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The main channel for H,0, access to the heme cavity in large subunit catalases is twice as long as in small
subunit catalases and is divided into two distinct parts. Like small subunit catalases, the 15 A of the chan-
nel adjacent to the heme has a predominantly hydrophobic surface with only weak water occupancy, but
the next 15 A extending to the protein surface is hydrophilic and contains a complex water matrix in
multiple passages. At the approximate junction of these two sections are a conserved serine and gluta-

’C<ey"‘l’°rd5~' mate that are hydrogen bonded and associated with H,0, in inactive variants. Mutation of these residues
1(23-: ase changed the dimensions of the channel, both enlarging and constricting it, and also changed the solvent

occupancy in the hydrophobic, inner section of the main channel. Despite these structural changes and
the prominent location of the residues in the channel, the variants exhibited less than a 2-fold change
in the ke and apparent Ky kinetic constants. These results reflect the importance of the complex
multi-passage structure of the main channel. Surprisingly, mutation of either the serine or glutamate

Channel architecture
Side chain modification

to an aliphatic side chain interfered with heme oxidation to heme d.

© 2012 Elsevier Inc. All rights reserved.

Introduction

Hydrogen peroxide (H,0,)! is a common byproduct of cellular
metabolism, but is inherently dangerous to the cell because of its
strong oxidative properties. Several enzymatic systems have
evolved to remove H,0, and reduce the potential for cellular dam-
age of which the most efficient are the catalases with turnover
rates in the range of 10*-10° per second. There are three distinct
families of catalases including the heme-containing monofunction-
al catalases, the heme-containing catalase-peroxidases and the
non-heme but manganese-containing catalases [1]. All catalyze
the dismutation of H,0, (2H,0, — 2H,0 + O,), albeit by different
mechanisms.

The monofunctional catalases can be grouped into three phyloge-
netically related clades, two with small ~60,000 Da subunits (clades 1
and 3) and one with large 80,000 Da subunits (clade 2) found in both
bacteria and fungi [2]. Alarge subunit catalase was the presumed pro-
genitor [2] selected for its enhanced resistance to heat denaturation
and protease cleavage [3,4]. Small subunit enzymes subsequently ar-
ose by the removal of ~50 residues from the N-terminus and ~150
residues, folded as a flavodoxin-like domain, from the C-terminus.
Crystal structures have been reported for at least one representative
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of all three clades, revealing a remarkably conserved protein core
and homotetrameric structure. Among the clade 2 enzymes, the
structures of Escherichia coli KatE (also hydroperoxidase or HPII)
and 35 of its variants have been reported [5,6] or deposited with
the Protein Data Base along with those of Neurospora crassa CAT-1
[7] and CAT-3 [8], providing many insights into the catalatic process.

The main channels leading to the heme cavity are about 15 A
longer in large subunit compared to small subunit catalases with
a complicated multi-passage architecture (Fig. 1). The channel
structure arises from a helical segment containing E530 (KatE
numbering is used throughout) folded across what would be the
channel entrance in most small subunit enzymes, very likely forced
into this position by the longer C-terminus. Also inserted into the
side of the channel of large catalases is a four residue sequence
containing $234 with its -OH hydrogen bonded (2.7 A) to the car-
boxylate of E530. This places the S234-E530 pair at the junction
between the relatively hydrophobic lower portion of the channel
containing an interrupted chain of low occupancy waters (Fig. 1)
and the more hydrophilic extension containing a complex matrix
of waters extending to the surface of the protein. In addition, the
S234-E530 pair creates a slight constriction in the channel
although two waters are hydrogen bonded across the narrowest
region (Fig. 1). Otherwise the longer channel is unobstructed, sim-
ilar to small subunit enzymes, and the added length is not a factor
in the slow turnover rates of large subunit enzymes compared to
small catalases [9,10].
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Fig. 1. (A) Stereo diagram showing the main channel architecture in KatE. The complexity of the channel above S234 and E530 is evident in the trifurcation into channels C1-
C1’, C2 and C3. The channel cavities were calculated using VOIDOO. (B) Key residues and waters in the lower part of the channel. Possible hydrogen bond interactions are
shown by dashed lines. The numbering of the waters is correlated with Table 3. Water ‘wr’ or reference water is a high occupancy water in the heme cavity.

A computational analysis of H,0, binding to N. crassa CAT-1
identified a H,0, binding site in the main channel at the equivalent
residues to S234 and E530, and it was suggested that they may be
actively controlling or gating H,0, access to the heme cavity [11].
Experimental validation of the predicted binding site existed in the
previously published structure of the H,0,-soaked H128N variant
of KatE where one H,0, is hydrogen bonded to S234 and E530 in
addition to the two in the heme cavity [12]. Furthermore, Glu530
is 100% conserved in large subunit catalases while S234 is ~50%
conserved with Thr replacing it in the other ~50%. In this report,
the roles of S234 and E530 are investigated in an analysis of the ki-
netic and structural properties of a series of variants mutated in
the two residues.

Materials and methods
Variant protein construction, purification and characterization

Standard chemicals and biochemicals were obtained from Sig-
ma. The oligonucleotides CAAGGGCAAGCTGCCCACGATA (S234A),
CAAGGGCAAGATGCCCACGATA (S234D), CAAGGGCAAAATGCCCA
CGATA (S234N), CAAGGGCAAATTGCCCACGATA (S234I), CAAGG
GCAATGGGCCCACGATA (S234W), TTCAGTTTTGCTTTAAGCAAA (E5
30A), TTCAGTTTTGATTTAAGCAAA (E530D), TTCAGTTTTATTTTA
AGCAAA (E530I), and TTCAGTTTTCAGTTAAGCAAA (E530Q), were
purchased from Invitrogen and used to mutate the HindIlI-EcoRI
(base pairs 1246-1856) or EcoRI-Clal fragment (base pairs 1856-
3466) of pAMkatE72 [13] following the Kunkel procedure [14] as
previously described [15]. The mutated sequences were confirmed
[16] and used to generate the plasmids pS234A, pS234D, pS234N,
pS234I, pS234W, pE530A, pE530D, pE530I and pE530Q by reincor-
porating the fragment into the full length katE gene. The native and
variant proteins were expressed and purified as described [15].
Catalase activity was determined by the method of Rerth and Jen-
sen [17] in a 1.8 mL reaction volume using a Gilson oxygraph
equipped with a Clark electrode. One unit of catalase is defined
as the amount that decomposes 1 pmol of H,0, in 1 min in a
60 mM H,0, solution at pH 7.0 and 37 °C. The initial rates of

oxygen evolution were used to determine the turnover rates (kca;)
and apparent Ky values (Table 1). Protein was estimated according
to the methods outlined by Layne [18]. All spectra were obtained
using a Milton Roy MR3000 spectrophotometer.

Crystallization and structure determination

Crystals of the HPII variants were obtained at 22 °C using the
hanging drop vapor diffusion method over a reservoir solution con-
taining 15-17% PEG 3350 (Carbowax), 1.6-1.7 M LiCl and 0.1 M
Tris pH 9.0 [5,6]. The crystals were monoclinic, space group P2
with one tetrameric molecule in the crystal asymmetric unit. Data
sets were collected using synchrotron beam line CMCF 08ID-1 at
the Canadian Light Source in Saskatoon, Canada from crystals flash
cooled in the reservoir buffer. Diffraction data were processed and
scaled using programs MOSFLM and SCALA [19], respectively (Ta-
ble 2). Structure refinement starting with native KatE structure
(1GGE) was completed using program REFMAC [20] and manual
modeling with the molecular graphics program COOT [21]. The
Ramachandran distribution of residues for all structures was

Table 1
Kinetic comparison of the S234 and E530 variants.

Variant keat (s71) Ku{app)* (mM) Kear/Km{app} (s ' M)
WT 100,780 220 46 x 10°
S234A 88,800 460 1.9 x 10°
$2341 162,700 680 2.4 x10°
$234D 100,500 370 2.7 x 10°
S234N 84,900 265 3.2 x10°
E530A 182,000 675 2.7 x 10°
E5301 96,500 575 1.7 x 10°
E530D 71,200 165 43 x10°
E530Q 75,000 560 1.3 x 10°
E530A/S234A 189,800 320 6.7 x 10°

2 Km{app}-Ku{apparent} in the context of catalases is the H,0, concentration at
1/2 Vimax and is used because the catalatic reaction does not strictly saturate with
substrate and therefore does not precisely follow Michaelis—-Menten kinetics [7].
Large subunit catalases are very resistant to inhibition or damage at high [H,0;]
allowing up to 5 M H,0,; to be used in assays.
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Table 2

Data collection and refinement statistics.
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A - data collection statistics

Variant E530A E530D E5301 E530Q S234A S234D S2341 S234N

PDB 4ENP 4ENQ 4ENR 4ENS 4ENT 4ENU 4ENV 4ENW

Unit cell parameters

a(A) 93.33 93.38 93.58 93.45 93.46 93.56 93.23 93.39

b (A) 133.11 133.09 132.78 133.40 133.05 132.61 133.13 132.57

c(A) 122.74 122.34 122.81 123.24 122.19 122.81 122.71 122.57

Resolution® 35.2-1.5(1.58- 41.4-1.9 (2.00- 34.2-1.6 (1.69- 32.2-1.6 (1.69- 33.3-1.7 (1.79- 33.2-1.7 (1.79- 34.2-1.7 (1.79- 35.1-1.90

1.50) 1.90) 1.60) 1.60) 1.70) 1.70) 1.70) (2.00-1.90)

Unique 449780 204992 357773 344208 302611 284036 246545 206796 (27496)
reflections (65633) (29254) (49514) (42156) (41894) (36029) (29305)

Completeness% 99.9 (100.0) 92.4 (90.5) 96.3 (91.5) 92.1 (77.6) 98.2 (93.5) 92.0 (80.3) 79.9 (65.3) 93.6 (85.5)

Rmerge 0.079 (0.288) 0.065 (0.245) 0.094 (0.453) 0.099 (0.351) 0.110 (0.554) 0.059 (0.201) 0.062 (0.188) 0.086 (0.238)

<I/cl> 9.4 (3.9) 9.0 (3.0) 7.9 (2.6) 7.4 (2.5) 7.9 (2.5) 13.9 (5.0) 7.5 (2.9) 8.7 (4.9)

Multiplicity 3.8(3.6) 2.0(2.1) 3.5(34) 3.2(2.7) 3.3(3.2) 3.5(3.2) 2.1(1.8) 3.2(2.7)

B - Model refinement statistics

Reflections 427158 194502 339252 326323 287023 269541 233265 196178

Reryst (%) 13.8 15.8 15.8 15.1 15.8 134 16.7 17.5

Reree (%) 16.2 20.7 19.3 18.4 19.7 17.0 20.7 221

Non-H atoms 26707 26325 26152 26323 26318 26278 26351 25927

No. waters 3344 3167 2948 2948 2981 3053 3010 2752

Average B-factor A®

Protein 16.3 15.5 14.6 15.2 14.0 14.2 15.0 14.7

Heme 9.0 9.5 7.2 7.5 6.1 8.3 8.5 8.9

Waters 26.6 22.0 244 25.1 24.5 23.8 233 22.7

Other

Coor. err. A 0.036 0.091 0.057 0.051 0.066 0.052 0.068 0.092

rms dev bonds A 0.027 0.020 0.025 0.025 0.022 0.024 0.021 0.019

rms dev. angles °  2.65 2.05 2.49 2.57 2.45 2.33 2.38 2.07

@ Values in parentheses correspond to the highest resolution shell.
b Based on maximum likelihood.

~96%, 3.5% and 0.5%, respectively, in favored, allowed and outlier
regions. Figures were generated using PYMOL (The PYMOL Molec-
ular Graphics System, Schrodinger, LLC).

The coordinates for the structures included in this manuscript
have been submitted with PDB accession codes 4ENP (E530A),
4ENQ (E530D), 4ENR (E530I), 4ENS (E530Q), 4ENT (5234A), 4ENU
(S234D), 4ENV (S234I) and 4ENW (S234N).

Results and discussion
Kinetic characterization of the S234 and E530 variants

The residues equivalent to S234 and E530 in N. crassa CAT-1
(S198 and E489) were identified as components of a putative gate
controlling access of H,0, to the heme cavity [11]. They are also
notable because of their conservation, their location at the junction
between the hydrophobic inner and hydrophilic outer sections of
the main channel with unobstructed paths between their side
chains and the heme iron 17-20 A distant, and their association
with H,0; in an inactive KatE variant [12]. To investigate the influ-
ence of the side chains on the catalatic reaction, mutations to
acidic, uncharged polar, and aliphatic side chains were introduced.
Specifically, plasmids harboring mutated katE genes encoding
S234A, S234D, S234N, S234I, S234W, E530A, E530Q, E530D and
E5301 were constructed. All variants except S234W accumulated
normal amounts of protein confirming that protein folding was
not affected by any of the changes except to the indole ring.

Determination of the kinetic parameters of the variants re-
vealed relatively minor changes compared to the wild type enzyme
(Table 1). The turnover rates are unchanged or slightly reduced
with the exceptions of S234l, E530A and the double mutant
S234A/E530A for which the k., values are increased by 60-80%.
All but one of the variants had increased apparent Ky's (Km{app})

for H,0, and the apparent catalytic efficiency expressed as Kca/
Kwv{app} is reduced by 30-50% in all cases except E530D and the
double variant. (Table 1). It is important to note that the Ky{app}
in the context of catalases is the observed H,0, concentration at
1/2 Vqax and is used because the catalatic reaction does not satu-
rate with substrate and therefore does not precisely follow Michae-
lis-Menten kinetics [9].

In summary, the catalytic efficiencies of the S234 and E530 vari-
ants were remarkably similar across a variety of side chains. This is
consistent with previous kinetic and structural work that con-
cluded the extended main channel of large subunit enzymes has
no substantive effect on catalytic turnover and only a minor impact
on substrate access reflected in the 2-fold higher Ky, {app} for H,0,.

Structural characterization of the S234 and E530 variants

To provide a better picture of the effect of the mutations on
solvent occupancy in the main channel and heme cavity, the struc-
tures of the eight variants were determined by X-ray crystallogra-
phy (Table 2). All refined to between 1.5 and 1.9 A providing a
uniform high resolution picture of the side chains, channel size
and solvent complement. The expected modified side chain was
evident in each variant and its presence was verified in F,—F. omit
maps calculated without the side chain in the model (Supplemen-
tary information). The mutations caused no change in the locations
or orientations of surrounding residues compared to the wild type
enzyme.

Two features, aside from the mutated side chains, differ among
the variants. In contrast to the relative invariance of solvent in
other channels and cavities among the different variants, the lower
part of the main channel is the site of considerable variation (Table
3). At one extreme is E530I in which the lower main channel is
essentially devoid of solvent (only w2 is present in all subunits)
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(Table 3). Two other aliphatic replacement variants E530A and
S234], and the uncharged, polar variant S234N, also have reduced
solvent occupancy compared to the native enzyme although
E530A has a full complement of w5*, w6 and w7 high in the chan-
nel. By contrast, the aliphatic replacement variant, S234A, resem-
bles E530Q, E530D and S234D with a solvent complement
similar to the native enzyme, albeit with some small shifts in sol-
vent locations. All of the variable waters, including w1 and w3-7,
have elevated B values (>20 A?) suggesting low occupancy. Signif-
icantly, w8, which is hydrogen bonded to S234 in the native

Table 3

enzyme, essentially at the site of H,0, binding in the inactive var-
iant, is conserved in all subunits of all variants.

The second difference among the variants lies in their channel
architectures (Fig. 2). Two variants, S234A and E530I, present a
slightly more open or continuous channel adjacent to S234
whereas $234I, S234D and S234N present a 7-8 A gap that might
be inferred to present an obstruction to movement down the chan-
nel. The corresponding channel segments in the remaining three
E530 variants were largely unchanged compared to the native en-
zyme. There is surprisingly little correlation between channel

B values (A?) of waters in the main channel and heme cavity of KatE, its variants and CAT-1.

Table 3
B values (A?) of waters in the main channel and heme cavity of KatE, its variants and CAT-1.

A B C D A B C D
KatE (heme d), 1GGE CAT-1 (0.4 heme d, 0.6 heme b), 1SY7
w1 30.9 32.6 29.9 29.1 wil - -
w2 129 16.5 15.2 13.8 w2 19.0 21.8
w3 - - 39.2 28.9 w3 22.4 24.4
w4 28.1 33.2 34.6 31.8 w4 58.9 45.7
w5 46.9 38.9 433 38.5 w5 324 37.0
w6 15.2 17.2 25.4 141 w6 18.0 20.5
w7 324 34.7 35.8" 32.1 w7 - -
w8 7.7 10.9 18.6 6.6 w8 18.9° 16.1°
wr? 7.1 9.0 8.5 7.6 wr 13.5 14.5
52341 (0.6 heme d, 0.4 heme b), 4ENV S234A (0.7 heme d, 0.3 heme b), 4ENT
wil 23.8 26.0 27.8 - wil 35.6" 373 425"
w2 13.8 179 15.2 133 w2 19.1 26.5 253 19.4
w3 - - - - w3 - - - -
w4 - 339 33.7 41.4 w4 449 36.5 36.2 39.9
w5 - - - - w5 323 27.6" 27.3" 26.5
w6 - - - - w6 248 32.9 27.2 23.6
w7 - - - - w7 24.5 273 24.8 224
w8 21.6 22.1 24.9 23.7 w8 17.0 17.2 20.0 15.0
wr 9.8 10.2 10.1 7.6 wr 9.5 8.4 10.1 8.2
5$234D (heme d), 4ENU S234N (heme d), 4ENW
wil 42.2 34.0 37.9 359" wl 41.1 313 41.3" 39.7
w2 174 22.9 19.3 19.2 w2 16.7 18.0 15.0 16.3
w3 - - 39.1 - w3 - - - 32.8
w4 43.4 32.7 34.2 27.1 w4 - 37.8 33.7 -
w5 25.4 214 24.5 21.2 w5 - 30.8 28.7 23.6
w6 31.6° 27.9 27.9 25.7 w6 - - -
w7 24.8 26.7 - 225 w7 253 26.8 - 214
w8 20.0 17.6 20.9 18.0 w8 22.4 20.6 19.9 12.5
willl 7.4 103 10.0 8.9 will 9.1 10.8 11.0 109
E530I (heme b), 4ENR E530A (heme b), 4ENP
wl - - - - wl - - - -
w2 24.6 30.7 24.9 23.0 w2 16.5 19.7 17.6 16.2
w3 - - - - w3 - - - -
w4 - - - - w4 - - - -
w5 - - - 38.1° w5 26.0° 29.5" 25.5" 27.0°
w6 - - - 31.7 w6 234 258 24.6 23.8
w7 253 252 = 323 w7 214 24.2 22.8 21.8
w8 16.4 16.9 189 15.6 w8 21.4 22.6 21.8 179
wr 7.9 9.2 10.7 8.5 wr 9.9 114 11.6 104
E530Q (0.7 heme d, 0.3 heme b), 4ENS E530D (heme d), 4ENQ
wil 25.6 22.7 29.6 27.4 wl 20.9 24.5 28.1 -
w2 15.6 20.7 16.5 16.7 w2 15.5 15.0 15.3 18.2
w3 - - - - w3 - - - -
w4 46.3 42.6 33.1 414 w4 373 - - -
w5 - 45.6 40.1° 47.0 w5 243" 30.1° 21.7 31.0°
w6 14.7 17.8 18.8 149 w6 11.1 10.0 109 134
w7 30.0 36.0 - 38.9 w7 223 239 189 184
w8 13.2 16.6 14.8 15.3 w8 18.3 10.5 9.4 6.3
wr 9.2 11.7 125 10.8 wr 7.0 7.0 6.1 6.8

*Denotes waters shifted slightly (1-1.5 A) from the position in 1GGE.
“Locations where waters are missing are colored grey for visual impact.
bwr or Reference water is a high occupancy water in the heme cavity.
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Fig. 2. Main channel cavities in native KatE and selected variants. Only the channel in subunit A is shown but channels in the other subunits were similar in a given variant.
The channels are shown for (A) native; (B) S234A; (C) S234I; and (D) E530A. The channels in S234N and S234D were similar to S234I (panel C), in E530I, similar to S234A
(panel B), and E530Q and E530D, similar to native (panel A). Cavities were calculated using VOIDOO.

dimensions and water occupancy in the hydrophobic section. For
example, S234A and E530I present less obstructed channels, but
the former has a nearly complete water matrix in the lower chan-
nel while the latter is essentially devoid of solvent in that region. In
addition, S234I with the most occluded channel exhibits one of the
highest turnover rates similar to that of E530A in which the chan-
nel dimensions are similar to native.

The importance of H,0, retention in the heme cavity, presum-
ably to maintain a critical substrate concentration for reactivity,
was demonstrated by the reduction in catalytic efficiency (from
4.6t00.1 x 10°s~! M) when the opening into the lateral channel
was enlarged [22]. By comparison, however, the main channel is
very open and neither constriction nor enlargement at S234 has
a significant impact on reaction rate. Two other factors may be at

play. The first is an inherent attraction of H,O, to the heme cavity,
evident in two H,0, being bound in the heme cavity of the inactive
variant. The electrical potential field between the conserved aspar-
tate (D181 in Fig. 1) and heme iron which aligns the electrical
dipoles of H,0 and H,0, thereby optimizing the molecular orienta-
tion for binding [15] may be an important component of this
apparent attraction. Secondly, the lower part of the channel be-
tween S234 and the heme is hydrophobic providing no binding
sites for H,0, and supporting only a low occupancy matrix of
solvent.

It is tempting to draw an analogy between the passage of
water through aquaporins [23-25] and the passage of H,0, and
H,O through the main channel of large subunit catalases. Like
one side of an aquaporin, the outer hydrophilic portion of the
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KatE channel presents a continuous chain or matrix of waters
leading to a narrow constriction at the serine-glutamate pair
(two asparagines in aquaporins). On the other side of the con-
striction, however, the two systems are very different with aqu-
aporins presenting a near mirror image chain of linked waters,
whereas KatE presents a low occupancy, discontinuous chain of
solvent making few contacts with the hydrophobic surface of
the channel. Furthermore, whereas the double asparagine motif
at the constriction in aquaporins is critical for the preclusion of
proton transport, the serine-glutamate motif appears to have lit-
tle function.

In summary, there is no consistent correlation among the muta-
tions, the kinetic changes, the solvent occupancies or the changes
in architecture in the variant channels. (a) Aliphatic side chains re-
duce water occupancy in three cases but not in the fourth. (b) The
uncharged but polar N234, but not Q530, reduces solvent occu-
pancy. (c) Reduced solvent occupancy is paired with high turnover
rates in S234I and E530A. (d) The water matrix in the vicinity of
residues 234 and 530 is largely unchanged across the range of vari-
ants. (e) The turnover rates are relatively unchanged in all variants
except S2341 and E530A. (f) The high turnover rate of S234I occurs
despite occlusion of the channel. The only consistency among the
variants is an increase in Ky{app} for H,0, in six of the $S234 and
E530 variants; only S234N and E530D were unchanged compared
to native. Thus, the hydrogen bonded residues S234 and E530 sit-
uated at the junction of the inner hydrophobic and outer hydro-
philic sections may be the last point of association for H,O, with
the protein before reaching the heme, but have only a minor role
in facilitating H,O, passage to the heme cavity.

Influence of S234 and E530 on heme oxidation to heme d

The absorbance spectra of the variants and native enzyme differ
only in the region of the charge transfer bands suggesting the pres-
ence of differing proportions of heme d (590 nm) and heme b
(630 nm) (data not shown). This was confirmed by HPLC and in
the crystal structures that revealed the aliphatic variants, S234A,
S2341, E530I and E530A to contain more heme b (100% in the case
of E530A and E530I) than heme d. Previously, heme b in native
KatE, prepared under anaerobic conditions, had been converted
to heme d by ascorbate treatment [26], but the heme b in both
E530A and E530I proved to be resistant to such treatment (data
not shown). Thus, despite only a minor effect on the catalatic reac-
tion, S234 and E530 appear to have a role modulating the post-
translational oxidation of the heme b to heme d. Small variations
in the ratio of heme b and heme d in variants of KatE have been
noted previously [22], and were associated with residue changes
in close proximity to the heme as well as variations in aeration
or growth conditions. The remoteness of E530 from the heme com-
bined with the absence of any conversion to heme d preclude these
previous explanations, and H,0, accessibility does not seem to be
impaired in these variants. In the absence of such clear explana-
tions, we are left for the moment with a more tenuous suggestion
of an inductive effect of the polar side chain at residue 530.
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