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A B S T R A C T

Catalases are among the main scavengers of reactive oxygen species (ROS) present in the peroxisome, thereby
preventing oxidative cellular and tissular damage. In human, multiple diseases are associated with malfunction
of these organelles, which causes accumulation of ROS species and consequently the inefficient detoxification of
cells. Despite intense research, much remains to be clarified about the precise molecular role of catalase in
cellular homeostasis. Yeast peroxisomes and their peroxisomal catalases have been used as eukaryotic models for
oxidative metabolism, ROS generation and detoxification, and associated pathologies. In order to provide reli-
able models for oxidative metabolism research, we have determined the high-resolution crystal structures of
peroxisomal catalase from two important biotechnology and basic biology yeast models, Pichia pastoris and
Kluyveromyces lactis. We have performed an extensive functional, biochemical and stability characterization of
both enzymes in order to establish their differential activity profiles. Furthermore, we have analyzed the role of
the peroxisomal catalase under study in the survival of yeast to oxidative burst challenges combining methanol,
water peroxide, and sodium chloride. Interestingly, whereas catalase activity was induced 200-fold upon
challenging the methylotrophic P. pastoris cells with methanol, the increase in catalase activity in the non-
methylotrophic K. lactis was only moderate. The inhibitory effect of sodium azide and β-mercaptoethanol over
both catalases was analyzed, establishing IC50 values for both compounds that are consistent with an elevated
resistance of both enzymes toward these inhibitors. Structural comparison of these two novel catalase structures
allows us to rationalize the differential susceptibility to inhibitors and oxidative bursts. The inherent worth and
validity of the P. pastoris and K. lactis yeast models for oxidative damage will be strengthened by the availability
of reliable structural-functional information on these enzymes, which are central to our understanding of per-
oxisomal response toward oxidative stress.

1. Introduction

Aerobic and microaerobic eukaryotic organisms produce hydrogen
peroxide (H2O2) during respiratory metabolism. At low doses, H2O2

behaves as an inorganic messenger [1] that stimulates cellular adaptive
responses to oxidative stress by increasing the expression of reactive
oxygen species (ROS) detoxifying enzymes and stress-related proteins
[2–6]. At higher concentrations, however, H2O2 is a potent cytotoxic

chemical that generates damaging hydroxyl radicals in the presence of
redox-active transition metals like Fe(II) and induces cell apoptosis. The
toxic effects of H2O2 accumulation explain why its intracellular con-
centration is tightly controlled by the expression level and activity of
H2O2 metabolizing enzymes.

Catalases catalyze the heme-dependent dismutation of two H2O2

molecules into water and dioxygen in a reaction with a specificity
constant kcat/KM of 106-107M−1 s−1 [7]. The high turnover number of
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catalases and other H2O2 metabolizing enzymes (e.g. cytochrome c
oxidase) helps to preserve a reducing cellular environment. Catalases
are mostly found in peroxisomes and mitochondria, where oxidative
metabolism is compartmentalized, although cytosolic catalases exist
whose expression is upregulated under oxidative stress. Despite its su-
perficial simplicity, recent structural analyses of catalases have revealed
that the H2O2 disproportionation reaction can be divided into two
distinct stages [8]. In the first step, the resting state of the heme co-
factor [ferricatalase, high spin ferric Fe(III) state] reacts with one mo-
lecule of H2O2 to oxidize the heme group to a porphyrin π-cation ra-
dical containing Fe(IV), the oxyferryl species designated Compound I
(Cpd I) and releasing an H2O molecule. In the second and final step, a
second H2O2 molecule reduces Cpd I thus regenerating the Fe(III)
resting state of catalase and releasing one molecule of O2 and a second
H2O molecule. On occasion, Cpd I may undergo a one-electron reduc-
tion to yield the Compound II (Cpd II) intermediate, which cannot re-
turn spontaneously to Cpd I and thus requires a second one-electron
reduction to re-activate (Fig. S1).

Understanding the metabolic, function and disease roles of catalases
in mammals rely upon the development of suitable model micro-
organisms that share equivalent, evolutionary conserved biological
machinery, are genetically amenable and faster and more straightfor-
ward to analyze. The budding yeast Saccharomyces cerevisiae, the clo-
sely related respiro-fermentative yeast Kluyveromyces lactis, and the
methylotrophic Komagataella (Pichia) pastoris are three well-established
models for peroxisomal catalase function. These model systems have
been used to further our understanding of peroxide metabolism owing
to the presence of large peroxisomal organelles (the vacuole) that
contain large amounts of catalytically efficient catalases, up to 30–45%
of the total soluble cell protein. In methylotrophic yeasts, the presence
of methanol in the culture medium induces the development of per-
oxisomes, which enclose the majority of enzymes involved in methanol
assimilation [1,9–11]. P. pastoris, also, has been developed as a suc-
cessful host for recombinant protein production [12–14]. The non-
methylotrophic yeast K. lactis can grow on inexpensive media using a
fully respiratory metabolism and is becoming an emerging yeast model
for the study of oxidative stress, anti-aging and regenerative medicine
[15,16]. Besides being convenient models of eukaryotic oxidative me-
tabolism, the study of yeast catalases has implications for the infection
biology of yeast pathogens, which depend on endogenous catalases to
adapt and attain resistance to osmotic shock/cationic attack the H2O2

released by neutrophils and macrophages [17] during infection. Fungal
catalases from pathogenic yeasts offer protection against the host im-
mune system, which combats the infection via phagocytic cells that
recognize and kill the yeasts. Indeed, Candida infections are known to
be fought by human neutrophils with a two-pronged defensive me-
chanism, including reactive oxygen species (ROS) and cations, which
has been termed stress pathway interference. It is the combination of
catalase-inhibitory cations and ROS that kill the pathogenic microbes,
while either stress in isolation is relatively harmless to Candida in vitro
[18]. It would be interesting to find out whether the inhibition of
peroxide detoxification by catalase is a general phenomenon shared by
other fungal catalase enzymes.

The structures of various phylogenetic diverse catalases have been
elucidated by X-ray crystallography. Yeast peroxisomal catalases belong
to the broad class of monofunctional heme catalases, also known as
classical catalases [17,19,20]. Many are dumbbell-shaped homo-
tetrameric enzymes with a combined molecular weight of 200–340 kDa.
The monomer structure comprises four distinct structural regions: The
N-terminal arm, the β-barrel globular domain, the connection domain
(also called the wrapping loop) and a C-terminal α-helical globular
domain. The characteristic β-barrel of classical catalases consists of an
anti-parallel eight-stranded β-barrel with at least six inserted α-helices
[8,21]. The heme group is located at the center of each subunit, con-
nected through a continuous solvent channel with the catalase surface.
Phylogenetic analyses have shown that classical catalase sequences can

be further subdivided into three clades that may have arisen from at
least two gene duplication events [22,23]. Of them, the clade 3 cata-
lases represent the most abundant subgroup, being present in archaea,
bacteria, fungi, plants, and animals, including humans. Clade 3 cata-
lases are the shortest in median length (about 500 amino acids), have
heme b cofactors (as Clade 1 enzymes) plus a second prosthetic group,
NADPH, whose precise role remains controversial [8,20,24].

To increase our structural and functional understanding of yeast
peroxisomal catalases and shed light into the connection between cat-
alase activity and resistance toward oxidative stress, we have de-
termined the crystal structures of heme catalases from two model
yeasts, P. pastoris and K. lactis. We have also probed the tolerance of the
two yeasts and the in vivo stimulation of catalase activity by conditions
thought to characterize the oxidative burst of the mammalian immune
response, including high NaCl and H2O2 concentrations. The combi-
nation of structural, enzymatic, and cellular analyses have enabled us to
understand the connection between the specific properties of these
catalases and their biological role in the two different yeast model
systems.

2. Materials and methods

2.1. Recombinant protein production

The genes encoding full-length KPC and KLC were amplified by PCR
from genomic DNA and cloned into the pETM-11 expression vector by
restriction-ligation after digestion with BsaI-NotI and NcoI-NotI, re-
spectively. The expression plasmids were verified by sequencing the
entire ORF. For protein expression, the KPC construct was transformed
into E. coli Rosetta (DE3)pLysS, and the KLC construct into E. coli BL21
(DE3) cells. Overnight starter cultures were used to inoculate 2-L ex-
pression cultures at 37 °C, which were switched to 20 °C when the op-
tical density at 590 nm reached 0.6–0.8 and induced with 0.1 mM (KPC)
or 0.5 mM (KLC). Cell pellets were harvested 18 h post-induction by
centrifugation at 8500g at 4 °C for 30min and stored at −80 °C until
use.

KPC and KLC were both purified by nickel-affinity and size exclu-
sion chromatography using the same protocol. All steps were conducted
at 4 °C. Cell pellets were lysed by sonication in buffer IMAC-A (50mM
Tris-HCl, pH 8.0, 0.5M NaCl, 20mM imidazole) supplemented with
1mM PMSF and 1 pill Complete EDTA-free protease inhibitor cocktail
(Roche). The cell lysate was clarified by centrifugation at 12,500 g for
30min and filtration through a 0.22 μm membrane. The clarified lysate
was loaded onto a 5-mL HisTrap column (GE Healthcare) pre-equili-
brated in IMAC-A buffer. After thoroughly washing the resin with 10
column volumes (CV) IMAC-A and 10 CV IMAC-B (IMAC-A with 50mM
imidazole), bound protein was eluted with 10 CV IMAC-C (IMAC-A with
250mM imidazole). Peak fractions were analyzed by SDS-PAGE, pooled
together, concentrated, and subjected to size exclusion chromatography
on a Superdex 200 16/60 column (GE Healthcare) using 50mM Tris-
HCl, pH 7.5, 300mM NaCl, and 0.1 mM TCEP as the mobile phase. KPC
and KLC eluted in single, symmetric peaks at elution volumes consistent
with their expected tetrameric quaternary structures. Protein con-
centration was measured by absorbance at 280 nm using the calculated
extinction coefficients (E1%KLP= 1.221 and E1%KLC=1.224).
Concentrated KPC and KLC were kept at −80 °C for at least one year
without any noticeable loss of catalytic activity or aggregation.

2.2. Crystallization, structure determination and refinement of KPC

KPC was crystallized at 7.5 mg/mL by the sitting-drop vapor-diffu-
sion method at 20 °C by mixing 1 μL KPC with 1 μL crystallization
condition (0.2M sodium sulfate, 0.1 M Bis-Tris propane, pH 6.5, 20%
(w/v) polyethylene glycol (PEG) 3350). Crystals appeared within a
week as long, thin needles with a maximum dimension of 200 μm. KPC
crystals were cryoprotected by adding 1 μL CryoMix 1 (Molecular
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Dimensions) to the drops containing crystals and flash-freezing them in
liquid nitrogen. Two X-ray diffraction data sets were collected from KPC
crystals on the BL13-XALOC beamline (ALBA synchrotron, Barcelona,
Spain) [25] at 100K on a Pilatus 6M detector (Dectris), a native data
set to a maximum resolution of 2.30 Å at a wavelength of 1.03 Å and a
SAD data set to a maximum resolution of 2.35 Å at a wavelength of
1.73 Å. Both data sets were integrated with XDS [26,27] and scaled and
merged with Aimless [28] from the CCP4 suite of programs [29]. KPC
was solved by molecular replacement (MR) with PHASER [30] using
the crystal structure of Hansenula polymorpha catalase (PDB: 2XQ1)
[31] as the search model. The KPC structure was refined and validated
with Coot [32], phenix. refine [33] and MolProbity [34].

The coordinates and structure factors for KPC have been deposited
in the PDB with accession code 6RJN. Authors will release the atomic
coordinates and experimental data upon article publication.

2.3. Crystallization, structure determination and refinement of KLC

KLC was crystallized at 6.0mg/mL by the sitting-drop vapor-diffu-
sion method at 20 °C by mixing 1 μL KLC with 1 μL of the crystallization
condition (0.1M sodium citrate, pH 5.5, 20% PEG 3000). Crystals ap-
peared within two weeks as long, very thin needles with a maximum
dimension of 150 μm. KLC crystals were cryoprotected with 20% (v/v)
glycerol and flash-frozen in liquid nitrogen. Two X-ray diffraction data
sets were collected from KPC crystals on the BL13-XALOC beamline
(ALBA synchrotron, Barcelona, Spain) [25] at 100K on a Pilatus 6M
detector (Dectris), a native data set to a maximum resolution of
1.90 Å at a wavelength of 0.97 Å and a SAD data set to a maximum
resolution of 2.35 Å at a wavelength of 1.73 Å. Both data sets were in-
tegrated with XDS [26,27] and scaled and merged with Aimless [28]
from the CCP4 suite of programs [29]. KLC was solved by molecular
replacement (MR) with PHASER [30] using our KPC crystal structure as
the search model. The KLC structure was refined and validated with
Coot [32], phenix. refine [33] and MolProbity [34].

The coordinates and structure factors for KLC have been deposited
in the PDB with accession code 6RJR. Authors will release the atomic
coordinates and experimental data upon article publication.

2.4. Enzymatic activity assay

Catalase activity was measured on an Eppendorf
BioSpectrophotometer Kinetic equipped with a Peltier-controlled air-
cooled cuvette holder heater using a continuous spectrophotometric
assay extensively described in the literature [31,35]. A 1mMH2O2 so-
lution was prepared in 50mM potassium phosphate, pH 7.5, thermo-
stated at 35 °C in a spectrophotometer cuvette, and the reaction was
started by adding 0.3 ng of purified catalase (KPC or KLC). The activity
was measured by the decrease in absorbance at 240 nm over a 5-min
period. An extinction coefficient of 43.6M−1 cm−1 was used for H2O2

[36]. Specific enzyme activity units were defined as the number of
micromoles of H2O2 turned over per minute per milligram of catalase
under assay conditions.

Inhibition of catalase activity by BME and sodium azide was de-
termined by pre-incubating 0.3 ng catalase with various concentrations
of BME (1, 2, 5 and 10mM) or sodium azide (50, 100, 200 and 300 μM)
for 1min at room temperature. Then, the same enzyme activity assay
described above was used to determine the residual activity as a
function of inhibitor concentration.

2.5. Effect of pH and temperature

The influence of pH on the activity of KPC and KLC was investigated
with the kinetic assay described above. Several buffers were tested at
50mM in a wide pH range between 3 and 10 with 1 pH unit steps:
sodium acetate (pH 3.0–5.0), sodium phosphate (pH 6.0 and 7.0) and
Tris-HCl (pH 8.0–10.0).

Finally, thermal tolerance of both catalases was determined over a
range of temperature spanning 35–75 °C in 10 °C unit steps. KPC or KLC
were incubated at each temperature for 30min, and the residual ac-
tivity was determined with respect to the activity measured at 35 °C (set
to 100%).

2.6. Oxidative burst challenge

Cultures of both yeasts were grown in YPD medium at 30 °C to an
optical density at 600 nm of 0.6. Cells were washed twice with sterile
PBS buffer, pH 7.4, and split into several samples. Different samples
were challenged with a pro-oxidizing compound, either H2O2 (0.2, 1.0
and 2.0 mM) or methanol (1, 3, 10, 20 and 40% (v/v)), with or without
1M NaCl. Yeast cells were incubated at 30 °C for 2 h with shaking at
200 rpm. Next, the samples were centrifuged, and the pellet was wa-
shed twice with PBS. Cell pellets were lysed by sonication in 50mM
potassium phosphate, pH 7.5. Catalase activity was measured as before
using 20mMH2O2 in 50mM potassium phosphate, pH 7.5, at 35 °C,
and the results were calculated as the average from three independent
samples and presented as a percentage of catalase activity (setting
unchallenged culture to 100%).

2.7. Effect of NaCl and H2O2 over growth rate of P. pastoris and K. lactis

Both yeasts strains were grown in YPD-agar plate at 30 °C overnight.
Next morning, a single colony was used to inoculate a culture of YPD
medium until an optical density at 600 nm of 0.6 was reached. Cells
were centrifuged at 3500 rpm for 30min at 4 °C, washed with sterile
PBS, and split in several fractions of equal volume. Next, the cells were
suspended in four conditions in order to test their effect over the growth
rate: (1) Mock-treated sample in YPD medium; (2) 1M NaCl; (3)
2mMH2O2, and (4) 1M NaCl plus 2mMH2O2, and allowed to grow at
30°C with agitation. Samples were collected at different times to mea-
sure optical density and results from three independent experiments
were analyzed as a growth rate of optical density as a function of time.
Catalase activity determination was carried out on the last collected
samples as previously described.

3. Results and discussion

3.1. KPC and KLC are highly active catalases

KPC and KLC were expressed and purified to homogeneity in two
chromatographic steps (nickel-affinity and size exclusion chromato-
graphy) (Fig. S2). An absorbance spectrum from 250 to 500 nm con-
firmed that both recombinant catalases had incorporated heme and
were functionally active (Fig. S3). The two catalases formed exclusively
homotetrameric structures that were stable at 4 °C for several weeks
and at least one year when frozen and kept at −80 °C. Interestingly, the
measured activity of KPC (2.1× 106) was one order of magnitude
higher than that of KLC and higher than the activity of any other eu-
karyotic catalase determined to date (Fig. 1a). KPC activity has also
been determined from a P. pastoris culture extract with similar results
[9]. A complete kinetic characterization was not possible owing to the
limited solubility of O2 in aqueous solutions, substrate inactivation ef-
fects, and a unique two-step catalytic reaction [19,20].

Catalases are sensitive to various compounds that interact with the
active site. Previous works have demonstrated that incubation with
compounds such as BME or sodium azide results in an inhibitory effect
over catalase activity [22]. We evaluated the inhibition of KPC and KLC
by increasing the concentration of those compounds. For both enzymes,
sodium azide was a more potent inhibitor compared with BME (by a 30-
50-fold factor). The IC50 for sodium azide and BME was 129 (33) μM
and 7.5 (0.4) mM for KPC, respectively, and 32 (7) μM and 2.3 (0.4)
mM for KLC (Fig. 1). The exhaustive survey of 16 catalases by Switala
et al. (2002) reported that Aspergillus niger catalase was highly resistant
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to sodium azide, being able to preserve 50% residual activity after in-
cubation for 1min with 150 μM sodium azide. In comparison, KPC is
nearly as resistant as A. niger catalase to sodium azide. With regards to
BME, both KPC appears to be more resistant than, and KLC at least as
resistant as, S. cerevisiae catalase, whose activity halved after a 1-min
incubation with 1mM BME [22].

3.2. Overall structure of KPC and KLC

The three-dimensional structures of KPC and KLC catalases have
been solved by X-ray crystallography at 2.3 and 1.9 Å resolution, re-
spectively (Table 1). The quality and stereochemistry of both final

models are excellent (Table 2). The assembly state of the two catalases,
which is highly conserved, is tetrameric with a nearly perfect 222
molecular symmetry and molecular dimensions of 94×77×96 Å
(Fig. 2). In either crystal form, P21212 for KPC and P212121 for KLC
(Table 1), there was one homotetramer per asymmetric unit (Fig. 2a c).

KPC and KLC belong to the small-subunit clade 3-type catalases that
contain heme b as prosthetic group and NADPH as a second cofactor.
Their shared monomeric fold consists of four distinct structural ele-
ments (Fig. 2b d): (1) the N-terminal arm, (2) the central domain, (3)
the wrapping loop, and (4) the C-terminal domain. The 67-residue N-
terminal arm of each protomer runs along the interface between the
two opposite chains and contains only one β-strand (which pairs up

Fig. 1. Activity and inhibitory effect of sodium
azide and 2-mercaptoethanol on KPC and KLC.
(a) Table with subunit size (in number of residues),
molecular mass of the native quaternary structure
(in Da), water peroxide degrading activity (in μmol
min−1 mg−1) and IC50 values (in mM) of sodium
azide (NaN3) and 2-mercaptoethanol (BME) of P.
pastoris and K. lactis catalases compared with other
selected yeast catalases. Wherever appropriate,
standard deviations are given in parentheses. The
second entry for P. pastoris catalase was measured
on cell-free extracts (crude, c). n.d., not determined.
(b, c) Residual catalase activity (normalized such
that 100% residual activity corresponds to 0mM
inhibitor) is plotted against increasing concentra-
tions of sodium azide (b) or 2-mercaptoethanol (c).
Assays were performed incubating KPC or KLC for
1min with the indicated inhibitor concentrations
(mM) prior to measuring the catalase activity (cf.
Experimental procedures). The plots for KPC are
shown in black and those for KLC in gold, where
dots represent the sample mean (n=2) and error
bars span± 1σ. (For interpretation of the references
to color in this figure legend, the reader is referred
to the Web version of this article.)

Table 1
X-ray diffraction data collection and processing statistics.

KLC KLCanom KPC KPCanom

Wavelength (Å) 0.97,922 1.73,801 0.98,010 1.73,125
Space group P 21 21 21 P 21 21 21 P 21 21 2 P 21 21 2
Cell dimensions

a (Å) 96.67 96.54 165.943 166.814
b (Å) 131.62 131.28 173.690 174.689
c (Å) 176.67 176.40 96.490 96.176
α, β, γ (°) 90 90 90 90 90 90 90 90 90 90 90 90
Resolution range (Å)# 46.98–1.89 (1.96–1.89) 46.90–2.661 (2.756–2.661) 52.71–2.295 (2.377–2.295) 49.81–2.35 (2.434–2.35)
Rmerge 0.1358 (0.5339) 0.1317 (0.6166) 0.2548 (1.628) 0.1662 (1.242)
Rmeasa 0.1554 (0.6153) 0.1461 (0.6866) 0.2762 (1.772) 0.1908 (1.428)
I/σ (I) 8.68 (2.31) 12.46 (2.70) 9.00 (1.56) 8.80 (1.34)
CC1/2b 0.995 (0.238) 0.993 (0.557) 0.988 (0.535) 0.988 (0.508)
Total reflections 764,478 (63,907) 347,403 (31,545) 835,873 (77,728) 472,541 (45,359)
Unique reflections 176,647 (16,172) 64,410 (6088) 124,627 (11,503) 116,575 (11,321)
Completeness (%) 98.92 (91.62) 99.07 (94.59) 99.26 (93.09) 99.15 (97.79)
Multiplicity 4.3 (4.0) 5.4 (5.2) 6.7 (6.5) 4.1 (4.0)
Wilson B-factor 21.39 42.86 28.44 31.64

Values for the highest resolution shell are given in parentheses.
# The maximum resolution of the data set was chosen so that CC1/2 > 0.2 and the I I/ ( ) > 1.2.
a = hR n n n I I h I h( / 1) ( ) ( ) | / ( )hmeas i i h i i

1/2 , where n is the number of independent observations of I(h).
b CC1/2 is the Pearson correlation coefficient calculated between two random half data sets.
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with the last β-strand, β12, of the opposite monomer) and one α-helix
(α1). The N-terminal arm also contains the so-called distal histidine
(His66 in KPC and His64 in KLC) between α1 and β2, one of the es-
sential catalytic residues. In KPC, the N-terminal arm presents a Na+

binding motif between β1-α1 with the amino-acid sequence
28NANxxNAP36 (Figs. S4 and S5). This Na+ binding motif has not been
described previously and is missing in the shorter N-terminal arm of
KLC. The central domain (residues 68–372) contains an antiparallel
eight-stranded β-barrel, eight α-helices (α2-α9), and five 310 helices (a-
e). The wrapping loop (residues 358–434), between α8 and β12, con-
nects the central region with the C-terminal domain and contributes to
the dimerization interface. This loop includes the variable region
(404–414 in KPC), which is undefined in the electron density map of
homologous catalases but well defined in KPC and KLC (Fig. S6). Fi-
nally, the C-terminal region (residues 435–505) folds into a helical
bundle domain spanning four consecutive α-helices (α9–α12).

The dimerization interfaces between monomers in KPC and KLC are
extensive and mostly conserved. The total surface area that is buried
inside the catalase tetramer varies depending on the specific homo-
dimer interface, with average areas of 4420 Å2, 3830 Å2, and 1745 Å2.
Owing to differences in the overall arrangement at each interface, KLC
shows a higher number of interactions than KPC to build up a similar
total buried area. Thus, the largest interface area in KLC contains 56
hydrogen bonds and salt bridges for 4440 Å2 vs 49 such interactions in
KPC for 4400 Å2. In the second largest interface, KLC has 60 hydrogen
bonds and salt bridges within 3790 Å2 while there are only 34 such
interactions for 3870 Å2 in KPC. The third and smallest interface ap-
pears to contain the same number of interactions in both enzymes (15
interactions) contributing to a total buried area of 1860 Å2 (KLC) and
1630 Å2 (KPC).

At the subunit interfaces of KPC and KLC, it is possible to locate a
chloride (Cl−) anion that is coordinated by the guanidinium side chain
of Arg57 (from helix α1) from two different monomers (Fig. S7). In
addition, the salt bridge between Arg57 and Asp 351 from helix α9
(located near the heme group) from the two other subunits contributes
to a tetramerization motif whereby one α-helix (helix α1) from each of
the four subunits contributes to a central four helical bundle (Fig. S7).

The presence of a Cl− anion near the tetramerization motif has not been
previously described for any fungal or eukaryotic catalase, despite
considerable sequence conservation. However, the presence of a Cl−

ion has also been described in the crystal structures of monofunctional
catalases from the bacterial species Bacillus pumilus [37], Cor-
ynebacterium glutamicum [38], Enterococcus faecalis [39], Vibrio salmo-
nicida [40], Deinococcus radiodurans [41], Burkholderia pseudomallei
[42], and the Mn catalase from T. thermophilus [43], and the archaeal
halobacterium Haloarcula marismortui [44]. In the N-terminus of KPC, a
unique Na+ binding motif participates in one of the dimerization in-
terfaces through interactions between mostly the main chain of residues
Arg23-Leu41 with the wrapping loop (Ala 282 and Pro 284) and the
residues Val 418, Glu 424, Phe 426, and Ala 520, located at the inter-
face between the central β-barrel and the C-terminal helical bundle
(Figs. S4 and S5).

Superposition of the KPC and KLC monomers and tetramers between
them and with those of closely related monofunctional catalases of
known structures (Table S1) corroborated the overall similarity of the
fold and quaternary structure of KPC and KLC with one another and
with related catalases. Direct comparison of KPC and KLC structures
resulted in rmsd values for the Cα superposition of 0.75 Å for monomers
and 0.83 Å for tetramers (compare with 0.11 Å and 0.14 Å for KLC and
KPC-only monomer rmsd values, respectively). Average rmsd values for
the Cα superposition of KLC/KPC monomers were 1.31/1.27 Å with
clade 1, 1.16/1.06 Å with clade 2, and 0.94/0.94 Å with clade 3
structures. For tetramers, the average rmsd values were 1.50/1.51 Å,
1.20/1.16 Å, and 1.03/1.00 Å, respectively. The closest rmsd values
corresponded to the closely related structures of clade 3 catalases from
H. polymorpha [31] for KPC (rmsd 0.37/0.45 Å for monomers/tetramer)
and from S. cerevisiae [45] for KLC (rmsd 0.65/0.66 Å for monomers/
tetramer).

3.3. Heme environment

All KPC and KLC monomers coordinate a slightly bent iron-bound
type-b heme group. The heme group sits in a deeply buried pocket, 25 Å
away from the bulk solvent. The cavity is formed by β-strands β3, β4,
and β5 from the β-barrel domain on one side of the heme and α-helices
α2 and α8 on the other side (Fig. 2b d). This cavity is completed by the
loop spanning between α1 and β2. Helix α8 is part of a 4-helix helical
bundle built from the symmetric helix α8 from the opposite subunit and
helices α1 from the two adjacent subunits. The distances between the
iron atoms of different subunits are 30.8 Å (P-related subunits), 34.6 Å
(R-related subunits), and 45.1 Å (Q-related subunits).

In KPC and KLC, the central Fe atom is pentacoordinated by the four
pyrrole nitrogen atoms from the porphyrin ring at a mean distance of
2.1 Å (Fig. 3a c). The phenolate side chain of the proximal Tyr349 in-
teracts closely with the heme Fe. The Fe atom is displaced 0.2 Å out of
the plane of the pyrrole nitrogen atoms toward the oxygen atom of the
Tyr349 phenolate in KPC, but in the porphyrin ring (out-of-the-plane
distance < 0.1 Å) for KLC. The heme group is slightly bent, with the
cusp toward the distal side (opposite to the main channel), with a fold
angle of 16° (KPC) and 18.4° (KLC). In both catalases, the phenolate
group of Tyr349 starts a continuous hydrogen-bonded network that is
thought to stabilize the electric field at the catalytic center during
catalysis [46]. This network includes two strong charge-assisted hy-
drogen bonds between Tyr349O and a nearby Arg 345 (2.7 Å to NE and
2.6 Å to NH2) and the successive hydrogen bonds Arg345NH1-
His209NE2 (3.0 Å), His209ND1-Asp339OD2 (2.8 Å), and Asp339OD1
to a solvent water molecule (2.7 Å) (Fig. 3a c, S8 and S9).

As with all clade 3 monofunctional catalases, the heme b of KPC and
KLC was found in the His-III orientation (Fig. 3a c). In this configura-
tion, the imidazole ring of the catalytically essential His66 (in KPC,
His64 in KLC) is parallel to the heme pyrrole III ring. His66 NE2 is
located within 4.7 Å of the heme Fe and at 2.6 Å from the only water
molecule in the hydrogen peroxide main channel (Figs. S8 and S9). The

Table 2
Crystallographic refinement statistics.

KLC KPC

Reflections used in refinement 176,645 (16,172) 124,064 (11,502)
Reflections used for R-free 8833 (809) 6078 (557)
R-work 0.1873 (0.3632) 0.1447 (0.2409)
R-free 0.2399 (0.3914) 0.1990 (0.2891)
No. Atoms
Non-hydrogen atoms 17,864 17,977
Macromolecules 16,163 16,240
Ligands 436 506
Solvent 1265 1231
Protein residues 2008 2008
R.M.S. deviations
Bonds lengths (Å) 0.013 0.012
Bond angles (°) 1.55 1.21
Ramachandran plots
Ramachandran favored (%) 97.30 97.15
Ramachandran allowed (%) 2.70 2.75
Ramachandran outliers (%) 0.00 0.10
Rotamer outliers (%) 0.5 1.5
Clashscore 2.93 2.70
Average B-factor (Å2) 31.37 32.29
Macromolecules 31.21 32.01
Ligands 35.14 36.71
Solvent 35.20 34.13

Values for the highest resolution shell are given in parentheses.
c =R F F F/work h O h O, where FO and FC are the observed and calculated
structure factor amplitudes of reflection h.
dRfree is as Rwork, but calculated with 5–10% of randomly chosen reflections
omitted from refinement.
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environment of His66 side chain favors its protonation at ND1, while
NE2 remains unprotonated to participate in the catalytic transfer of
hydrogen peroxide [47]. Together with His66 (His64 in KLC), Asn 139
(Asn 137 in KLC), another essential residue for catalysis, hydrogen-
bonds the water molecule present at the heme distal site. All interac-
tions are fully conserved between KPC and KLC.

3.4. Heme main channel

The heme main channel provides a 25 Å-long route that commu-
nicates the bulk solvent with the distal side of the heme catalytic center,
where the dismutation reaction occurs (Fig. 3e f, S8 and S9). In the
tetramer, the main channels run parallel to one another and the R axis,
and their openings lie 20 Å apart from one another. The main channel is
funnel-shaped thanks to a constriction that occurs halfway between the
heme and the opening and which divides the channel into two regions
with distinct electrostatic properties (Fig. 3e f). The constriction con-
sists of (1) a conserved amino-acid triad DQL (Asp117-Gln157-Leu190
in KLC and Asp 119-Gln159-Leu190 in KPC) and (2) the amino-acid side

chains that build the surface to the bottom section of the tunnel (about
10 Å long), which are predominantly hydrophobic. It has been proposed
that the specific residues involved in shaping the hydrophobic section
of the main channel guide and help to orientate the H2O2 molecules for
catalysis [46]. Two critical residues, Val (Val 105 in KLC and Val 107 in
KPC) and Asp (Asp117 in KLC and Asp117 in KLP), fulfill this filtering
function by only allowing small molecules to enter the distal pocket
(Fig. 3e f, S8 and S9). This function is not limited to constricting the
main channel's opening, as has been demonstrated by mutagenesis
studies on the HPII and SCC-A catalases [45,48] whereby either
widening the channel (by substituting Ile for Val 169 in HPII) or nar-
rowing it down (Val111Ala in SCC-A and Val169Ala in HPII) has the
effect of reducing enzymatic activity. Eliminating the side-chain car-
boxylate of the conserved Asp 181 in HPII (Asp119/Asp117 in KPC and
KLC) by mutation to any nonpolar or polar uncharged residue caused
loss of enzymatic activity along with a reduction in the solvent occu-
pancy of the main channel. Hence, the electrical potential field gener-
ated between the carboxylate side chain of the conserved Asp, which is
located in the hydrophobic section, and the positive charge of the heme

Fig. 2. Overall architecture and monomer fold of KPC and KLC. Ribbon representation of the KPC and the KLC homotetrameric structures, with each subunit
shown in a different color (a, d), of the monomeric structures, color-coded according to the secondary structure (b, e), and schematic depiction of the fold topology,
indicating the presence and location of ion binding sites (c, f). (For interpretation of the references to color in this figure legend, the reader is referred to the Web
version of this article.)

S. Gómez, et al. Free Radical Biology and Medicine 141 (2019) 279–290

284



Fe influence the orientation of any molecular electrical dipole accessing
the lower pocket, including water and H2O2 molecules [49]. The se-
quence of the upper section of the main channel, which extends toward
the protein surface for an additional 15 Å, is less conserved across broad
phylogenetic distances although the conservation between KPC and
KLC is considerable (Figs. S8 and S9).

3.5. Heme lateral channel

In clade 3 monofunctional catalases a second channel (so-called
heme lateral channel) has been described. The lateral channel runs
along the β-barrel domain from the essential Asn residue at the heme
distal pocket to the NADPH binding site (Fig. 3e). In KPC/KLC, the
lateral channel extends for 16 Å with only a slightly bending course
before opening to the NADPH binding pocket (cf. Below). It runs along
the upper part of the central β-barrel domain at approximately a right
angle to the main channel, passing between Pro 142 and Gly 208 (KPC
numbering). The latter two residues contribute to the structuring of an
interesting feature shared by KPC and KLC: a potassium (K+) site,
which is located between the heme and the NADPH binding pockets
(Fig. S10).

3.6. NADPH environment

The two catalase structures presented in this work are the first
fungal catalases crystallized with bound NADPH. This is important
because full understanding of the role played by NADPH in catalase

function will require a complete description of the structural features of
the NADPH-binding pocket in catalases from wide phylogenetic origins.
The few structures in the PDB include sequences from two mammalian
sources (human erythrocytes [46] and beef liver [50–53]) and the
bacterial catalases from Micrococcus luteus [54] and Proteus mirabilis
[55]. The crystal structures of KPC and KLC show well-defined electron
density for NADPH, which is tightly bound to all catalase monomers
inside a surface groove flanked by the α-helical bundle of the C-term-
inal domain and the β-barrel from the central core (Fig. 3b d). The
conformation adopted by NADPH when bound to KPC or KLC is char-
acteristic of catalase-bound NADPH. NADPH adopts a right-handed
helical conformation characterized by the nearly perpendicular or-
ientation of the adenine and nicotinamide rings (Fig. 3b d).

The NADPH-binding pocket is formed by 19 residues that stabilize
the ligand binding pose, 10 of them through direct hydrogen bonding
(Fig. 3b d). While the nicotinamide moiety of NADPH adopts a con-
served conformation found in all catalases with known structure, some
differences can be observed in the conformation of the adenine moiety.
In fact, the adenine-binding pocket is less well conserved between KPC
and KLC than the nicotinamide pocket. In KPC (as well as in catalases
from C. glutamicum,M. luteus, or H. polymorpha), there is a crucial bulky
tyrosine residue (Tyr189), while in KLC (as well as in bovine liver,
human erythrocyte, or S. cerevisiae catalases), the equivalent main-
chain position is occupied with an isoleucine (Ile 189) or by a pheny-
lalanine in related catalases (Fig. 3b d). This difference causes the
adenine ring and the 2’ phosphate of NADPH in the KPC structure to
swing away by 1.0–1.5 Å from their positions and favors the flip of the

Fig. 3. Heme and NADPH coordination spheres and main channel of the KPC and KLC catalases. Structure of the heme and NADPH groups and their
coordination spheres in KPC (a, b) and KLC (c, d). Insets (top left) show a top-down view over the heme or NADPH groups with the 2mFo-DFc electron density map
overlaid at a contour rmsd of 1.5 σ. An anomalous Fourier map (contoured at an rmsd of 5 σ) is overlaid over the heme, showing the strong anomalous diffraction of
the Fe3+ ion. Residues interacting with the heme or NADPH groups are shown in sticks, and the hydrogen bonding interactions are shown as dashed lines. (e) Main
and lateral channels of KLC are shown for one monomer and indicated with arrows (they are similar in KPC). The main channel is indicated with an arrow that starts
at the exit from the monomer surface and ends at the heme pocket. A color gradient in hues of blue symbolizes the transition between residue layers from the top to
the bottom of the main channel. The lateral channel, marked by an orange arrow, starts at the NADPH pocket and ends by the side of the heme cofactor. (f) Side view
of the cavity delimited by the main channel, shown as a molecular surface and color coded as in (e). Note the constriction of the main channel's lumen that occurs
between the two first hydrophobic amino-acid residue layers over the plane of the heme. (For interpretation of the references to color in this figure legend, the reader
is referred to the Web version of this article.)

S. Gómez, et al. Free Radical Biology and Medicine 141 (2019) 279–290

285



phosphate group (by 34° in KLC with respect to KPC) toward the bulk
solvent, fitting in the conserved phosphate binding pocket by interac-
tions mediated by a water molecule.

3.7. Thermal stability and pH profile

Fungal catalases are known to operate at a broad range of tem-
peratures in accord with their high stability and tolerance to thermal
shocks [23]. The thermal stability profiles of KPC and KLC were as-
sessed by measuring the percent residual activity of either enzyme re-
maining after a set incubation time (30min) across a temperature range
from 35 °C to 75 °C (Fig. 4a). Overall, KPC is more thermotolerant than
KLC. However, this ranking cannot be concluded only from the melting
temperature at the inflection point of the residual activity vs tempera-
ture plot (52 °C for KPC vs 45 °C for KLC). More significant was the
comparison between the rates of residual activity loss at the colder
temperature end: while KPC hardly lost 10% of activity at 45 °C, KLC
had experimented the same activity loss by incubation at 37 °C. At the
opposite end of the temperature spectrum, after incubating the enzymes
at 75 °C KPC retained at least 20% of its activity while KLC activity
dropped to 7% (Fig. 4a).

The effect of pH over the activity of KPC and KLC was tested in a pH
range spanning 3–11 in steps of 1 pH unit at 50mM of different buffers
(Fig. 4b). Results were normalized as percent residual activity, where
100% was assigned to the maximum measured activity (pH 7 for both
enzymes). Both KPC and KLC remained active across a broad range of
pH values, although KPC proved comparatively more active toward
acidic pH values (> 20% residual activity at pH 3 for KPC vs full in-
activation for KLC). In contrast, KLC was more tolerant to basic pH
conditions than KPC. While KPC lost all activity at pH 10, KLC was able

Fig. 4. Temperature stability and pH activity profiles. The residual catalase
activity (normalized such that 100% residual activity corresponds to the max-
imum activity determined) is plotted against temperature (a) or pH (b). The
plots for KPC are shown in black and those for KLC in gold, where dots re-
present the sample mean (n=2) and error bars span±1σ. (For interpretation
of the references to color in this figure legend, the reader is referred to the Web
version of this article.)

Fig. 5. Effect of H2O2 and NaCl on the growth of P. pastoris and K. lactis and total catalase activity at saturation. (a) Growth curves of P. pastoris (top) and K.
lactis (bottom) cells in control YPD medium (control), YPD plus 2 mMH2O2 (H2O2), hypertonic YPD medium with 1M NaCl (NaCl), and a combined hypertonic/
oxidative treatment in YPD medium supplemented with 2mMH2O2 and 1M NaCl (comb.). Cell numbers were monitored by measuring the optical density at 600 nm
(OD600) in 3 independent experiments. (b) Bar plot showing the total specific catalase activity measured in cell lysates prepared at the end of the growth phase shown
in (a). Specific catalase activity was normalized to the OD600 at harvest to report activity values per OD600 unit and rescaled such that the value for the control
treatment is 100%. Experimentally determined values are shown in black (n=3).
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to retain> 40% residual activity even at pH 11 (the highest pH value
assayed).

3.8. Effect of H2O2 and NaCl on cellular growth and catalase activity in
cellular yeast extracts

We were interested to understand the effect of H2O2 and NaCl on
cellular growth parameters (generation time g, time to the mid-log
phase t1/2 and optical density at saturation ODsat) in actively dividing
yeast cells (Fig. 5). To this end, we followed yeast liquid cultures that
had been grown in rich YPD medium (control) or YPD supplemented at
the initial growth phase with 2mMH2O2 (pro-oxidative treatment), 1M
NaCl (osmotic shock/cation inhibition), or a combined treatment with
2mMH2O2 and 1M NaCl.

First, 2 mMH2O2 added to the YPD medium seemed to cause no
noticeable effect on g, t1/2 or ODsat compared to the control yeast cul-
tures; the parameters measured for P. pastoris were g=2.2 h, t1/
2= 15.2 h, and ODsat= 16.4 OD (Fig. 5a), and for K. lactis g=1.7 h, t1/
2= 18.0 h, and ODsat= 16.9 OD (Fig. 5c). Unaltered growth para-
meters suggest that in rich medium the addition of up to 2mMH2O2

was incapable of stressing either yeast species. This observation is in
agreement with previous gene expression studies performed in K. lactis,
where stimulation with exogenously added H2O2 failed to elicit catalase
induction [56], thereby suggesting a post-transcriptional mechanism
behind cell adaptation to oxidative stress.

In contrast, raising the ionic force of the base YPD medium with 1M
NaCl had a major effect on the cell growth parameters of both yeast
cultures. For P. pastoris, g increased by 41% to 3.1 h, t1/2 increased by
24% to 18.8 h, and ODsat decreased by 18.9% to 13.3 OD (Fig. 5a). For
K. lactis, neither g nor t1/2 became significantly altered, changing from
1.7 h to 1.8 h and from 18.0 h to 17.5 h, respectively. Instead, the ODsat

fell from 16.9 OD to 11.0 OD (a 34.9% decrease) (Fig. 5c).
Finally, adding 2mMH2O2 to the cultures grown at high ionic force

did not appreciably change the behavior observed with 1M NaCl only.
This indicated that 2mMH2O2 had no deleterious effect on growth
either on its own or in combination with 1M NaCl, and thereby ruling
the presence of a strong synergistic effect of H2O2 and NaCl under the
experimental conditions tested (Fig. 5a c). The lack of synergy between
the two stimuli contrasts with the observations made on Candida [18],
whereby the simultaneous deployment of high cation and H2O2 con-
centrations act in concert to collapse the yeast cell.

To gauge what effect did NaCl and H2O2 have in the intracellular
catalase concentration, we evaluated total catalase activity in cell ly-
sates prepared from yeast cultures harvested at saturation (Fig. 5b d).
Since catalase activity corresponds almost exclusively to KPC and KLC
in either yeast (with other redox enzymes having a negligible con-
tribution in comparison), we analyzed overall catalase activity ex-
pressed as specific activity (per mg of total protein in cell extracts)
across the various tested stimuli (Fig. 5b d). As expected, catalase
specific activity in the controls (mock) and yeast cultures exposed to
2mMH2O2 was identical (Fig. 5b d). In contrast, exposure to 1M NaCl
alone or in combination with 2mMH2O2 (Fig. 5b d) induced a 30% (P.
pastoris) or 40% (K. lactis) reduction in catalase specific activity. In both
cases, the effect was strong (p-value < 0.002 for both yeasts). The
observed reduction in total catalase activity could be caused by a direct
effect on the activity of the osmotic shock and cationic inhibition
conditions created by high NaCl concentration, by a secondary effect
through transcriptional downregulation of the catalase gene, or by a
combination of both. Indeed, there is clear evidence (cf. Below and
Fig. 6a d) that both KPC and KLC activities can be significantly di-
minished in vitro by an increase in ionic strength.

3.9. Catalase activity in yeast extracts after challenging yeasts with NaCl,
H2O2 and methanol

We then subjected P. pastoris and K. lactis yeast cells that had grown

to mid-exponential phase in rich YPD medium to a stress test consisting
in a 1-h incubation in saline buffer supplemented with varying con-
centrations of NaCl (0–2M NaCl) alone or supplemented with a fixed
concentration (2mM) of H2O2. Also, because P. pastoris is a methylo-
trophic yeast and methanol assimilation yields additional endogenous
H2O2 via the alcohol oxidase 1 (AOX1)-mediated conversion of me-
thanol into formaldehyde and H2O2, we also tested the effect of in-
creasing methanol concentration [from 0% to 40% (v/v)] on the ca-
pacity of the yeast cells to tolerate the stress. Although K. lactis cannot
metabolize methanol, exposure of K. lactis cells to methanol can induce
oxidative stress and, indirectly, ROS species, including H2O2 (albeit at a
slower rate than in P. pastoris). We decided to apply the same stressors
and stressor combinations to both yeast species to evaluate their dif-
ferential effects. After applying each stress condition, yeast extracts
were prepared and catalase activity measured in crude extracts.

As a useful reference baseline, we tested the effect of H2O2 and
osmotic shock/cationic inhibition (NaCl) directly on catalase activity in
vitro. Both enzymes displayed a similar behavior (Fig. 6a d). Between 0
and 0.5M NaCl, KPC and KLC exhibited a bimodal dependency of ac-
tivity with NaCl concentration. At NaCl concentration higher than
0.5M, catalase activity continuously dropped to 15% or less of the
highest measured activity. The bimodal activity profile below 0.5M
NaCl was characterized by a reduction in activity between 0 and
150mM, followed by a sudden increase from 150mM to 250mM. The
effect was consistently observed in both catalases, which likely in-
dicates a common mechanism. In cells, the analysis of the NaCl stress
tests (Fig. 6a d and 6ef) show the same downward trend for the catalase
activity with increasing NaCl concentration that we described earlier
for the effect of NaCl on the yeast cellular growth (Fig. 5a c). The
catalase activity measured post-stress in P. pastoris extracts was initially
(up to 250mM NaCl) equal or systematically higher in the presence of
2mMH2O2 than without it, but beyond 500mM NaCl the decrease in
catalase activity was higher and more complete in cells treated with
H2O2 (compare panels b vs c and panels e vs f in Fig. 6). In particular,
after a stress test with 1M NaCl and 2mMH2O2, neither P. pastoris nor
K. lactis extracts contained but negligible catalase activity (Fig. 6c f).
The trend observed in these and previous experiments (Figs. 5 and 6) is
consistent with a strong inhibitory effect of high saline/cationic con-
centration on KPC and KLC, which seems to be reproduced in yeast
lysates prepared from yeast cells either grown under similar conditions
(Fig. 5) or grown in YPD medium and then challenged with buffers
containing 1M NaCl and 2mMH2O2 (Fig. 6).

The results of the methanol challenge (Fig. 7) show that the catalase
activity measured from extracts of P. pastoris cells increased con-
tinuously up to 10% (v/v) methanol [a 25-fold increase or a log2 fold
change (log2FC) of 4.55] and only then began to decline (Fig. 7a).
Previous research has shown that methanol exposure induces peroxi-
some development in P. pastoris and an increase in catalase activity in
comparison with yeast cells grown in glycerol or glucose-containing
media [57]. This is to be expected if the unstimulated concentration of
KPC in the peroxisome is insufficient to cope with endogenously pro-
duced H2O2. When the non-methylotrophic yeast K. lactis was exposed
to methanol, however, only a two-fold increase in catalase activity
could be observed. Although mild, it begs the question as to why me-
thanol enhanced K. lactis catalase activity at all. Most likely, methanol
caused nonspecific oxidative stress that resulted in elevated catalase
activity. In contrast, catalase activity in K. lactis extracts after the me-
thanol challenge peaked at 3% (v/v) methanol with a 2.5-fold increase
vs 5.0-fold in P. pastoris (1.23 vs 2.45 in log2FC units) at the same
methanol concentration. At still higher methanol concentrations, K.
lactis extracts progressively lost any detectable catalase activity
(Fig. 7b).

4. Conclusions

We have determined that KPC and KLC are highly active catalases
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with a significant degree of tolerance to recognized catalase inhibitors
such as sodium azide (IC50 of 200 μM for KPC and< 50 μM for KLC)
and 2-mercaptoethanol (IC50 of 7.5 mM for KPC and 1.5mM for KLC).
The high-resolution structures of KPC and KLC bear a strong similarity
to the structures of the H. polymorpha and S. cerevisiae catalases. The
structures of KPC and KLC are the first catalase structures from yeast
which display well-defined and fully occupied NADPH binding sites.
The bound NADPH molecules adopt a sharply twisted NADPH con-
formation characterized by the near-perpendicular orientation of the
adenine and nicotinamide rings. The heme pocket, proximal and distal
cavities, and the main and lateral channels are all conserved. A po-
tassium cation is found tightly bound near the surface exit of the lateral
channel, at the point of maximum narrowing. The presence of a K+ site
involving the side chains of conserved residues suggests that this motif
could be shared across many other fungal catalases, despite having been

overlooked until now. Finally, a Cl− anion was found in a tetramer
stabilizing position. This Cl− binding motif had been previously de-
scribed in other eukaryotic catalases and may also represent a common
motif among fungal catalases. In contrast to these more conserved
structural features, the N-terminal arm of KPC adopts a unique con-
formation to contribute to the dimerization interface, which in KPC, but
not in KLC or other fungal catalases, includes the presence of a struc-
turally required sodium cation. Although it has only been described in
this work, the conservation of the interacting residues in KPC and KLC
suggests that it may exist in other fungal catalases.
P. pastoris and K. lactis have been extensively used as model yeasts

for the study of the control and regulation of the metabolic and stress-
related oxidative damage in cells and, in particular, the role that per-
oxisomal catalases play in ROS detoxification. Exposure of yeast cells to
sublethal H2O2 concentration (0.2–0.4 mM) stimulates catalase activity
without loss of cellular viability, while higher concentrations (1–2mM)
elicit catalase activity stimulation accompanied by a marked reduction
in cell viability. Therefore, KPC and KLC offer protection to the two
yeasts species from harmful H2O2 levels as those produced during in-
tensive respiratory metabolism. In pathogenic yeasts like C. albicans,
elevated catalase levels try to compensate the oxidative burst deployed
into the phagosomes of mammalian neutrophils and macrophages,
whose effect is enhanced by cation inhibition. Hence, we analyzed the
tolerance of P. pastoris and K. lactis cells toward a double treatment
consisting of NaCl and H2O2 during growth or by prolonged incubation.
Our results indicate that elevated NaCl concentrations in vitro as well as
in vivo hamper catalase activity regardless of the presence of at least
2mMH2O2. Cationic inhibition, therefore, appears to be far more po-
tent a catalase inhibitor than excess H2O2, either added exogenously or
produced endogenously.

The stringency of oxidative stress can be enhanced by methanol. In
P. pastoris, methanol is metabolized by alcohol oxidase into for-
maldehyde and H2O2. In K. lactis, methanol causes nonspecific oxida-
tive stress. In both yeasts, exposure to sub-toxic methanol concentra-
tions (up to 3% (v/v)) raises global catalase activity. This trend, which

Fig. 6. Effect of H2O2 and NaCl challenges on P. pastoris and K. lactis total catalase activity. Residual activity (normalized to 100%) measured on the free
enzymes (panels a for KPC and d for KLC) or on yeast cell lysates prepared from cell cultures previously subjected (challenged) to increasing concentrations of NaCl
(0–2M) in the absence (b and e) or presence of supplemented 2mMH2O2 (c and f). The plots are shown in red, with black dots representing the sample mean (n=3)
and error bars spanning±1σ. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Fig. 7. Effect of methanol challenge on P. pastoris and K. lactis total cat-
alase activity. The fold change (FC) in catalase activity (expressed as log2FC)
for KPC (a) and KLC (b) was plotted against the methanol concentration used in
the challenges. The plots are shown in red, with black dots representing the
sample mean (n=3) and error bars spanning± 1σ. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web
version of this article.)
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is quantitatively more significant for P. pastoris than in K. lactis, reflects
in part the physiological adaptations to methanol assimilation present
in P. pastoris. At even higher methanol concentrations, P. pastoris cells
show still increased catalase activity in cell extracts, up to 10% (v/v)
methanol (24-fold activity increase), then catalase activity experiences
a steady decline, most likely as a result of toxicity issues.

The structural, biochemical and cellular analyses presented in this
work lend support to and provide insight into the central role that KPC
and KLC play in the physiology of methylotrophic and non-methylo-
trophic yeasts, with particular emphasis on conditions thought to
characterize fast aerobic metabolism and the oxidative burst response
of phagocytes. Comparison with other yeast models like the budding
yeast S. cerevisiae and the pathogenic C. albicans can enrich our un-
derstanding of the most widely used models for peroxisomal function
and ROS management and provide information about the molecular
mechanisms, and the resistance counter mechanisms, by which neu-
trophils and macrophages attempt to destroy phagocytosed microbes.
As such, these findings may lead to a clearer understanding of yeast-
based models of oxidative regulation and damage and the infection
biology of pathogenic yeasts, and the optimization of yeast expression
systems.
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