_Jstment. _
addition, a shoulder at 368 nm, which increases in the UPon addition of NaF at pH 6.4, only the W341F variant

order D402E, D402N, W341A, and H290Q, indicates the b_ou_nd fluoride completely, giving rise to a spectrum very
presence of free heme (data not shown). Accordingly, the Similar to that of the WT KatG-F complex (data not shown)
Reinheitszahl decreases in the same order (KatG, 0.57:(8), while the internal ligand bound to the heme iron giving
W341F, 06, D402E, 035, D402N, 033, W341A, 022, rise to the LS heme in the D402E mutant could not be
H290Q, 0.2) as previously reporte@)( Figure 2 compares  displaced by the fluoride.

the RR spectra of WT KatG with the W341F and D402E  Ferrous Form.The structural changes observed in the
variants. While the latter gives rise to a typical 6-c LS ferric forms are conserved upon reduction. At pH 6.5, the
spectrum ¢z at 1505 cm?, v, at 1582 cmt, andvio at 1639 UV —Vis spectra of the reduced proteins indicate that only
cm 1) the W341F variant shows an increased amount of the the W341F variant gives rise to a spectrum similar to the
6-c HS (/3 at 1484 cm?, v, at 1566 cmt) coexisting with WT protein, with the Soret band at 438 nm and Q-bands at
the 5-c HS form ¢s at 1495 cm?, v, at 1573 cmi?, andvyo 557 and 581 nm (data not shown). The spectrum corresponds
at 1631 cm?) compared to WT. The RR spectra of the other to a 5-c HS species. However, in common with the WT
variants are very similar to that of D402E, characterized by protein, the variant shows also a shoulder at 420 nm due to
core size marker bands of a LS heme and 5-c HS, due to thethe presence of a 6-c LS form probably due to the binding
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Table 3: Spectral Parameters of the RR Bands of the Ferrous Forms of KatG and the D152S and D152W Mutants in30@ @@t
Region at Different pH Obtained by a Band-Fitting Program Using Lorentzian Line Shapes

v (Fe—Im)P v (Fe—Im) v (Fe—Im)
KatG pH 6.5 v (cm?) 202 226 233 251 267 284
Av (cm™?) 16 17 19 19 19 16
| (%) 21 5 17 36 13 8
KatG pH 5.7 v(cm) 205 226 236 253 269 284
AV (e 17 17 19 19 19 19
I (%) 20 8 15 36 12 9
D152S pH 6.5 v (cm™?) 204 226 hidden 237 250 267 284
AV (cm™Y) 17 17 19 19 19 12
| (%) 25 8 20 34 9 4
D152S pH 8.0 v (cm™Y) 202 226 hidden 237 250 269 284
Av (cm™?) 19 17 19 19 19 12
I (%) 32 7 24 24 10 3
D152W pH 6.5 v (cm™) 205 226 hidden 237 254 270 284
AV (cm™Y) 19 17 19 19 19 19
| (%) 15 10 12 43 11 9
D152W pH 8.5 v(cm™) 203 226 hidden 237 252 269 284
Av (cm?) 19 17 19 19 19 19
I (%) 18 12 17 35 13 5

2 Frequenciesy) and bandwidthsAv) are given in cnm™. The band intensitied) are in arbitrary units expressed as %n bold are indicated
thev (Fe—Im) stretching mode frequency of wild-type KatG; in bold and italics are the frequencies of the bands which are changed as compared
to WT; the newv (Fe—Im) stretching mode not observed in wild-type KatG is underlined.

Fe* pH7 &
©
|

251

KatG 150 200 250 300 350 400 450

Raman Shift (cm™)
1450 1500 1550 1600 1650 Ficure 3: RR spectra in the low-frequency region of ferrous KatG
Raman Shift (cm™) and proximal mutants W341F and D402E at pH 6.5 obtained with

. . . . 441.6 nm excitation wavelength. Experimental conditions: 5%tm
FiIGURe 2: RR spectra in the high-frequency region of ferric KatG resolution: (KatG) 30 /0.5 gm collgction interval and 20 mwW

Zgg groximal _rtnl#_tants W3|41Ftﬁng D402E at Fl’H 7.8_tc_)btai.ne5(]jcwith laser power at the sample; (W341F) 35 s/0.5 toollection interval

resolution; (KatG) 16 §/0.5 o colloction interval and 15 mw/  21d 25 mW laser power at the sample; (D402E) 65 s/0.5cm
laser power at the sample; (W341F) 45 s/0.5 Eoollection interval collection interval and 25 mW laser power at the sample.
and 10 mW laser power at the sample; (D402E) 38 s/0.5'cm

collection interval and 10 mW laser power at the sample. character and results in both a strengthening of thelfe

bond and a higher frequency of the associated vibrational

of an internal ligand. In the D402E variant, the 6-c LS form mode, as compared to other heme proteins. Therefore, due
increases at the expense of the HS form; the LS speciesto its sensitivity to the Felm bond strength, the(Fe—Im)
becomes dominant in all the other variants. As previously stretching mode is a useful probe of either the hydrogen-
found for other KatG mutants], the 6-c LS form appears bond strength between the conserved proximal His (His290)
to be connected to the loss of the heme prosthetic group.and the Asp residue (Asp402), or the hydrogen bond between
The amount of LS, in fact, is very high in the W341A and the Asp residue (Asp402) and the nitrogen atom of the indole
H290Q variants, which show also a high amount of free group of the Trp341.
heme as indicated by a band at 385 nm. Figure 3 compares the low-frequency RR spectra of the

Upon excitation with the 441.6 nm line, the 5-c HS ferrous WT protein with the W341F and D402E variants. No infor-
heme is mainly enhanced in the RR spectrum. Therefore, mation could be obtained for the other variants because they
the low-frequency region gives information on the—m are all 6-¢c LS heme. At pH 6.5, two independe(fe—Im)
bond strength via the frequency of the-Hen stretching stretching modes were found in the WT enzyme at 251 and
mode, which is active only in the ferrous 5-c species. In 202 cm® (8). In the W341F variant, these bands upshift by
peroxidases, the hydrogen bond between thatm of the 2—3 cm?, indicating that the disruption of the hydrogen
imidazole fifth ligand and the oxygen atom of the Asp bond between the W341 and the D402 has strengthened the
carboxylate group gives the proximal ligand imidazolate Fe—Im bond. Moreover, the band at 267 chincreases in
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Ficure 4: Electronic absorption (A) and RR (B) spectra of ferric KatG and the distal mutants D152N, D152N, D152S, D152W, N153A,
and N153D at pH 7.0. (A) The region between 490 and 700 nm has been expanded 5-fold. (B) The RR spectra have been obtained with
441.6 nm excitation wavelength. Experimental conditions: 5'cresolution, 15 mW laser power at the sample; (KatG) 16 s/0.5'cm
collection interval; (D152N) 24 s/0.5 crhcollection interval; (D152S) 19 s/0.5 crhcollection interval; (D152W) 9 s/0.5 cm collection
interval; (N153A) 6 s/0.5 cmt collection interval; (N153D) 7 s/0.5 cm collection interval. The inset shows the electronic absorption (the
region between 490 and 700 nm has been expanded 6-fold) and RR spectra (413.1 nm excitation wavelength, 30 mW laser power at the
sample, 5 cm! resolution, 5 s/0.5 cnt collection interval) of ferric CCP(MI) at pH 7.0.

intensity. This latter band is assigned to an internal mode of  Ferric Form. The distal Pro residue is conserved in KatGs
the His ligand whose RR enhancement is attributed to and in all plant peroxidases but is not involved in the catalytic
vibrational coupling with the nearby Feédis modes 15). mechanism. Therefore, its alteration might provide informa-
The spectrum of the D402E variant appears of particular tion on the impact of this distal mutation on the architecture
interest, since new bands are clearly detected. Deconvolutionof the heme pocket. The similarity of the electronic and RR
of the spectra by curve-fitting (Table 1) revealed the presencespectra of the P151A mutant with those of the WT protein
of new bands at 213 and 239 ci which grow at the  (data not shown) indicates that this mutation does not alter
expense of the bands at 202 and 251"&nThe D402E  the heme pocket, in agreement with previous results showing
spectrum is, therefore, consistent with the presence of twothat this mutation had only minor effects on the bifunctional

different conformers each characterized by two—Fa activity of the enzyme (Table 2)L().
stretching modes, at 202 and 251 ¢pas the WT enzyme, . . .
and at 213 and 237 crth The effect of mutation on Aspl152 is noteworthy. While

Mutation of the Distal Triad Pro-Asp-AsiWe have the D152N and D_1528 variants were very _stable, the shoulder
studied the RR and electronic absorption spectra of the &t about 368 nm in the D152W mutant indicates the presence
following KatG variants obtained by site-specific mutagen- ©f Some free heme. The spectra of the three variants,
esis: Prol51— Ala (P151A), in which the cyclic five however, with an intense shoulder at 380 nm and the red-
membered ring of Pro is replaced by the aliphatic residue Shift of the CT1 band to 643 nm (D152N and D152S) and

Ala; Asp152— Trp and Asn (D152W, D152N) in which 641 nm (D152W) (Figure 4 A) indicate that the mutation of
the Asp carboxylate group, which acts as hydrogen-acceptorthe aspartic residue increases t_he 5-c HS form at the expense
with two distal water molecules, is replaced by a hydrogen- Of the aquo 6c species. In particular, the spectra of D152N
bond donor of either the indole group of a Trp residue or and D152S are very similar to CCPg 17). The RR spectra
the carboxamide group of an Asn residue. Moreover, the confirm these conclusions (Figure 4 B). The D152N and
Asp152 was replaced by a Ser residue (D152S) to mimic D152S mutants are mainly 5-c HS speciesat 1495 cm*,

the triad Pre-Ser—Asn present in CCP. Finally, we inves- vzat 1573 cm?, andvioat 1631 cm?), giving rise to spectra
tigated the mutations Asn153- Asp and Ala (N153D, that resemble very closely those of CCE6(17). The
N153A) in which the conserved carboxamide group, which D152W variant is characterized by the presence of free heme
acts as a hydrogen acceptor with the distal His, is replacedand a 6-c LS species. The bulky indole ring seems to
by an Asp carboxylate group or an aliphatic residue Ala. destabilize the protein.
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Raman Shift (cm™)
Ficure 5: RR spectra in the low-frequency region of ferrous KatG
and distal mutants P151A, D152N, N153D, and N153A at pH 6.5
obtained with 441.6 nm excitation wavelength. Experimental
conditions: 5 cm? resolution, 20 mW (KatG) and 22 mW (distal
mutants) laser power at the sample; (KatG) 30 s/0.5'arllection
interval; (P151A) 6 s/0.5 cni collection interval; (D152N) 14 s/0.5
cm* collection interval; (N153D) 11 s/0.5 crhcollection interval;
(N153A) 18 s/0.5 cm! collection interval.
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Exchange of the distal Asn153 with Ala or Asp has an
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as compared to the WT KatG (data not shown). They are
typical of mainly 5-c HS ferrous hemes, with bands at 439,
557, and 587 nm. On the contrary, unlike the ferric form
which has very similar behavior compared to the WT protein,
the ferrous form of the P151A mutant is clearly characterized
by an increased amount of LS heme (shoulders at 423 and
531 nm). The same conclusion can be drawn for the N153D
variant which shows also a band at 385 nm due to the
presence of free heme. The corresponding RR spectra of
these distal mutants in the high frequency region are also
very similar, characteristic of a 5-c HS heme with an
increased contribution of the 6-c LS heme for the P151A
and N153D mutants (data not shown). In the low frequency
region, no significant changes are observed in the spectra of
the P151A, D152N, and N153D variants (Figure 5 and Table
1) (only a slight shift by +2 cmtis observed for the(Fe—

Im) stretching mode at lower frequency), indicating that these
distal mutations do not significantly affect the protein
structure on the proximal side of the heme. On the contrary,
the N153A, D152S, and D152W mutations significantly alter
the frequency and/or the intensity of th@-e—Im) stretching
modes (Figures 5 and 6). In particular, visual inspection
(Figure 5) and deconvolution of the spectrum by curve-fitting
(Table 1) revealed that the N153A spectrum is characterized

opposite effect with respect that observed for the Asp152 by the presence of a new band at 237-&mwhich is
mutation (Figure 4). Replacing the Asn residue by Ala causes overlapped with the porphyrin mode at 233 Timand an

an increase of the 6-c HS heme at 1484 cm?, v, at 1563

increase in intensity of the band at 201 @dmSince the

cm™Y), whereas in the N153D variant an increase of 6-c LS hydrogen bond between the; Mf the imidazole ligand of

heme is observed/{ at 1505 cm?, v, at 1587 cm?, and
v10 at 1639 cm?). In addition, the shoulder at 368 nm in

the proximal His290 and the oxygen atom of the Asp402
makes the frequency of th€Fe—Im) stretching mode pH-

the electronic absorption spectrum clearly indicates the dependent, we tried to confirm the presence of a new Fe
presence of free heme. No change in the frequency of thelm stretch at 237 crt by changing the pH of the solution.
vinyl stretching modes is observed for the variants of the However, at pH 8.0 the variant was completely converted

Pro—Asp—Asn triad.

The binding of fluoride appears to be affected by mutation.

Upon addition of fluoride to the variants an amount of

to LS and at pH 5.7 the protein was not stable and
precipitated. At pH 6.5, the D152S variant shows also the
presence of a new band at 237 dnwhich increases in

unbound protein higher than that of the native protein was intensity at alkaline pH with a concomitant decrease of the

observed. The effect was markedly evident in the-tXis
spectra of the N153A variant (data not shown).
Ferrous Form.No changes are observed in the YVis

intensity of the band at 250 crh Upon changing the pH,
the band observed at 204 chshifts down by 2 cm! and
also increases in intensity (Figure 6 and Table 3). A similar

spectra of the D152N, D152S, D152W, and N153A variants result is also obtained for the D152W variant: at pH 8.5 a

D152S

r T T T
150 200 250 300

D152W

6.5

I
150

I ) I
200 250 300

Raman Shift (cm™)

Ficure 6: RR spectra in the low-frequency region (35825 cnr?) of ferrous distal mutants D152S and D152W obtained with 441.6 nm
excitation wavelength. Experimental conditions: 5émesolution; (D152S) at pH 6.5 21 s/0.5 chrollection interval and 22 mW laser
power at the sample; at pH 8.0 50 s/0.5@maollection interval, 20 mW laser power at the sample; (D152W) at pH 6.5 31 s/0:5 cm
collection interval 22 mW laser power at the sample; at pH 8.5 25 s/0-8 collection interval 18 mW laser power at the sample.
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new weak band is observed at 237 émMoreover, both
thev(Fe—Im) stretching modes observed in the WT protein
at 202 and 251 cnt are upshifted by 3 cnt at pH 6.5 and
appear to be pH sensitive (Figure 6 and Table 3).

DISCUSSION

Mutation of the Proximal Triad HisAsp—Trp. Central
to the peroxidase mechanism are the invariant distal side
residues, His123 and Arg119 (KatG numbering), which work
in concert to stabilize the charge separation required in the
heterolytic fission of the peroxide-©0 bond. Less clear is
the precise role of the proximal ligand and the hydrogen-
bond network involving the His, Asp, and Trp residues. In
plant, fungal, and bacterial peroxidases as well as in KatG
a hydrogen bond between thg Btom of the proximal His

Santoni et al.

spectroscopic and kinetic characteristics of the WT KatG.
The overall catalase activity was slightly decreased, whereas
the peroxidase activity was enhanced (TableR)This latter
effect is in marked contrast with the results obtained for the
corresponding CCP variant (W191F). It maintains the crystal
structure, coordination, and spin states essentially unchanged
compared to the WT proteirl§, 21), but is almost inactive
(22). Since in CCP the proximal Trp is the site of the free
radical formation in compound B@), the Trp— Phe variant

is inactive as the electron-transfer pathway from ferro-
cytochromec is broken. On the contrary, in KatG the
intermediate compound | has been assigned to an oxyferryl
iron porphyrinsr cation radical as for APX and all the other
known peroxidase®{11, 24—26). Interestingly, the electro-
static environment in the vicinity of the proximal His, Asp,
and Trp residues does not resemble that of APX, but it is

and the oxygen atom of the Asp side chain gives the proximal gjmijar to that of CCP2). A potassium ion near the Trp at
ligand an imidazolate character; moreover, the other 0xygenne nroximal side of the heme in APX, considered essential
atom of the Asp side chain is hydrogen bonded with the N ¢4 the formation of the porphyrinz cation radical, is

atom of the indole group of a Trp residue. replaced by a water molecule in both CCP ataloarcula
Site-directed mutagenesis on the proximal side of CCP marismortuiKatG (2). In addition, superimposition of the
showed that the function of the proximal residues may be N-terminal segment of botHaloarcula marismortu{2) and
regulation of the iron redox potential, stabilizing the ferryl Burkholderia pseudomallgid) onto CCP revealed a great
intermediate of compound I, assisting in cleavage of the conservation of the structures. However, the disruption of
peroxide O-O bond, and/or simply helping to hold the heme the hydrogen bond between the N atom of the indole ring
in place 6, 18, 19). Unlike CCP, altering the proximal side  of the Trp residue and the carboxylate oxygen atom of the
of KatG dramatically alters its activitydf and the stability ~ Asp residue in the KatG W341F variant strengthens the Fe
of the heme architecture and weakens the heme binding. Tham bond. This effect has been previously observed only in
present results give further evidence that mutation of the the corresponding W191G and W191Q CCP variants (un-
proximal residues alters the hydrogen-bond network con- published results), where the cavity created by the missing
necting the proximal and the distal side of the heme pocket. Trp side chain is occupied by a catiatg|. The effects were
These effects, however, depend not only on the type of not observed for the W191F CCP variaf6). We attribute
residue that is mutated and/or the hydrogen bond that isthe strengthening of the Fém stretches to the strengthening
altered, but also on the size and the charge of the residueof the His—Asp interaction. This might derive from the
replacing the native amino acid. The most dramatic effect is reduction of steric constraints imposed on the proximal His
observed for the conversion of the proximal His ligand to residue by the hydrogen bond between the N atom of the
GIn(H290Q). This mutation gives rise to an almost com- indole ring of the Trp residue and the oxygen atom of the
pletely inactive protein) (Table 2), corresponding to an  Asp residue, which is in turn hydrogen bonded to the N
almost complete conversion to a LS heme which coexists atom of the imidazole of the His ligand. A similar result has
with a high amount of free heme. Conversely, the corre- peen obtained for the corresponding F221M variant of HRPC
sponding mutation in CCP (H175Q2@, which gives rise  (27). In that case, the reduction of the steric constraints
to a 6-c HS heme, does not affect the protein activity, and imposed on the proximal His residue was interpreted as due
results in very little change in the structure outside of the to the loss of ther — z* interaction between the aromatic
immediate vicinity of the mutation. rings of His170 and Phe221. Inspection of the structure of
Replacing the Trp side chain with the aliphatic Ala KatG fromHaloarcula marismortushows that the proximal
(W341A) in KatG resulted in the binding of an internal ligand His and Trp are stacked almost parallel in KatG. However,
to the iron atom on the distal side of the heme cavity giving considering that replacing the aromatic ring of Trp by the
rise to 6-c LS heme with the concomitant appearance of free small aliphatic Ala side chain strongly destabilizes the entire
heme. The mutation of the corresponding Trp residue protein, the effect observed for the W341F variant is more
(Trp191) in CCP by either aromatic amino acids (such as likely due to disruption of the TrpAsp hydrogen bond,
Phe or Tyr) or aliphatic residues (Gly or GIn) does not whereas the combined effect of the disruption of the—Trp
perturb protein stability. The crystal structures of the W191G Asp hydrogen bond and alteration of thie— z* interaction
or W191Q CCP variants revealed a monovalent cation between the His and the aromatic ring in the W341A variant
binding site in the cavity formerly occupied by the side chain destabilizes the protein architecture.
of Trp191 @9) which influences the affinity for hydroxide A dramatic effect on the overall structure of KatG is also
binding to the heme iron (unpublished results) and is observed upon mutation of the proximal Asp402 residue.
accompanied by a significant conformational change in the While the Asp-Asn mutation gave rise to an almost
loop containing Trp191. Thus, loss of the TrptAsp235 complete 6-c LS heme and an increased amount of the free
interaction in CCP allows the protein some flexibility. heme, maintaining a carboxylate group in the proximal region
However, the extent of the mutation induced flexibility is with the Asp—-Glu mutation partially preserved the hydrogen-
greater in KatG where the Trp34KAsp402 interaction is  bond interaction with the Natom of the proximal His. As
lost. Only the W341F variant maintains almost all the a consequence, the heme binding was only partially disrupted
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and, therefore, the protein maintained its native HS characterthe hydrogen bond between thg proton of the distal His
to some extent. Moreover, in the region of the—fhm and the Asn. Spectroscopic studies of CCP have provided
stretches, in addition to the two Fé&m stretches typical of  evidence that the distal His functions as a hydrogen-bond
the WT, two newv(Fe—Im) stretching modes due to the partner to heme-ligated CI8Q, 31) and heme-ligated F3p).
replacement of the AspHis hydrogen bond by the Glu In the latter case, the distal His is hydrogen bonded to a
His hydrogen bond are observed. This result is in marked water molecule which is in turn strongly interacting with
contrast with CCP 18). In fact, unlike the D402E KatG the fluoride B3). The binding constants of fluoride and
variant, the replacement of Asp235 with Glu, Asn, or Ala cyanide were decreased in the CCP variants where the distal
in CCP appears to result in a significantly weaker hydrogen Asn was mutated and the Hig\sn hydrogen bond was
bond in which the proton resides essentially on His175 broken or altered31, 32, 34. In KatG, the binding of
[v(Fe—Im) stretching mode at 205 crH. The X-ray structure cyanide (0) and fluoride also decreases in the corresponding
showed that the replacement of Asp235 by Glu introduces mutants suggesting that the distal Addis hydrogen bond
only very little perturbation at the enzyme active site with renders the distal His basic as in CCP. However, the overall
only minor changes in the geometry of its carboxylate peroxidase activity is similar to WT KatGL(), but 1 order
interactions with both Trp191 and His175. No changes were of magnitude reduction in catalase activity was observed
evident at the Trp191 free radical site. Therefore, the small upon mutation of the Asn153 residue (Table 2). Unfortu-
changes in the hydrogen-bond geometry have apparentlynately, for CCP the effect of disruption of the Hifsn
important effects increasing the reduction potential by 70 couple on its peroxidase activity has not been reported.
mV, altering the anisotropy of the Trp191 free radical EPR, However, data on the corresponding Asn70Val and Asn70Asp
affecting the activity and the spin-state equilibrium, and variants of HRPC showed that the rates of compound |
reducing the strength of the iron ligand field as measured formation were reduced by about 10% with respect to the
by the zero-field splitting. The effect of exchanging of the native enzyme35—37). Moreover, a RR study on these latter
proximal Asp 235 by Asn or Ala are even more dramatic variants showed that mutation alters the coordination state
causing alteration of the coordination state, redox potential giving rise to a 6-c HS heme in both variants, destroys the
(increased by 110 mV), electronic structure, and function of hydrogen bond between the distal His and the bound CN,
the enzyme. Therefore, the Asp-to-Glu mutation in CCP and affects the FeHis bond on the proximal sid&®). These
introduced very little perturbation in the structure, and the spectroscopic data are in perfect agreement with the present
protein retained about 40% of the WT activitggj; the findings since in both Asn KatG variants a higher amount
exchange of Asp by Asn altered markedly the electronic of a 6-aquo HS heme is found. It appears that the decreased
structure and the function of the proteitf]. In the case of  basicity of the distal His, prevents its binding with the distal
KatG, both D402E and D402N variants showed drastically water molecule which, therefore, binds to the heme iron.
reduced catalase activity, whereas the peroxidase activity was Upon mutation of the distal Asn153 residue selective
much less affected (Table 29)( marked effects on the proximal side are also observed. In
Mutation of the Distal Triad Pre-Asp—Asn.The spectral common with HRPC, the rupture of the hydrogen bond
data of the ferric form indicate that mutation of these distal between Asn153 and His123 in the N153A variant relaxes
residues does not significantly alter the interaction between the protein structure and weakens the hydrogen bond between
the heme and the protein. The only exception is representedhe proximal His290 and Asp402 residues, whereas the
by the N153D variant, which shows the presence of a substitution of Asn by Asp does not give rise to any
significant amount of free heme in both its ferric and ferrous significant change in the proximal side of the heme pocket.
forms with the concomitant increase of a 6-c LS species. In regard to the Asp152 residue, recent data have shown
As previously observed for the distal Arg119 and His123 that the Aspl52 variants exhibit a dramatically reduced
variants 8), a negatively charged residue in the distal cavity catalase activity but an increased peroxidase activity indicat-
destabilizes the heme pocket, probably as a consequence dihg that the distal Asp has an essential role in the bifunctional
the vicinity of the negatively charged Asp152 residue which activity of KatGs (Table 2) 10). The present data clearly
is present only in KatGs. reveal that replacement of the Asp with Ser makes the
Although the Asn153 residue is not directly located in the architecture of the protein very similar to that of CCP. The
active site, it is able to exert an influence through a hydrogen disappearance of the negative charge in the proximity of the
bond with the distal His. Replacing the hydrogen-acceptor distal cavity results in the rupture of the hydrogen bonds
carboxamide group by an aspartate carboxylate group or anwith the two water molecules of the distal cavity which
aliphatic residue alters or breaks this hydrogen bond. As aprobably leave the cavity. As a consequence, a readjustment
consequence, the basicity of His123 is altered. It is well- of the remaining distal water molecules which form an
known that the distal His controls ligand binding in heme extended hydrogen-bond network connecting the distal Trp,
proteins and it is important in fine-tuning ligand affinities His, Arg and Asp can be expected. The result is a 5-c HS
via hydrogen-bond stabilization involving the Nroton. In heme with a vacant sixth coordination position of the heme
peroxidases, it has been propos@8)(that the distal His iron, as in CCP, which also might enhance the peroxidase
acts as a hydrogen-bond partner in the catalytic cycle, actingactivity. Moreover, D152 mutation affects th&pof the
as a hydrogen-bond acceptor for the proton from hydrogen alkaline transition of the reduced protein as well as the Fe
peroxide as the latter binds the heme iron. The acid/baselm bond on the proximal side. Interestingly, in the D152S
catalytic function of the distal His in peroxidases is due to variant the behavior and the frequencies of the-ke
the presence of the positively charged guanidinium group stretches resemble very closely those of CCP, where the two
of the distal Arg in the proximity of the His, which in CCP  bands at 247 and 233 crharise from two tautomers of the
depresses itsiy to values between 4 and 29) and/or to hydrogen-bond between the proximal His and an aspartic
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carboxylate side chairlg). The RR spectra of the ferrous electrostatic environment of KatG is very similar to that of
D152S mutant clearly show that thg1.50 intensity ratio CCP. However, the existence of a porphyrin cation radical
between the two bands increases going from lower to higherhas been observed for KatG#0-43) and mutation of the
pH. Therefore, in analogy to CCP, these two bands are proximal Trp does not lead to an alteration of compound |
assigned to two tautomers of the hydrogen bond between(12, 43). Moreover, recently performed multifrequency EPR
the His290 and Asp402 carboxylate side chain. In one spectroscopy in combination with isotopic labeling revealed
tautomer (237 cm'), the proton is closer to the imidazole, the formation of tyrosyl and tryptophanyl radicals in
while in the other, the proton is almost transferred to the Synechocysti&atG during reaction of the resting enzyme
carboxylate group. At alkaline pH, the 237 chincreases  with peracetic acid and suggested the tryptophan radical to
in intensity at the expense of the 250 dnsince the hydrogen  be Trp106, a residue not present in the proximal sith. (
bond is weakened. The band at 205 énon the other hand,  All these results indicate that the mechanism governing the
corresponds to a species whose proton resides on themigration of the radical is different from CCP and that, unlike
imidazole as in the native KatG. Its intensity enhancement CCP, the disruption of the TrpAsp hydrogen bond by
at alkaline pH (not observed in the WT protein) confirms mutation destabilizes the protein and weakens the heme
that the proximal hydrogen bond is weakened. On the binding to the protein, indicating that the proximal residues
contrary, the mutation of the Asp152 to Asn does not alter play a major role in the stability of the protein architecture.
the proximal Fe-lm bond, the ferrous RR spectrum being Moreover, the different behavior observed for the D402E
almost identical to that of WT. By inspection of the X-ray protein with respect to the D402N variant and WT also
structure ofHaloarcula marismortui(2), we found that suggests that, unlike CCP, in KatG the H&sp hydrogen
oxygen atom (O1) of the carboxylate groups of the corre- bond helps to maintain protein stability. In fact, upon
sponding Asp125 (Aspl52 iBynechocystiKatG) residue disruption of this hydrogen bond the protein loses the heme,
is hydrogen bonded to the nitrogen atom of le217 (2.7 A) but when the hydrogen bond is partially conserved, as in
(lle248 in SynechocystiKatG), which is part of the KatG-  the case of the D402E variant, the protein maintains some
specific insertion LL1 (residues 18232, Haloarcula characteristics of KatG.
numbering). This insertion is at one edge of the heme, and Distal Side.The His—Asn hydrogen bond maintains the
connects the distal side with the proximal helices E and F, basicity of the distal His, which is important for compound
the latter carrying the proximal His ligand. Since this loop | formation (i.e., hydrogen peroxide reduction) and for the
is conserved in KatGs, it is not surprising that alteration of stabilization via hydrogen bond of the external ligands as
the Asp-lle hydrogen bond is capable of severely altering well as the internal water molecule bound to the heme iron.
the proximal His-Asp interaction. The present results This role appears to be in common not only with class |
suggest that, unlike the D152S variant, in the D152N variant peroxidases but with all the plant peroxidases. What is really
the Asp-lle hydrogen bond is not changed and the protein a peculiar feature of KatG is the presence of a distal Asp
maintains the proximal characteristics of the native protein. residue which is not conserved in plant peroxidases. The
The D152W variant is characterized by three—fa present results clearly indicate that in the absence of its
stretches: a very weak band at 237 ¢énobserved mainly  carboxylate group hydrogen bonded to two water molecules
at pH 8.5, and two bands that correspond to those observedf the heme distal pocket, the iron atom sixth coordination
in the WT protein. It is interesting that the mutation has position becomes almost completely vacant. Moreover, the
slightly strengthened the proximal hydrogen bond, becauseAsp152 residue represents an important link connecting the
the two latter Fe-Im stretches are at higher frequency than proximal and the distal sides of the heme cavity in addition
those of WT KatG. The Trp residue is capable of a hydrogen- to the conserved hydrogen-bonded networks identified in
bond interaction via the nitrogen atom of the indole ring as many plant peroxidases by both crystal structures and
in WT KatG and the D152N variant; however, the steric spectroscopic technique§, 44). This connection involves
hindrance of the indole ring requires readjustments of the the distal His123, Asn153, and Asp152 residues and the LL1
architecture of the LL1 loop. A displacement of the loop loop. The data on the different Asp variants revealed that
might give rise to the spectroscopic changes observed onsubstitution with Ser makes KatG structurally similar to CCP.
the Fe-Im strength. Conversely, it is necessary to maintain the hydrogen bond
Hydrogen-Bond Network§.he present analysis suggests with the lle residue, as in the case of the Asp/Asn mutation,
marked differences in the structural role of the conserved to keep the Felm bond strength of the WT KatG. These
residues and hydrogen-bond networks in KatG and CCPresults give a clear indication that the Asite hydrogen
which might be connected with their different catalytic bond is important for the stability of the heme architecture,
activity. and for maintaining the proximal hydrogen-bond strength.
Proximal Side Why does manipulation of the TrpAsp It is worth noting that 11e217 (lle248 iBynechocystiKatG)
interaction in CCP not affect the protein to the same extent is adjacent to Tyr218 (Tyr249 iBynechocystiKatG), which
as for KatG? The catalytic activity of both proteins depends is part of the novel KatG specific covalent adduct (that
on the integrity of proximal side residues. In fact, in CCP includes also a conserved Met and the distal Trp), and that
the Trp191 side chain resides in & Kinding site, created  both residues are part of LL1. However, recent results have
by partial negative charges, that envelopes its side chain andshown that while mutation of the Tyr218 residue weakens
is probably necessary to stabilize the Trp191 radical. In CCP, the heme binding, it does not cause changes to the hydrogen
upon mutation of the proximal Trp, cations bind in the cavity bonds of the proximal sidetb).
created when Trp191 is replaced by Gly or GIn, stabilizing, In conclusion, the presented data suggest marked differ-
therefore, the protein architecture. The comparison of the ences in the hydrogen-bond networks in KatG and CCP.
structure of KatGs3, 3) and CCP 89) suggests that the Table 2 clearly demonstrates that manipulation of residues



Catalase-Peroxidase and Cytochroorieeroxidase

involved in the hydrogen-bond network in KatG mainly
affects the catalase but not the peroxidase activity. This
suggests, assuming that the initial reaction in both cycles is
identical (i.e., compound | formation), that oxidation of the
second incoming kD, molecule (compound | reduction)
makes high demands on the protein integrity. From a
thermodynamic point of view each peroxidase compound |
should be able to oxidize 4, to molecular oxygenH'®
(O/H0,) = 280 mV], nevertheless the catalase activity of
peroxidases (exception KatG) can be neglected. But how 1
does a catalase-peroxidase resolve the dilemma of selecting

12

the second small neutral and polar hydrogen peroxide to bind 14.

and oxidize it efficiently? Inspection of the structures of
monofunctional catalased®) and catalase-peroxidase (

3) clearly indicates that (i) the heme is buried deeply inside

the protein and the narrow substrate access channel to a1s
maximum of 3-4 A effectively allows only water, hydrogen
peroxide, or other small molecules to reach the heme center;
(ii) the presence of a well-defined extensive hydrogen-bond

network selectively guides the binding of the second peroxide 16.

molecule. It has been shown for monofunctional catalases
that variants that widen the substrate channel possess lower
catalase activity46). Although in these studies no distinction
was made between the®; reduction and oxidation reaction,

it is reasonable to assume that also in monofunctional
catalases disruption of the ordered hydrogen-bond network ;4
at the distal side strongly influences the oxidation @O

but not its reduction. Further experiments, including reso-
nance Raman spectroscopy of compound | of recombinant
KatG and selected mutants, are necessary to understand the
catalase activity of these enzymes.

20.
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