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Abstract Distal side tryptophan and tyrosine have been shown
to be essential in the catalase but not the peroxidase activity of
bifunctional catalase—peroxidases (KatGs). Recently published
crystal structures suggest that both residues could be part of a
novel adduct including in addition a conserved methionine. A
mass spectrometric analysis of the tryptic peptides from re-
combinant wild-type Synechocystis KatG and the variants
Trp122Phe, Tyr249Phe and Met275Ile confirms that this novel
adduct really exists in solution and thus may be common to all
KatGs. Exchange of either Trp122 or Tyr249 prevents cross-
linking, whereas exchange of Met275 still allowed bond forma-
tion between Trp122 and Tyr249. It is proposed that the cova-
lent bond between Trp and Tyr may form before that between
Tyr and Met. The findings are discussed with respect to the
mechanism of cross-linking and its role in KatG catalysis.

© 2003 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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1. Introduction

On the basis of sequence similarities with fungal cyto-
chrome ¢ peroxidase (CCP) and plant ascorbate peroxidases
(APXs), catalase—peroxidases (KatGs) have been shown to be
members of class I of the superfamily of plant, fungal, and
bacterial heme peroxidases [1]. KatGs are found in archaebac-
teria, eubacteria and fungi and are homomultimeric proteins
with monomers approximately double in size compared with
those of CCP or APXs, a phenomenon ascribed to gene du-
plication [2]. From both CCP and APX the crystal structures
have been solved [3,4]. Recently, the 2.0 A crystal structure of
the KatG from the archaebacterium Haloarcula marismortui
(HmKatG) [5] and the 1.7 A crystal structure of the KatG
from Burkholderia pseudomallei (BpKatG) have also been
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published [6]. Comparison of these structures clearly showed
that in class I peroxidases both the conserved proximal triad
His, Asp and Trp and the conserved distal triad Trp, Arg and
His have very similar coordinates (Fig. 1). Despite this ho-
mology, class I peroxidases differ dramatically in their reac-
tivities towards hydrogen peroxide and one-electron donors as
well as in the electronic and spectral features of their redox
intermediates [7-9]. KatGs have a predominant catalase activ-
ity but differ from monofunctional catalases in also exhibiting
a substantial peroxidatic activity with broad specificity. On
the contrary, substantial catalase activity has never been re-
ported for either CCP or APX.

A structural peculiarity of KatGs is a proposed covalent
link between three conserved distal side amino acids (Fig.
1). These novel bonds, indicated by continuous electron den-
sity [5,6] apparently link the side chain of the distal Trp
(found in all class I peroxidases) with that of a tyrosine, which
is found in all so far sequenced KatGs but neither in CCP nor
in APXs. Finally, this tyrosine could be linked with the side
chain of a methionine found in KatGs and also in APXs but
not in CCP. In detail, bonds between C® of Tyr218
(HmKatG numbering) and C" of distal Trp95 as well as
between C& of Tyr218 and S® of Met244 were suggested
(Fig. 1) [5,6]. The distances between the covalently bonded
atoms Tyr C¢! to Trp C" are 1.68 A (HmKatG) and 1.69
A (BpKatG), and between Tyr C> and Met S% are 1.72 A
(HmKatG) and 1.78 A (BpKatG), respectively (Fig. 1B).
These bond lengths are somewhat long in comparison to
most covalent bonds and so far it has not been demonstrated
by mass spectrometric analysis that these covalent links really
exist. In case of HmKatG the authors definitely state they
were unable to positively prove the existence of these covalent
bonds in the enzyme in solution [5]. The corresponding resi-
dues in Synechocystis KatG are Trpl122, Tyr249 and Met275.

However, in order to understand the structure—function re-
lationships of the bifunctional KatGs it is very important to
clarify this issue. This is underlined by the following facts: (i)
exchange of the Trp122 in Synechocystis KatG led to the total
loss of the catalase activity but to an increased peroxidase
activity [10,11], (ii) the Synechocystis KatG Tyr249Phe variant
also lost its catalase activity but retained its peroxidase activ-
ity and, interestingly, for the first time showed a clear tran-
sition of compound I to an oxoferryl-type compound II
(which was never observed so far with wild-type KatGs or
other variants) [9], and (iii) the proposed covalent bonds
seem to fix two KatG-specific long loops on the surface of
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the enzyme that cover the substrate access channel to the
active site [5].

Here, we report a mass spectrometric analysis of the tryptic
peptides from recombinant wild-type Synechocystis KatG and
the variants Trp122Phe, Tyr249Phe and Met275Ile. The pep-
tide mass mapping unequivocally demonstrates that these
novel adducts really exist in Synechocystis wild-type KatG
in solution and thus may be common to all KatGs. By con-
trast it was not found in the three variants, whereas the pep-
tide pattern of the Met2751le variant indicated the existence of
a link between Trpl22 and Tyr249. Fascinating questions
about the role of these adducts and the mechanism of their
formation can be raised.

2. Materials and methods

2.1. Materials

Standard chemicals and biochemicals were obtained from Sigma
Chemical Co. at the highest grade available. Expression, purification
of KatGs from Synechocystis and spectrophotometric characterization
of wild-type and mutant proteins were described previously [11,12].

2.2. Mutagenesis

Oligonucleotide site-directed mutagenesis was performed using
polymerase chain reaction (PCR)-mediated introduction of silent mu-
tations as described [12]. A pET-3a expression vector, that contained
the cloned KatG gene from the cyanobacterium Synechocystis PCC
6803 was used as the template for PCR. The variant Met275Ile was
produced as follows: At first unique restriction sites were selected
flanking the region to be mutated. The flanking primers were 5'-AAT-
GATCAGGTACCGGCCAGTAAAG-3' containing a Kpnl restric-
tion site and 5'-AGTCAGCTATTCGAACG-3’ containing a Spel
restriction site. The following mutant primer with the desired muta-
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tion and a silent mutation introducing a restriction site (Paul) were
constructed (point mutations italicized and restriction sites under-
lined): 5'-TGGCGATGCGCGCAAAGGTAGTG-3" and 5'-CTAC-
CTTTGCGCGCATCGCCATGAATGAC-3' changed Met275 to Ile.
The fragment defined by the Kpnl and Spel restriction sites was re-
placed by the new construct containing the point mutation. The con-
struct was sequenced to verify DNA changes using thermal cycle
sequencing.

2.3. Carboxymethylation and tryptic digestion

The purified recombinant proteins were dried in a vacuum centri-
fuge. About 1 mg was dissolved in 200 ul 0.5 M Tris—HCI, pH 8.5,
containing guanidinium chloride (7 M) and EDTA (10 mM). After
reduction by 3 mM dithiothreitol for 2 h at room temperature, iodo-
acetamide was added to a final concentration of 7 mM. The reaction
mixture was incubated for 1 h in the dark and at room temperature.
After overnight dialysis against 10 mM NH4HCO;, pH 8.0, 2 pg
TPCK-trypsin (Sigma Chemical Co.) was added to the protein solu-
tion for overnight digestion at 37°C. Finally, the incubation mixture
was adjusted to pH 2.0 by addition of HCI (6 M) and centrifuged. The
clear supernatant was recovered and its pH adjusted to pH 8.0 by
ammonia. Before analysis by liquid chromatography-mass spectrom-
etry (LC-MS) it was diluted 1:1 with double distilled water.

2.4. Mass spectrometry

Molecular masses were determined on a liquid chromatography
coupled with electrospray ionization mass spectrometry (LC-ESI-
MS) apparatus (Waters Micromass Q-TOF Ultima Global). LC was
performed on a Waters CAP-LC with a reversed phase Cjg column
(Thermo Hypersil, 150X 0,18 mm) using 0.1% formic acid in double
distilled water and 0.1% formic acid in acetonitrile as the mobile
phase components. A linear gradient of acetonitrile (0-80%) was
used and detection was performed by on-line mass measurements of
positive ions with the following settings: spray potential 3000 V; cone
potential 150 V; 40 scans/min; flow rate 2 pl/min; acquisition range
280-3000 um. External calibration was achieved using the following
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Fig. 1. Conserved distal and proximal residues in KatG from H. marismortui. The figure was constructed using the coordinates deposited in
the Protein Data Bank (accession code 11TK) for H. marismortui KatG [5]. The amino acid numbering is for H. marismortui KatG, but num-
bers in parentheses denote numbering for Synechocystis KatG. The proposed adduct formed among the side chains of Trp95, Tyr218 and

Met244 in H. marismortui KatG is shown by orange dotted lines.
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standard peptides and proteins: methionine enkephalin, angiotensin
11, [Glu']-fibrinopeptide B human, dabsylated fibrin4 GnGn, mellitin
(bee venom) and bovine insuline chain B.

The proteolytic digest patterns were compared with virtual digests
performed by the PeptideMass software [13]. The software is freely
available via the ExXPASy World Wide Web server, at the URL ad-
dress http://www.expasy.ch/www/tools.html.

3. Results and discussion

The structural prerequisites of an enzyme to catalyze hydro-
gen peroxide reduction and oxidation (i.e. the catalatic activ-
ity) are still under discussion. The only heme peroxidase with
substantial catalase activity is KatG. Recently, several papers
on site-directed mutagenesis of Escherichia coli [14] and Syn-
echocystis KatG [8-11] have been published showing that at
least three distal side residues could be important in the hy-
drogen peroxide oxidation reaction, namely aspartate [§],
tryptophan [10,14] and tyrosine [9]. These residues are found
in all KatGs sequenced so far. Their exchange had a dramatic
impact on the catalase but not the peroxidase activity. Most
interestingly, the recently published three-dimensional struc-
tures of HmKatG [5] and BpKatG [6] strongly suggest that
two of these residues, namely Trp and Tyr are part of a novel
covalent link including also a conserved methionine (Fig. 1).

(A)

MGTQPARKLR NRVFPHPENH RKEKPMANDQ
DILHQHDRKT NPMDDGFNYA EAFQOLDLAR
AWHAAGTYRI ADGRGGAATG NORFAPLNSW
ILAGTMAYES MGLKVYGFAG GREDIWHPEK
AARVOMGLIYV NPEGVDGHPD PLCTAQDVRT
AELIGPEPEG ADVVEQGLGW HNONGKGVGR
WELKKSPAGA WQWEPVNIKE EDKPVDVEDP
EPDYFAEVFA KAWFKLTHRD LGPKSRYLGP
QILASGLTVS ELVCTAWDSA RTFRSSDYRG
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But so far mass spectrometry evidence supportive of the exis-
tence of this adduct in solution was not performed [5].

Since Trpl122 in Synechocystis KatG has been proposed to
be essential for the two-electron reduction of KatG compound
I by hydrogen peroxide [10,14], exchange of Tyr249 could
presumably modify the coordinates of the distal Trp122 and
disturb the hydrogen-bond network on the distal side, if as-
suming that a covalent link of Tyr249 to Trp122 and Met275
really exists. It should be noted that the H-bond network was
shown to be necessary for the catalase pathway of the enzyme
[15].

This motivated us to investigate the questionable link by
tryptic digestion of KatG and mass spectrometry of the pep-
tides [2]. Since most of the kinetic investigations on KatG
were performed with the cyanobacterial enzyme, wild-type
KatG from Synechocystis as well as the variants Trp122Phe,
Tyr249Phe and Met275Ile were produced in order to answer
this question. Protein purification and spectroscopic charac-
terization of wild-type KatG, Trpl122Phe and Tyr249Phe was
described recently [9,11]. The Ao/ A2s0 ratios (i.e. Reinheits-
zahl) of the actual recombinant proteins were 0.59 (wild-type),
0.51 (Trpl22Phe), 0.52 (Tyr249Phe) and 0.50 (Met2751le).
The purified recombinant proteins [12] were digested by tryp-
sin and the obtained peptide patterns were analyzed by LC-

VPASKCPVMH GANTTGQONGN LNWWPNALNL
VKQDLHHIMT DSQSWWPADW GHYGGLMIRM
PDNVNLDKAR RLLWPIKKKY GNKLSWGDLI
DIYWGAEKEW LASSDHRYGS EDRESLENPL
TFARMAMNDE ETVALTAGGH TVGKCHGNSK
ETMSSGIEGA WITHPTQWDN GYFYMLFNHE
NIRHNPIMTD ADMAMIKDPI YRQISERFYR
DVPQEDLIWQ DPIPPVDYTL SEGEIKELEQ
GANAGRIRLE PQKNWPGNEP TRLAKVLAVL

ENIQANFAKP VSLADLIVLG GGAAIAKAAL
EPIHDGYRNW LKQDYAVSPE ELLLERTQLM
DRVGVLSNDF FVNLTDMAYQ WRPAGNNLYE
EVYAQDDNRE KFVRDFVAAW TKVMNADRFD

DGGIEVNVPF LPGRGDATQA MTDAESFTPL
GLTAPEMTVL IGGMRVLGTN HGGTKHGVFT
IGDRQTGEVK WTATKVDLVF GSNSILRSYA

LPRGHHHHHH

(B)
Peptide A: 2OMAWHAAGTYR'”
Peptide B: PYESLENPLAAVQMGLIYVNPEGVDGHPDPLCTAQDVR™®
Peptide C: ~ *’MAMNDEETVALTAGGHTVGK**
(©) MAWHAAGTYR
i 5065.40 Da
7096.34 Da ESLENPLAAVQMGLI&’VNPEGVDGHPDPLCTAQDVR
i 5935.22 Da

N:‘IAMNDEETVALTAGGHTVGK

Fig. 2. A: Amino acid sequence of KatG from Synechocystis PCC 6803. The peptide masses obtained by virtual digestion by trypsin are in
blue and red. Those peptides which contain Trpl122, Tyr249 and Met275 are highlighted in yellow (peptides A, B and C). In addition Trp122,
Tyr249and Met275 are bold. Those peptides which could not be identified unequivocally by LC-ESI-MS are underlined. B: Trpl22, Tyr249
and Met275 are found in peptides A, B and C with isotopic masses of the corresponding singly charged species, [MH]", of 1163.54 Da,
3904.88 Da and 2031.95 Da, respectively. C: The dashed lines indicate the possible covalent link between peptides A, B and C. The monoiso-
topic size of the peptides that would result from a Trp-Tyr, Tyr-Met and Trp-Tyr-Met covalent linkage are shown on the right.
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ESI-MS as described above. With this method more than 88%
of the proposed peptides could be identified unequivocally.
Fig. 2 shows the amino acid sequence of wild-type Synecho-
cystis KatG and the peptides obtained by digestion with tryp-
sin under the assumption that the proposed covalent link does
not exist. Each of the key residues in the structure (Trp122,
Tyr249 and Met275) is located on a separate tryptic peptide
fragment (peptides A, B and C) (Fig. 2B), with the corre-
sponding monoisotopic peptide masses of the singly charged
species, [MH]*, being 1163.54 Da, 3904.88 Da and 2031.95
Da, respectively, calculating that all cysteines formed carba-
midomethyl-cysteines upon treatment with iodoacetamide. If
the covalent link between Trpl122, Tyr249 and Met275 exists
in solution, a peptide of [MH]" with the monoisotopic mass
of 7096.34 Da should be found, calculated from the sum of
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masses of peptides A, B and C minus the protons released
during bond formation between Tyr C&! to Trp C"? and Tyr
C?? and Met S® (Fig. 2C). The LC-MS analysis demonstrated
the existence of this peptide in wild-type Synechocystis KatG.
At least two higher charged species of this peptide, namely
[M4HJ** (1774.84 Da) and [MS5H]>* (1420.07 Da), could be
detected unequivocally by LC-MS analysis. Fig. 3 demon-
strates this finding showing the isotopic pattern of the
[MSHJ* species. By contrast, the digest of the three variants
did not contain this peptide strongly suggesting the absence of
an adduct involving all three candidates. It has to be noted
that the digest of wild-type KatG also showed to some extent
the presence of higher charged species derived from individual
peptides A, B and C indicating that in a small fraction of
wild-type KatG the covalent link did not exist. Assuming
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Fig. 3. Mass spectrometric analysis of peptides obtained by tryptic digestion of wild-type Synechocystis KatG and the variants Trpl122Phe,
Tyr249Phe and Met275Ile. A: HPLC elution profile of the ion at m/z 1420.28 Da. Sample: tryptic digest of wild-type protein. B: Mass spec-
trum of the tryptic digest of wild-type KatG in the m/z range 1405-1435 Da. Only wild-type KatG shows the isotopic pattern of [MSHJ]** (i.e.
ion cluster at monoisotopic m/z of 1419.88 Da) deriving from [MH]" =7096.34 Da, which corresponds to the mass of the covalently linked pep-
tides A, B and C. C-E: Peptides in the mass/charge range of 1405-1435 Da from the same section of the HPLC elution profile are shown for
the tryptic digest of the variants Trpl22Phe (C), Tyr249Phe (D) and Met275Ile (E). Spectra were normalized to the same intensity (1000

counts).
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that bond formation is a redox-linked process involving the
heme iron, as was recently demonstrated for a novel trypto-
phan-tyrosine cross-link in a mutant of CCP [16], this obser-
vation would be consistent with the fact that (1) KatG is
known to easily lose heme, and (ii) normally not all active
sites are totally occupied by the prosthetic group [14]. How-
ever, the proof of this hypothesis needs the incorporation of a
redox-inactive Zn-protoporphyrin into the recombinant pro-
tein produced in E. coli under anaerobic conditions.

In the digest of the Tyr249Phe more than 90% of the pep-
tides shown in Fig. 2 could be identified and a more or less
identical peptide pattern was obtained with Trp122Phe. This
ruled out a possible covalent link between Tyr249 and Met275
in the Trpl122Phe variant. A peptide derived from covalently
linked peptides B and C (theoretical monoisotopic masses:
[MH]" =5935.22 Da; [M2H]**=2968.12 Da; [M3H}P*=
1979.08 Da; [M4H]** =1484.56 Da; [M5H]>* =1187.85 Da;
[M6H]%* =990.04 Da) was definitely not detected.

In the digest of the Met2751le variant and wild-type KatG a
novel peptide was identified deriving from covalently linked
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peptides A and B with a theoretical monoisotopic mass of the
singly charged species, [MH]", of 5065.40 Da, and of higher
charged species of 2533.21 Da, 1689.14 Da, 1267.11 Da,
1013.89 Da and 845.07 Da, respectively. The inset in Fig. 4
depicts the presence of a peptide with exactly the same mass
in a small fraction of wild-type KatG. The typical isotopic
pattern of the [MSH]’™ species (monoisotopic mass of
1013.89 Da) can be seen. In the Met275Ile variant, this pep-
tide is prominent, whereas in Trp122Phe and Tyr249Phe var-
iant it is completely missing. However, in Met2751le the
monoisotopic mass of the corresponding singly charged spe-
cies is 5063.40 and thus 2 Da smaller than in wild-type KatG.
This difference was clearly seen by comparing all detected
multiple charged species of this peptide (not shown). Fig. 4
shows the isotopic pattern of the [MSH]’* species of
Met2751le variant, which is — compared to wild-type KatG
— 0.4 Da shifted to lower masses. How this discrepancy is
related to differences in the cross-linking between Trpl22
and Tyr249 in wild-type KatG and Met275Ile is not clear at
the moment.
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Fig. 4. Mass spectrometric analysis of peptides obtained by tryptic digestion of wild-type Synechocystis KatG and the variants Trpl122Phe,
Tyr249Phe and Met2751le. Peptides in the mass/charge range of 1004-1023 Da are shown. Spectra were normalized to the same intensity (1000
counts). The isotopic pattern of [MSHJ’* (i.e. ion cluster at monoisotopic m/z of 1013.5 Da) deriving from [MH]* =5065.40 Da, which corre-
sponds to the mass of the covalently linked peptides A and B, is found in Met2751Ile and in some fraction of wild-type KatG (inset).
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4. Conclusion

The present paper provides supporting evidence for the ex-
istence of novel covalent bonds in KatGs as originally de-
duced from the electron density maps of H. marismortui and
B. pseudomallei KatGs. It is shown that in Synechocystis
KatG the distal side residues Trpl122, Tyr249 and Met275
are covalently linked in Synechocystis KatG and that bond
formation depends on the presence of the distal side trypto-
phan. The results suggest that the covalent bond between
Trpl22 and Tyr249 may form before the bond between
Tyr249 and Met275. Though not proven so far, it is reason-
able to assume that bond formation is a redox-linked process,
and that at the beginning of these coupling reactions Trp122
and concomitantly or subsequently Tyr249 are oxidized in the
enzyme cycle by the redox intermediate compound I, which is
two oxidizing equivalents above the ferric protein and forms
readily in the presence of hydrogen peroxide.

KatG offers an interesting model system for studying the
role of this crosslinking chemistry in connection with the bio-
logical activity of an enzyme. In the present case this is evi-
dent by the fact that both Trp122 and Tyr249 in Synechocystis
KatG are essential in the two-electron reduction process of
the redox intermediate compound I but not in the one-elec-
tron reduction process. Apparently the intact adduct is essen-
tial in the catalase activity of KatG, but its definite role is not
clear at the moment. It could contribute to a greater rigidity
of the peroxidase, since Tyr249 anchors a KatG-specific loop
to the molecular surface by forming the covalent bonds with
Trpl122 and Met275. Additional stabilization is achieved by a
hydrogen bond of an arginine (Arg439) with the hydroxyl-
oxygen of Tyr249 and the amide nitrogen atom of Met275.
How this cross-linking offers a suitable binding and redox
environment for a KatG to catalyze both H,O, reduction
and subsequent oxidation is a fascinating question for future
research.
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