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ABSTRACT: Catalase-peroxidases (KatGs), the only catalase-active members of their
superfamily, all possess a 35-residue interhelical loop called large loop 2 (LL2). It is '\"

essential for catalase activity, but little is known about its contribution to KatG function.
LL2 shows weak sequence conservation; however, its length is nearly identical across
KatGs, and its apex invariably makes contact with the KatG-unique C-terminal domain.

We used site-directed and deletion mutagenesis to interrogate the role of LL2 and its ey \
interaction with the C-terminal domain in KatG structure and catalysis. Single and Ay ook O D
double substitutions of the LL2 apex had little impact on the active site heme [by 3 :b‘i‘» AN
magnetic circular dichroism or electron paramagnetic resonance (EPR)] and activity = S

(catalase or peroxidase). Conversely, deletion of a single amino acid from the LL2 apex

reduced catalase activity by 80%. Deletion of two or more apex amino acids or all of LL2 diminished catalase activity by 300-fold.
Peroxide-dependent but not electron donor-dependent k.,./Ky, values for deletion variant peroxidase activity were reduced 20—
200-fold, and k,, for cyanide binding diminished by 3 orders of magnitude. EPR spectra for deletion variants were all consistent
with an increase in the level of pentacoordinate high-spin heme at the expense of hexacoordinate high-spin states. Together, these
data suggest a shift in the distribution of active site waters, altering the reactivity of the ferric state, toward, among other things,
compound I formation. These results identify the importance of LL2 length conservation for maintaining an intersubunit
interaction that is essential for an active site water distribution that facilitates KatG catalytic activity.

atalase-peroxidase (KatG) is a heme-dependent enzyme

found in bacteria, archaebacteria, fungi, and other lower
eukaryotes." KatG from Mycobacterium tuberculosis activates the
antitubercular prodrug isoniazid. For a large majority of
isoniazid-resistant M. tuberculosis strains, mutations to the
katG gene have been identified, the most prominent of which
are those that produce S31ST KatG.”> Additionally, KatGs,
especially extracellular/periplasmic forms, have been connected
with virulence of other pathogens (animal and plant), including
Escherichia coli O157:H7,>* Legionella pneumophila,® Yersinia
pestis,®” and Magnaporthe sp.~'' Finally, KatGs are a
compelling system for investigating heme-dependent enzyme
structure and function.”

The efficiency of KatG catalase activity rivals that of the
monofunctional catalases.'>'® However, apart from the
utilization of a heme prosthetic group, KatG bears no
resemblance to these enzymes. The peroxidase activity of
KatG is comparable to that of other non-animal peroxidases
(now called the peroxidase-catalase superfamily).! Sequential
and structural analyses place KatG squarely within this
superfamily, specifically the class I subdivision along with
cytochrome c¢ peroxidase (CcP) and the hybrid peroxidase from
Leishmania major. Strikingly, though the active sites of these
enzymes are essentially superimposable, KatG is the lone
representative of the superfamily with significant catalase
activity. "' 471®
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The catalytic cycles of typical catalases, typical peroxidases,
and a recently proposed mechanism for KatG catalatic turnover
all begin with the conversion of Fe heme to FeV=
O[porphyrin]** (i.e, compound I) by way of a Fe"—~OOH
complex known as compound 0 (Scheme 1)."” The structure of
the two-electron-oxidized state varies; in some enzymes, the
porphyrin radical is reduced at the expense of the protein as in
FeV=0[Trp;9;]*" of CcP.***' The Fe' state of typical
catalases returns by the oxidation of H,0, by compound I to
generate O, and a second equivalent of H,O. In contrast, the
typical peroxidase reaction sequence returns the Fe' state by
two sequential one-electron reductions at the expense of an
exogenous electron donor.

Though the similarities are remarkable, KatGs have at least
four structures, largely peripheral to the active site, that are
absent from the other peroxidases, even the hybrid peroxidase
from L. major.'>'®**7 First, there is a gene-duplicated C-
terminal domain.** Though separated from the active site by
>30 A, it appears to help maintain the heme environment for
activity by preventing the active site’s distal histidine from
coordinating the heme iron.>"?® Second, KatG has three
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Scheme 1. Intermediates of Catalatic and Peroxidatic
Turnover”
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“The reactions common to typical non-animal peroxidases, KatG, and
typical catalases are shown in bold. The typical peroxidatic cycle also
includes the reactions represented by dashed arrows, where AH and A®
represent a generic exogenous electron donor and its free radical
oxidation product, respectively. A proposed mechanism for KatG
catalatic turnover includes reactions represented by bold and solid
arrows. The covalent adduct (MYW) and its radical (MYW®") are
unique to KatG as are the designations cmpd I* and cmpd IIT*. The
catalatic reaction sequence for typical catalases is represented by
reactions with bold and gray arrows.

interhelical connecting structures with extensions that make
them considerably longer than the corresponding structures of
other peroxidases. These extensions or large loops are found
between helices D and E [i.e., large loop 1 (LL1)], helices F
and G [large loop 2 (LL2)], and helices G and H [large loop 3
(LL3)].

A role for LL3 has not been investigated and will not be
addressed further here. Conversely, the function of LLI is the
most clearly understood of the three. LL1 bears the strictly
conserved tyrosine (Y226 by E. coli KatG numbering) that
participates in a unique MYW covalent adduct found on the
distal side of the heme.>'®******73> Replacement of any of the
members of the adduct invariably eliminates catalase activity
without appreciably diminishing the peroxidatic capabilities of
the enzyme.****™*° Intramolecular electron transfer follows
formation of KatG compound I, producing an FelV=
O[MYW]** intermediate termed compound I*. A reaction
between compound I* and H,0, is proposed to form an Fe'—
0, [MYW]** intermediate (i.e, compound IIT*). Deproto-
nation of the adduct Trp followed by formation of an Fe''—
OO-Trp(MYW) intermediate has been proposed for this
reaction.*” Finally, electron transfer from the Fe''—0,*~ heme
center to the MYW adduct radical produces O, and Fe'" KatG
(Scheme 1).%7%

LL1 also bears a strictly conserved glutamate (E253 in
Synechocystis KatG) that appears at the entrance of a narrow
channel to the active site heme. Mutagenesis and computational
studies suggest that this residue maintains an ordered
orientation of water dipoles that supports H,O, oxidation by
KatG.***” Finally, variants that delete the C-terminal end of
LL1 not only eliminate catalase activity as expected but also
produce substantial gains in peroxidatic activity even over other
catalase-negative variants (e.g, Y226F), indicating that LLI
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may favor catalase over peroxidase activity bgf also restricting
access of electron donors to the heme edge.?

Little is known about the function of LL2, but its presence in
all KatGs suggests that it is important. Structures of KatGs
show that LL2 begins and terminates adjacent to the active
site.'®?>?>* Like LLI, portions of LL2 contribute to the
narrow active site access channel for H,0,. From its point of
origin and termination, LL2 extends to make contact with the
C-terminal domain of the adjacent subunit (Figure 1). To date,

Q.
Q305

(293)\.‘

C-terminal
domain

Figure 1. Position of large loop 2 (LL2) relative to the KatG active site
and the C-terminal domain. Critical residues found on the distal side
of the heme are shown as sticks with carbons colored gray. The a-
carbon trace of LL2 is colored yellow with key residues shown as
sticks. The portion of the C-terminal domain with which LL2 interacts
is shown in blue space-filling format. Coordinates are from Protein
Data Bank entry 1IMWV.?* Thus, residue numbering is according to
Burkholderia pseudomallei KatG with corresponding E. coli KatG
numbers in parentheses. The image was created using PyMOL.*

only two variants targeting LL2 have been evaluated. The M.
tuberculosis KatG variant W300G, though it forms the MYW
adduct, lacks catalase activity but retains tert-butyl-OOH-
dependent peroxidase activity.*” Additionally, the entire LL2
structure has been deleted from E. coli KatG, producing a 200-
fold decrease in catalase activity, but only limited reduction in
peroxidase activity.”® Clearly, the structure is integral to KatG
function. However, the manner in which it contributes is
unknown. Given that both LL2 and the C-terminal domain are
essential to KatG function”® >**° and all KatG structures show
contact between them, we generated a series of substitution and
deletion variants to evaluate this interaction and its impact on
the catalytic and spectroscopic properties of KatG.

B MATERIALS AND METHODS

Reagents. Oligonucelotide primers were obtained from
Invitrogen (Carlsbad, CA). Competent E. coli cells (XL-1 Blue
and BL-21[DE3]pLysS) and Pfu polymerase were from Agilent
Technologies (La Jolla, CA). Restriction enzymes were from
New England Biolabs (Beverly, MA). QIAprep Spin Miniprep
kits and nickel-nitriloacetic acid (Ni-NTA) resin were obtained
from Qiagen (Valencia, CA). Isopropyl -p-thiogalactopyrano-
side (IPTG) was obtained from Gold Biotechnology Inc. (St.
Louis, MO). Mono- and dibasic sodium phosphate, acetic acid,
and sodium acetate were from Fisher (Pittsburgh, PA).
Bugbuster and benzonase nuclease were from EMD (Madison,
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WI). Ampicillin, chloramphenicol, imidazole, hemin, sodium
dithionite, 2,2'-azinobis(3-ethylbenzothiazoline-6-sulfonic acid)
(ABTS), and hydrogen peroxide (30%) were all from Sigma
(St. Louis, MO). Water purified through a Barnstead EasyPure
II system (18.2 MQ/cm resistivity) was used to make all buffers
and media.

Amino Acid Sequence Alignments. KatG sequences
were selected to maximize diversity' and to include some of the
most intensely investigated enzymes. Sequence alignments
were performed with ClustalX 2.1 using the Gonnet protein
weight matrix. The gap-opening penalty was set to 8, and the
gap-extension penalty was set to 0.2. Abbreviations correspond
to those used by Zamocky et al.' Except where noted,
sequences were obtained under the following UniProt
accession numbers: M. tuberculosis KatG (MtuKatG),
POWIES; E. coli O157:H7 KatP (EcoKatP), Q7BSWS; Le.
pneumophila KatG2 (LpnKatG2), QSZZ17; Haloarcula mar-
ismortui (HmaKatG1), QS VO0SS; Rhodopirellula baltica KatG
(RbaKatG), Q7UUWY; Bu. pseudomallei KatG (BpKatG),
Q939D2; Comamonas terrigena KatG (CterKatGl), COJSV4;
Burkholderia xenovorans KatG (BxKatGl), Q13US7; E. coli
KatG (EcoHPI), P13029; Pseudomonas fluorescens (PfKatGl),
Q4KD86; Flavobacterium Johnsoniae (FjKatG), ASFDI1I;
Magnaporthe grisea KatGl (MagKatGl), A4RSS9; M. grisea
KatG2 (MagKatG2), A4QUT2; Aspergillus niger KatGl
(AnKatG1l), A2QU7T1; Penicillium marneffei KatGl
(PmKatG1), Q8NJN2; Neurospora crassa KatG (NcKatGl),
Q8X182; Geobacillus stearothermophilus (GstKatGl), P14412;
Synechocystis PCC6803 KatG (SYspKatGl), P73911; Acid-
ovorax avenae KatGl (AavKatGl), A1TRVS; Methanosarcina
acetivorans KatG (MacKatG1), Q8TS34; Ralstonia solanacea-
rum KatG (RsoKatG1l), GenBank locus CBJ43830.

Site-Directed and Deletion Mutagenesis. Plasmids for
expression of KatG LL2 substitution and deletion variants were
generated from our pET20b-based construct for the expression
of E. coli KatG using the golymerase chain reaction-based
“around-the-horn” approach.”® Table S1 of the Supporting
Information lists the mutagenic primers used in this study and
the diagnostic restriction digest used for candidate plasmid
screening. Amplification products through ligation and screen-
ing were handled as previously described.”® Positive candidates
were sent for full DNA sequence analysis (Davis Sequencing,
Inc., Davis, CA) to confirm that the correct modifications had
been introduced without any unintended mutations into the
katG gene.

Expression and Purification of KatG Variants. Protein
expression was conducted in Luria-Bertani broth supplemented
with ampicillin (0.1 mg/mL) and chloramphenicol (0.034 mg/
mL) as previously described,>” except that cultures were not
supplemented with §-aminolevulinic acid or ferrous ammonium
sulfate. Protein purification was based on Ni-NTA affinity and
was conducted as previously described®® with the following
additions. An initial wash step with SO mM Tris buffer (pH 8.0)
was performed to remove phosphate-precipitating ions. The
column was then washed with SO mM phosphate (pH 8.0) and
200 mM NaCl (buffer A). Subsequent washes were performed
using buffer A supplemented with 2 mM imidazole and then 20
mM imidazole. KatG and its LL2 variants were then eluted
using buffer A supplemented with 50 mM and/or 200 mM
imidazole. Excess imidazole was removed by gel filtration
chromatography using 10DG columns (Bio-Rad, Hercules, CA)
equilibrated with S0 mM phosphate (pH 7.0) and S0 mM
NaCl. The concentration of purified enzyme was determined
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by the method of Gill and Von Hippel®® using an &,5, of 1.44 X
10° M~ cm™ for all the variants with the exception of KatG
(ALL2) and W297F KatG, for which &, = 1.37 X 10° M
em™.

Enzyme Reconstitution, UV—-Vis Spectroscopy, Size-
Exclusion Chromatography, and MYW Sodium Dodecyl
Sulfate—Polyacrylamide Gel Electrophoresis (SDS—
PAGE). Wild-type KatG and its variants were reconstituted
with 0.9 equiv of hemin. Following a 24 h incubation at 4 °C,
each reconstituted protein was centrifuged (16100g for S min)
to remove any free hemin or insoluble protein. All UV—visible
absorption spectra (800—250 nm) were recorded at room
temperature in 0.2 M phosphate buffer (pH 7.0) using a
Shimadzu UV-1601 spectrophotometer. The holoprotein
concentration was determined according to the method of
Falk>*

Evaluation of the quaternary structure of wild-type KatG and
selected variants was conducted using an Agilent Technologies
(Santa Clara, CA) 1260 Infinity high-performance liquid
chromatography (HPLC) instrument equipped with a 7.8
mm X 300 mm Bio SEC-3 size-exclusion column (range of
0.005—1.5 MDa). An isocratic mobile phase of 5.0 mM
phosphate (pH 7.0) was used at a flow rate of 1.00 mL/min.
Separations were conducted at 4 °C, and elution was monitored
at 280 and 400 nm by a diode array detector.

SDS—PAGE was used to evaluate MYW covalent adduct
formation by KatG and selected variants. Briefly, heme-
reconstituted proteins were incubated with peroxide (20
equiv of H,O,, 10 equiv of fert-butyl-OOH, or 10 equiv of
m-chloroperoxybenzoic acid) for 10 min. Following incubation,
each protein was denatured, loaded, and electrophoresed by
SDS—PAGE (7.6% acrylamide) alongside the corresponding
apoprotein and holoprotein unreacted with peroxide. To
illustrate, gels comparing results for wild-type and ALL2
KatG are shown in Figures S1 and S2 of the Supporting
Information.

Circular Dichroism Spectropolarimetry (CD). Far-UV
CD spectra were recorded for all variants prior to reconstitution
with hemin. Each protein (5 M) was placed in S mM
phosphate (pH 7.0). All spectra were recorded using a 0.05 cm
quartz cell in a Jasco (Oklahoma City, OK) J-180
spectropolarimeter. All spectra were collected using the
following settings: A range of 180—300 nm, data pitch of 0.05
nm, scan speed of 50 nm/min, and eight scans accumulated.
Baseline corrections and data analyses were conducted using
Jasco J-720 software.

Magnetic Circular Dichroism (MCD) Spectroscopy.
The J-180 spectropolarimeter equipped with a 1.4 T permanent
magnet cell holder was used. Target protein (1S uM) was
placed in S0 mM phosphate (pH 7.0) and S0 mM NaClL
Spectra were recorded using a 0.5 cm quartz cell. All ferric
spectra were recorded at room temperature using the following
settings: A range of 700—350 nm, continuous scan mode, scan
speed of 50 nm/min, data pitch of 0.1 nm, and eight scans
accumulated. For ferrous MCD spectra, a small amount (i.e., <1
mg) of sodium dithionite was added to the sample cuvette and
mixed. For spectra of ferrous states, all scan settings were the
same except that only four repetitive scans were accumulated.
In all cases, spectra were recorded with and without a magnetic
field, and the former was subtracted from the latter to obtain
the MCD spectrum. A spectrum recorded for buffer alone was
used for baseline subtraction. Baseline corrections and data
analyses were conducted using Jasco J-720 software.

DOI: 10.1021/bi501221a
Biochemistry 2015, 54, 1648—1662


http://dx.doi.org/10.1021/bi501221a

Biochemistry

| Article |

BpKatG
RsoKatGl
PfKatGl
MacKatG1l
BxKatGl
CterKatGl
AavKatGl
MagKatG1l
NcKatGl
AnKatGl
PmKatG1l
MagKatG2
ECoOHPI
FjKatG
MtuKatG
SY¥spKatGl
GstKatGl
RbaKatGl
EcoKatP
LpnKatG2
HmaKatGl

|
TR AR :
BpKatG PIGPIGIP
RsoKatGl N

PfKatGl
MacKatGl
BxKatGl
CterKatGl
AavKatGl
MagKatGl

ESGVIDGSISKKGHKII TR-———

| LL1

L T |
FGFAGG
GFAGGRK
GFAGGRQ
GFGGGRE
FGFAGGRE
FGFAGGRV]

K- - INLELSGGPNS!
|
-
D
EK-- ' KGAAGDN
K——EHLA'————SDKPNSRYSGI—
TWLGG.

bl =
ISGNEGHK
EGOEGHE
iDGFPGVT

LL2

* T CTEEER

. * Al
P| GI LGWKSAY! KG I
PEATGLD! LGHKSIT K I

EOGL I

NcKatGl GHGVVOGDESKKOHTDIHNR-—-—

AnKatGl
PmKatG1l

KHGALSGDEPP--HRNIHTR----

MagKatG2
EcoHPI
FjKatG

MtuKatG
S¥spKatGl
GstKatGl
RbaKatGl
EcoKatP
LpnKatG2
HmaKatGl

AK-GADA-VIPDAF|
AK-GAGA-TIP
RPRKAGAGADSVPDP
KPRKGGAGAGTIP|
AR-DAGE-TIP
AK-DAGD-VIP
OAK-NAPA-TIP)

BpKatG
RsoKatGl
PfKatGl
MacKatGl
BxKatGl
CterKatGl
AavKatGl
MagKatGl
NcKatGl
AnKatGl
PmKatG1l
MagKatG2
EcoHPI
FjKatG
MtuKatG
SYspKatGl
GstKatGl
RbaKatGl
EcoKatP
LpnKatG2
HmaKatGl

Pk
GGLI
GLI
(GL]
GL]
(GL]
GL]
Ii
GL]
GL]
GLI
GL]

s

@

EE:

GIPIPLASAElI

LL3

I
A

LGWI!
P PVEEQGLGW!
\GIEEQGFGW!

)PEENLGDVPEDAPIEOMGLGWEND;

AKAWF!
GKI [DNPEQFEKAFAKAW!
KKIZTRFLNDPKAFEQAFARAWFKI

PVY¥SKIAKRFLDNPKEFDDAF
REVMERFQENPMEFGINFARAWYKLI

RS! GSLVPKI
PPERFLGPDAPD|

RD!

Figure 2. Amino acid sequence alignments for multiple KatGs. Sequence alignments were performed using the entire amino acid sequence for each
protein, but only residues equivalent to BpKatG F106—L445 (EcKatG F100—1433) are shown. The relative positions of LL1—LL3 are indicated as
are the active site distal histidine (D) and proximal histidine (P) ligand to the heme iron.

Electron Paramagnetic Resonance Spectroscopy. EPR
spectra were recorded using a Bruker EMX instrument
equipped with an Oxford ESR 900 cryostat and ITC
temperature controller. Wild-type KatG and its LL2 variants
were concentrated to ~150 M using Amicon Ultra-4
centrifuge filter devices (MW cutoff of S0 kDa). Spectrometer
settings were as follows: temperature, 10 K; center field, 3250
G; sweep width, 5500 G; receiver gain, 1.0 X 10% microwave
power, 9.38 GHz; modulation amplitude, 10 G; modulation
frequency, 100 kHz; time constant, 655.36 ms; conversion time,
655.36 ms. Spectral simulation and spin quantification were
performed using the Biomolecular EPR Spectroscopy Software
package available online.>>*®

Catalase and Peroxidase Activity Assays. Catalase
activity was evaluated by monitoring the decrease in H,0,
concentration at 240 nm (&,49 = 39.4 M~ cm™).%” All assays
contained 10 nM enzyme in 100 mM phosphate (pH 7.0) and
were conducted at room temperature using a Shimadzu UV-
1601 spectrophotometer. Peroxidase activity was measured by
monitoring the production of ABTS radical at 417 nm (g4, =
347 mM~' em™)®® in the presence of H,0, or tert-butyl-
OOH. Concentrations of ABTS in stock solutions were
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determined spectrophotometrically (e34 = 3.66 X 10* M™'
em™).%® All peroxidase assays using H,0, contained 10 nM
enzyme, and all assays using tert-butyl-OOH contained 50 nM
enzyme. All assays were conducted at room temperature using
50 mM acetate (pH S5.0) and were initiated by the addition of
peroxide.

For catalase and peroxidase activities, we typically observed a
hyperbolic dependence of rate on substrate concentration.
Thus, the data were fit to a standard Michaelis—Menten
function (eq 1) to obtain the apparent kinetic parameters, k
Kyy and k/Ky..

kcat[s]
[El; Ky + [S]

cat)

Yo

(1)

These are termed apparent parameters because they cannot be
assigned the physical interpretation usually connected with the
Michaelis—Menten model. Thus, k., as it is applied here, is the
asymptotic maximum v,/[E]; approached as substrate
concentration increases; the apparent Kj; is the substrate
concentration necessary to produce a vo/[E]r equal to 1/2k,
and k,./Ky is the rate response observed at low concentrations
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Table 1. Apparent Kinetic Parameters for Catalase Activity of KatG LL2 Variants®

KatG ke (s7Y)
group I wild-type 12000 + 1000
1290V 8000 + 200
Q293V 5300 + 500
1290V/Q293V 5600 + 400
1290A 10300 + 600
Q293A 12200 + 1400
1290A/Q293A 7700 + 1100
Q293E 9600 + 700
E291A 16700 + 300
E291K 9500 + 200
E291K/E292A 12200 + 300
group II IEEQ-A 630 + 70
AN280/AS299 2500 + 100
AP285/AG294 1770 + 80
A291 2000 + 100
group III A291-292 N/D”
A290-293 37+ 6
A288-293 N/DY
ALL2 N/D?

Ky (mM) keo/Kyp (x10° M1 s71) fraction ke,
37+03 33 +0.1 1.00
39+03 37 +03 0.67
31+05 17 £ 0.1 0.44
32+ 04 1.8 + 0.1 0.47
40 + 0.7 26+ 03 0.93
4.6 + 0.8 2.7 +02 1.02
42 + 09 1.8+ 02 0.64

8+1 13+ 0.1 0.80
59 +02 2.8 + 0.1 1.39
21+ 0.1 45 + 04 0.79
2.5+ 0.1 48 + 0.1 1.02
37+ 15 0.19 + 0.05 0.053
33405 0.79 + 0.09 021
22+ 02 0.80 + 0.03 0.15
3.1 %01 0.65 + 0.03 0.18
N/D? N/D* N/D?
S5+ 1 0.0074 + 0.0005 0.0031
N/D? N/D* N/D?
N/DY N/D? N/D?

“All assays were conducted using 100 mM phosphate buffer (pH 7.0) at 23 °C. PNot determined.

of the varied substrate and a measure of relative efficiency. It is
possible to obtain the latter values even if it is not practical to
reach saturating concentrations of one or both substrates.
Further, where there is little or no catalase activity, the
peroxidase k/Ky; with respect to peroxide is expected to be
twice the second-order rate constant for peroxide-dependent
compound I formation. Similarly, the k. /Ky with respect to
ABTS is expected to be twice the second-order rate constant
for the rate-determining step in the reduction of the enzyme
back to its ferric state (see the Supporting Information for
additional explanation).

On rare occasions, weak substrate-dependent inhibition was
observed. To ensure that the apparent kinetic parameters were
undistorted by the inhibition effect, we applied eq 2. This
equation includes an apparent dissociation constant (K)
corresponding to the substrate’s action as an inhibitor.

1)0 _ kcat[s]
[El: Ky + [S]+ [SP/K

)

Here, K; is a macroscopic parameter that accounts for the
inhibitory effect. In each case, where any inhibition was
observed, the apparent K; was 30—100-fold greater than the
apparent K, confirming the relatively small contribution of
substrate-dependent inhibition.

Cyanide Binding Studies. Cyanide binding was evaluated
by equilibrium titration and stopped flow. Titrations were
monitored using a Shimadzu UV-1601 spectrophotometer.
These were performed by adding 1-2 uL aliquots of a KCN
stock solution to 1 mL of each variant (1 pgM). After each
portion of cyanide was added, the solution was thoroughly
mixed, and the optical spectrum was recorded after 3 min to
ensure completion of the binding reaction. The change in
absorbance at 422 nm was plotted versus KCN concentration
to obtain the dissociation constants. All titrations were
conducted at room temperature in S0 mM phosphate (pH 7.0).

Rates of cyanide binding were monitored by stopped flow
using a PC-upgraded SX.18MV Rapid Reaction Analyzer
(Applied Photophysics, Leatherhead, U.K.) in single-mixing
mode. All reactions were conducted at 25 °C in 50 mM
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phosphate (pH 7.0). The enzyme (6 M) was held in one
syringe, and KCN (0.03—1.0 mM) was held in the second. Full
spectra were recorded by a diode array detector, and single-
wavelength data were recorded at 428 nm to monitor formation
of the Fe'—CN complex. A single-exponential function
produced poor fits of reaction curves regardless of the protein
being evaluated or the concentration of cyanide used. For the
wild type and Q293A, at least a three-exponential function was
necessary to produce satisfactory fits of the data, and a two-
exponential function was necessary to account for cyanide
binding by the IEEQ-A, A291, A291-292, A290—293, A288—
293, and ALL2 variants.

B RESULTS

LL1 versus LL2. Sequence alignments for KatGs from
across the phylogenetic spectrum (Figure 2) illustrate striking
differences between the three KatG-unique interhelical
insertions (LL1—LL3). Sequences for 21 KatGs were taken
such that all three of the major clades identified by Zamocky et
al. were represented.’ The fungal enzymes selected included
intracellular and secreted forms, and prokaryotic representatives
were taken from Archaea, Proteobacteria, Bacteroidetes, and
Cyanobacteria. The length of LL1 varied considerably (39—70
residues) across the selected subset of enzymes. Further, the N-
terminal two-thirds of the structure showed little in the way of
sequence conservation, but the C-terminal one-third was nearly
invariant across all KatGs. Conversely, LL2 showed almost no
variation in its length (35 or 36 amino acids), but substantial
variation in sequence. Of only five strictly conserved residues in
LL2, three were glycines and a fourth was proline. These
residues are more frequently important for their ability to fulfill
specific conformational constraints rather than for particular
noncovalent interactions with other residues. The fifth strictly
conserved residue was a Trp (W297 in E. coli KatG). We
expressed, purified, and characterized W297F KatG, but it
showed catalytic properties (catalase and peroxidase) essentially
identical to those of the wild type (data not shown).

KatG LL2 Variants. Two LL2 residues are prominent in the
interaction between LL2 and the C-terminal domain. By E. coli
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Table 2. Apparent Kinetic Parameters for Peroxidase Activity with Respect to H,0,”

KatG ke (s7)
group I wild-type” 83 +2
1290V 26 +3
Q93V 26+ 2
1290V/Q293V 24 +2
1290A 26+ 1
Q93A 278 + 02
1290A/Q293A 13.6 +£ 0.7
Q293E 23.8 £ 04
E291A 40 £ 2
E291K 34 +£2
E291K/E292A 353+ 0.3
group 11 IEEQ-A 99 + 11 (39)°
AN280/AS299 224 + 46 (104)
AP285/AG294 332 + 178 (66)
A291 184 + 9 (100)
group III A291-292 273 + 49 (88)
A290-293 684 + 578 (80)
A288-293 85+ 12
ALL2 279 £ 0.9

Ky (mM) koo/ Ky (x10° M~ s71) fraction k_,./Ky
0.31 + 0.08 2.7 +£0.1 1.00
0.08 + 0.01 35+0.1 1.30
0.5 +0.1 0.49 + 0.04 0.18
0.21 + 0.04 1.1 +£0.1 041
0.09 + 0.01 3.1+03 1.15
0.078 + 0.004 3.8 +04 141
0.07 + 0.02 2.1 + 0.6 0.78
0.089 + 0.001 2.68 + 0.03 0.99
0.10 + 0.01 39 +0.1 1.44
0.06 + 0.01 6+1 222
0.06 + 0.01 62 + 0.1 2.30
75 £ 18 0.013 £ 0.002 0.0048
58 + 17 0.039 + 0.004 0.014
199 + 122 0.018 + 0.003 0.0067
41 + 3 0.046 + 0.001 0.017
107 + 38 0.027 + 0.005 0.01
366 + 329 0.020 + 0.002 0.0074
13+3 0.065 + 0.005 0.024
22 +02 0.12 + 0.01 0.044

“All assays were conducted using 0.5 mM ABTS and 50 mM acetate buffer (pH 5.0) at 23 °C. Because saturating concentrations of H,O, were not
achieved, values in parentheses indicate the largest observed vy/[E]y (s7").

numbering, these are 1290 and Q293. Residue 290 is conserved
as a hydrophobic side chain (Val, Ile, Leu, or Met), and residue
293 is often a Gln, though hydrophobic side chains like Met are
occasionally observed. We evaluated the effect of site-specific
substitution of these residues on KatG structure and function,
replacing each one and both with Val and Ala. Additionally, we
substituted E291 and E292, and a quadruple variant in which all
four amino acids (290—293) were each substituted with an
alanine (IEEQ-A). Because length appeared to be a conserved
feature necessary to make contact with the C-terminal domain,
a panel of deletion variants was also generated, eliminating
some or all of the apex of LL2: A291, A291-292, A290—293,
and A288—293. We also shortened LL2 by removing an amino
acid from its ascending and descending limbs (ie., its N-
terminal half and C-terminal half, respectively). The first variant
achieved this by removing the strictly conserved Pro 285 and
Gly 294 (AP285/AG294), and the second did so by removing
two residues that showed much weaker sequence conservation,
Asn 280 and Ser 299 (AN280/AS299). These were compared
against the wild-type enzyme and KatG lacking the entire LL2
structure (ALL2) generated previously in our laboratory.>® All
the variants were expressed in a soluble state and upon
purification showed CD spectra highly similar to that of the
wild type,”’” indicating that neither the substitutions nor the
deletions resulted in gross misfolding of the variants (data not
shown).

Catalatic and Peroxidatic Activities of LL2 Variants.
The variants divided into three groups based upon a combined
consideration of their reactions involving H,0, (catalase
activity and peroxidase activity with respect to H,O,
concentration) (Tables 1 and 2, respectively). For catalase
k., group I variant values ranged from 40 to 140% of that of
wild-type KatG. All of the single- and double-substitution
variants fell in this category. Group III variants showed a
decrease of at least 300-fold in k., compared to that of the wild-
type enzyme. This group included variants with two or more
residues deleted from the apex of LL2 (A291-292, A290—293,
and A288-293) as well as KatG lacking the entire LL2

structure (ALL2). The intermediate group II variants all
showed catalase k., values between 5 and 21% of that of the
wild-type enzyme. Included in group II were variants in which
(1) residues 290—293 were each substituted with Ala (IEEQ-
A), (2) a single residue was deleted from the LL2 apex (ie.,
A291), and (3) a residue from the ascending and descending
limbs of LL2 was deleted (i.e., AP285/AG294 and AN280/
AS299). Evaluation of k_,/Ky produced comparable results. By
an SDS—PAGE-based procedure, group II and III variants
appeared to be able to form the MYW covalent adduct in a
manner similar to that of the wild-type enzyme, indicating that
diminished catalase activity was due to other factors (data not
shown).

Variants from all three groups displayed appreciable
peroxidase activity, but there was a sharp distinction in the
apparent kinetic parameters obtained for group I on one hand
versus groups I and III on the other. With respect to H,O,
concentration, group I variants were largely similar to the wild-
type enzyme (Table 2). For group II and III variants, rates of
peroxidase activity were similar to that of wild-type KatG, but
far higher concentrations of H,0, were required to obtain
them. Consequently, the most reliable parameters for
comparison were the k_./Ky with respect to H,O, and the
electron donor. Accordingly, the group II and III variants
showed markedly decreased peroxidatic efficiency with respect
to H,0, (Table 2). In light of the lack of interfering catalase
activity in the group III variants in particular, the low k /Ky,
values with respect to H,O, are indicative of slow rates of
compound I formation. Indeed, when the peroxidase activities
of group II and III variants were evaluated with tert-butyl-OOH
in place of H,0,, k./Ky values with respect to this peroxide
were diminished 25—100-fold compared to that of the wild-
type enzyme. With respect to the electron donor (ABTS), all
three variant groups produced kinetic parameters similar to
those of the wild-type enzyme; however, generally group I
variants showed lower k_./Ky values with respect to ABTS,
while group II and especially group III variants produced k,/
Ky values greater than that of the wild-type enzyme (Table 3).
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Table 3. Apparent Kinetic Parameters for Peroxidase Activity with Respect to ABTS"

KatG ke (579
group It wild-type S5+1
1290V 285 +£ 0.8
Qo3V 152 + 0.5
1290V/Q293V 225 + 04
1290A 325+ 04
Q293A 293 + 02
1290A/Q293A 13.3 + 0.4
Q293E 20 +2
E291A 39.7 + 0.5
E291K 29.6 + 0.1
E291K/E292A 38+2
group 11° IEEQ-A 70 + 1
AN280/AS299 54 +2
AP285/AG294 29+ 1
A291 68.5 + 0.3
group III° A291-292 545 + 0.1
A290-293 37.7 £ 0.5
A288-293 652 + 0.8
ALL2 27 +£3

“All assays were conducted using S0 mM acetate buffer (pH

Ky (mM) keo/ Ky (X10° M1 s71) fraction k,./Ky
0.087 + 0.008 63 + 0.1 1.00
0.13 + 0.01 22 +02 0.35
0.09 + 0.01 1.6 + 0.2 0.25
0.081 + 0.006 28 £02 0.44
0.16 + 0.01 2.0+ 0.1 0.31
0.08 + 0.01 3.7 +£0.7 0.59
0.037 + 0.003 35+02 0.56
0.05 + 0.01 39 + 09 0.62
0.071 + 0.003 5.6 +02 0.89
0.023 + 0.001 12.6 + 0.9 2.00
0.028 + 0.006 14 +£2 2.22
0.029 + 0.002 24 +2 3.81
0.07S + 0.008 73 £ 0.7 1.16
0.069 + 0.008 42 + 0.3 0.67
0.062 + 0.003 11+1 1.75
0.020 + 0.001 28 +2 4.44
0.022 + 0.001 16.8 + 0.7 2.67
0.041 + 0.007 16 +3 2.54
0.013 + 0.001 21 +1 3.33

5.0) at 23 °C. bAssays contained 0.5 mM H,0,. “Assays contained 20 mM H,0,.
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Figure 3. MCD spectra for the ferrous state of LL2 variants. Spectra for single- and double-substitution variants (i.e., group I based on their catalase
activity) are compared to that of wild-type KatG in the left panel. Spectra for the deletion variants and IEEQ-A [i.e., groups II (red) and III (blue)
based on their catalase activity] are compared to that of wild-type KatG in the right panel. All spectra were recorded in SO mM phosphate (pH 7.0)

and 50 mM NaCl at 23 °C.

Given the intersubunit nature of the interaction between LL2
and the C-terminal domain, the quaternary structure of the
group II and III variants was evaluated by size-exclusion
chromatography. For the wild type and all group II and III
variants, the dominant elution peak corresponded to a MW
between 343 kDa (wild type) and 327 kDa (ALL2), but in no

case were peaks corresponding to a lower MW detected. When

1654

we accounted for the subunit molecular weight for each protein,
a subunit number between 4.1 and 4.2 was calculated for wild-
type KatG and each variant. This was consistent with the
previous assignment of cytosolic E. coli KatG (i.e, HPI) as a
tetrameric enzyme® and suggested that the alterations in
activity observed for the group II and III variants were not due
to changes in the quaternary structure of the enzyme.
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Figure 4. EPR spectra for the ferric state of KatG LL2 variants. Spectra for single- and double-substitution variants (i.e., group I based on their
catalase activity) are compared to that of wild-type KatG in the left panel. Spectra for the deletion variants and IEEQ-A [i.e., groups II (red) and III
(blue) based on their catalase activity] are compared to that of wild-type KatG in the right panel. Spectrometer settings were as follows: temperature,
10 K; microwave frequency, 9.38 GHz; microwave power, 0.1 mW; modulation amplitude, 10 G; modulation frequency, 100 kHz.

Spectroscopic Properties of LL2 Variants. Magnetic
circular dichroism (MCD) spectra for high-spin ferric KatG are
consistent with those of other high-spin ferric heme proteins,
showing low-intensity features near 410 and 555 nm.®¢" All of
the variants showed ferric MCD spectra very similar to those
observed for wild-type KatG (data not shown). The KatG
ferrous state shows MCD spectral features much more intense
than those of the ferric state, making it a useful probe of active
site heme environment. Ferrous MCD spectra for wild-type
KatG were also consistent with high-spin heme as the dominant
state (i.e, an intense C-type feature at 438 nm and relatively
weak bands at 555 and 586 nm).”> With the exception of a
slightly broadened feature at 438 nm for the 1290A/Q293A
variant, spectra for the group I variants were indistinguishable
from that of the wild-type enzyme (Figure 3). However, group
II and III variants showed a split feature (433 and 445 nm)
rather than the single band at 438 nm. The relative contribution
of each feature to the spectrum varied from A290—293, which
showed only the band at 433 nm, to AN280/AS299, which
showed nearly equal contributions at 433 and 445 nm.
Importantly, wild-type KatG and all variants lacked the very
intense A-term centered at 550 nm that is typical of
hemoproteins bearing low-spin ferrous hemes,**®" suggesting
that differences between group I and groups II and III were due
to the presence of alternative high-spin states.

Accordingly, low-spin states were essentially absent from
EPR spectra for ferric wild-type KatG and all the LL2 variants
(Figure 4). In all cases, a multiplicity of high-spin states was
observed. These states were differentiated from one another on
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the basis of the g tensor anisotropy that was most apparent in
the g ~ 6 region of the spectrum. Consistent with recent
reports on ferric KatG from M. tuberculosis,”> we observed as
many as four high-spin contributors to the EPR spectra of our
group I variants. The two most easily identifiable were a species
with relatively large rhombic distortion (g, ~ 6.6, g ~ 495, and
g ~ 1.95) and a species with relatively small rhombic distortion
(g ~ 6.0, g, ~ 5.6, and g, ~ 1.99). The most satisfactory EPR
spectral simulations also included a species exhibiting an
intermediate rhombic distortion (g, ~ 6.3, g ~ 52 and g ~
1.99) and a small contribution from an axial species (g, ~ 5.85,
and g ~ 1.99). EPR spectral simulations revealed that the
typical spectrum of a group I variant was similar to that of the
wild type, exhibiting contributions of ~40% from broad
rhombic, ~25% from intermediate rhombic, ~30% from
narrow rhombic, and ~5% from axial components (Table 4).
In contrast, the most satisfactory spectral simulations for group
II and III variants included contributions from only three high-
spin species; a species with narrow rhombic distortion was
virtually absent from the spectra for these variants. Further, the
contribution from an intermediate rhombic species was
diminished by a factor of ~2. Finally, the relative contributions
from a broad rhombic (75—85%) and an axial (10%) species
were roughly twice the intensity of those observed in most of
the group I variants (Table 4). Two group I variants, Q293E
and 1290A/Q293A, showed EPR spectra that were more similar
to those of groups II and III. However, in all other respects,
Q293E and 1290A/Q293A resembled other group I variants.
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Table 4. Contribution of Heme States from EPR Spectral
Simulation

% contribution to EPR spectrum

KatG BR® IR® NR® AX?
group I wild-type 381 222 328 6.8
1290V 39.5 233 31.9 53
Q293V 44.0 217 29.4 5.6
1290V/Q290V 425 217 303 5.5
1290A 14.9 20.1 41.7 233
Q293A 413 227 30.5 5.53
1290A/Q293A 78.0 5.1 5.6 113
Q293E 63.2 9.0 13.8 139
E291A 325 19.5 413 6.5
E291K 35.1 17.8 47.1 -
E291K/E292A 389 12.8 412 7.1
group I IEEQ-A 772 113 - 114
AN280/AS299 76.8 11.8 - 114
AP285/AG294 77.9 104 - 11.7
A291 79.6 9.5 - 109
group III A291-292 783 10.8 - 109
A290—293 81.0 9.1 - 9.9
A288—293 85.6 6.5 - 7.9
ALL2 78.7 92 - 12.1

“Broad rhombic: g, ~ 6.6, g, ~ 4.95, and g, ~ 1.95. YIntermediate
rthombic: g, ~ 6.3, g, ~ 5.2, and g, ~ 1.99. “Narrow rhombic: g, ~ 6.0,
g ~ 5.6, and g ~ 1.99. 9 Axial: g1 ~ 5.85, and g ~ 1.99.

Cyanide Titrations and Binding Kinetics. The substan-
tially diminished k,./Ky; values with respect to H,0, combined
with the unaffected or enhanced k_,/Ky values with respect to
the reducing substrate (see Tables 2 and 3) pointed to a
compromised ability of the group II and III variants to react
with H,O, to form compound I. Attempts to directly monitor
the reaction of H,0, with the ferric forms of these enzymes
were unsuccessful because of the relatively slow rate of reaction
with H,O, combined with subsequent reactions leading to
heme bleaching when high concentrations of H,0, were
employed. Cyanide binding by ferric peroxidases has several
features that correspond to the steps involved in compound I
formation, and as such, the former has been used as a mimic of
the latter."”***> We evaluated cyanide binding by wild-type
KatG, a representative of the group I variants (Q293A),
representatives of the group II variants (IEEQ-A and A291),
and all the group III variants (A291-292, A290—293, A288—
293, and ALL2).

Titration of the wild type and variants from all three groups
with cyanide showed formation of an Fe'—CN complex
(Figure S3 of the Supporting Information). The Ky, values
obtained for wild-type and Q293A KatG were nearly identical,
but those obtained for group II and III variants were elevated 6-
fold (A291) to 30-fold (A290—293), with most increased ~15-
fold (Table 5).

As with titration, the spectral transitions observed by stopped
flow were consistent with formation of the Fe''—~CN complex
for all proteins evaluated. Spectra recorded for Q293A KatG
and the IEEQ-A variant are shown in Figure 5. Spectra
collected for A291 and all the group III variants were
indistinguishable from those observed for IEEQ-A (data not
shown). Generally, the rates of Fe''—=CN complex formation
were far more rapid for wild-type and Q293A KatG than for the
group II and III variants (Figure SC). However, for the wild
type and all the variants, a single-exponential function produced
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Table 5. Dissociation Constants for Cyanide Binding
Determined by Equilibrium Titration and Rate Constants
for Cyanide Binding Determined by Stopped Flow

KatG Kp (uM)? ko (M7 sTHP
wild-type 14 + 02 44 x 10°
Q293A 1.5 + 02 4.8 X 10°
IEEQ-A 19.3 + 0.8 5.4 x 10*
A291 9+ 1 3.6 X 10°
A291-292 17.5 + 0.9 4.6 X 10*
A290-293 43+3 1.6 x 107
A288-293 23+1 32 % 10°
ALL2 21 +3 ND*

“All reactions conducted at 23 °C using SO mM phosphate buffer (pH
7.0). PAll reactions conducted at 25 °C using 50 mM phosphate buffer
(pH 7.0). “Not determined.

poor fits of the individual reaction progress curves. At least
three exponentials were necessary to account for wild-type and
Q293A KatG; a fourth was required if long reaction times (e.g.,
100 s) were considered. For the group II and III variants, a two-
exponential function was adequate to account for the data even
over long reaction times.

Given the multiplicity of species evident in EPR spectra, we
reasoned that the multiexponential nature of the cyanide
binding progress curves may arise because of cyanide binding
by distinct ferric species. For wild-type and Q293A KatG, the
kops corresponding to the most rapid component of cyanide
binding traces showed a linear dependence on cyanide
concentration. From these data, second-order rate constants
of 44 X 10° and 4.8 X 10° M™' s™" were obtained for wild-type
and Q293A KatG, respectively. The former is in good
agreement with second-order rate constants obtained for
cyanide binding by KatGs from a variety of species.”**>°*%
The k,, values corresponding to the second exponential of
cyanide binding were ~1 order of magnitude lower than those
corresponding to the first. Similarly, the k, values correspond-
ing to the third and fourth exponentials of these traces were 2
orders of magnitude and 500-fold lower than those
corresponding to the first exponential, respectively.

For all the group II and III variants evaluated, the two most
rapid exponentials observed with the wild-type and Q293A
KatG appeared to be absent (Figure SC,D). Indeed, subtraction
of AA,; traces recorded for group II and III variants from
those obtained for the wild type left a residual two-exponential
function (Figure SD), the kg, values of which correspond to
the two most rapid phases of cyanide binding by the wild-type
enzyme. The most rapid component of cyanide binding by
group II and III variants was linearly dependent on cyanide
concentration, yielding second-order k,, values ranging
between 1.6 X 10% and 54 X 10> M™' s' (Table 5).
Interestingly, there was also a marked difference in estimated
ko values when comparing the most rapid exponential of
cyanide binding by wild-type and Q293A KatG (~10 s™') to
the most rapid exponential of cyanide binding by the group II
and II1 variants (~0.2 s™'). This explained why the increase in
the apparent K, was considerably smaller than the decrease in
the k,, observed for group II and III variants compared to that
of the wild-type enzyme.

The effect of cyanide concentration on formation of the
Fe"—CN complex for the A288—293 variant (Figure 6) was
typical of the group II and III variants. In addition to increased
biexponential rates of complex formation, the amplitudes of
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Figure S. Kinetics of cyanide binding by KatG LL2 variants. Spectra recorded during reaction of (A) Q293A KatG with 0.015 mM cyanide (0.0189—
18.9 s) and (B) IEEQ-A KatG with 0.5 mM cyanide (0.191—19.1 s) are shown. (C) Single-wavelength reaction traces (428 nm) for reaction of wild-
type KatG, the group I variant representative Q293A, the group II variant representative IEEQ-A, and the group III variant representative A288—293
KatG with 0.015S mM cyanide are shown. (D) The AA, values recorded for [IEEQ-A during its reaction with 0.015 mM cyanide were subtracted
from AA,,g values recorded for the wild type under the same conditions. The resulting curve was fit to a single-exponential function (blue dashed
line; ks = 5.99 s™*) and a double-exponential function (red dashed line; ky,y = 13.5 57", and kype, = 1.87 s7"). The kg, values used to fit the original
trace obtained from the wild-type reaction with 0.015 mM KCN were as follows: kg = 15.3 57, kgpep = 2.6 874, kopg = 0.29 574, and ks = 0.03 s7%
Those obtained for IEEQ-A under the same conditions were as follows: k,,; = 0.30 s7%, and ke, = 0.04 s™%. All reaction mixtures contained 3 yM
protein and all reactions conducted at 25 °C using SO mM phosphate buffer (pH 7.0).

each exponential showed a hyperbolic increase with cyanide In contrast, a marked effect on catalase activity was observed
concentration as did their sum (Figure 6B). Each curve was when all four residues at the LL2 apex were each replaced with
described well by a single Kp, and these values were similar to alanine (ie., IEEQ-A KatG). Further, deletion of only one
one another, with that determined for the sum falling between residue at the LL2 apex (A291) was sufficient to produce a
those obtained for the individual components (Table 6). KatG with catalytic and spectroscopic properties nearly

identical to those of IEEQ-A KatG. Deletion of two residues
B DISCUSSION at the LL2 apex (i.e, A291—292) was sufficient to completely

eliminate catalase activity. The same result was observed with

To date, only two variants targeting the LL2 structure of KatG deletion of four amino acids (i.e,, A290—293), six amino acids

have been reported. The. al?sence of the struc.tu.resion its entirety (ie, A288—293), or the entire LL2 structure (ie, ALL2).
has been shown to eliminate catalase activity™ as does a Indeed, there was little if any difference between these group III
W300G substitution in M. tuberculosis KatG.*” However, both variants in catalatic or peroxidatic activity, spectroscopic
variants retain some, albeit limited, peroxidatic function. Our properties, or cyanide binding characteristics. Losing two
data shed light on the role and importance of LL2, particularly residues at the LL2 apex produced the same result as losing
its length, in KatG catalytic function. A series of substitution the entire structure. Losing one residue was nearly as
variants targeting the apex of LL2 had a minimal impact on the detrimental regardless of whether this was accomplished by
catalytic ability (catalase or peroxidase) of KatG. Similarly, the removing the apical amino acid (E291) or by shortening the
structure of the active site of these variants as determined by ascending and descending limbs of the LL2 structure by one
MCD and EPR spectroscopies was typically very similar to that amino acid each (AP285/AG294 or AN280/AS299). Indeed,
of the wild-type enzyme. Hints of disruption were observed it did not seem to matter whether the residues removed from
with Q293E KatG and 1290A/Q293A KatG where EPR spectra the ascending and descending limbs of the LL2 structure were
were indicative of altered active sites. However, this was not conserved (as in AP285/AG294) or not (as in AN280/
corroborated by MCD measurements, and the catalytic activity AS299).
of these variants was impacted to a limited extent compared to A striking feature of LL2 is the interaction of its apex with
that of wild-type KatG. We have previously observed very another KatG-unique structure, the C-terminal domain. This
similar spectroscopic and catalytic behavior in R691A KatG.*® point of contact lies some 30 A from the active site and appears
This arginine forms a hydrogen bond with the backbone to be dominated by relatively nonspecific van der Waals
carbonyl oxygen of amino acid 293.” interactions. Nevertheless, to achieve the interaction requires
1657 DOI: 10.1021/bi501221a
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Figure 6. Effect of cyanide concentration on the extent of cyanide
binding by A288—-293 KatG. The effect of 0.015, 0.03, 0.0S, 0.1, 0.1,
0.25, 0.35, and 0.5 mM cyanide on A288-293 KatG Fe"'-CN
complex formation as monitored at 428 nm is shown in panel A.
Reaction traces were fit to a two-exponential function. The effects of
cyanide concentration on the pre-exponential factors (i.e.,, amplitudes)
are shown in panel B. The amplitude corresponding to the more rapid
of the two exponentials ([J), the amplitude corresponding to the
slower of the two exponentials (@), and the sum of the two
amplitudes (V) are all shown. All reaction mixtures contained 3 yM
enzyme and all reactions conducted at 25 °C using S0 mM phosphate
buffer (pH 7.0).

the LL2 polypeptide to traverse from its origin near the
entrance to the active site to its point of contact with the C-
terminal domain and back to its termination near its point of
origin. This arrangement and the essentially invariant length of
LL2 across all KatGs implies a length requirement to achieve an
important interaction. Our data support this hypothesis.

The catalytic, spectroscopic, and ligand binding properties of
IEEQ-A and all the deletion variants indicate that LL2 may be
necessary to support an arrangement of active site H,O
molecules for efficient compound I formation. The peroxidase

activity of all group II and III variants showed a dramatically
diminished k,./Ky; with respect to H,O, and tert-butyl- OOH.
Simultaneously, the k,/Ky; with respect to the electron donor
was equal to if not in excess of that observed for the wild-type
enzyme. Together, these data suggested that oxidation of the
ferric enzyme to compound I was compromised in the group II
and III variants, but compound I reduction by peroxidatic
electron donors was not. The k,, values for cyanide binding
were diminished by 3 orders of magnitude for these same
variants, verifying the diminished reactivity of the ferric state.

Without exception, MCD and EPR spectra for IEEQ-A KatG
and all the deletion variants indicated shifts in the active site
arrangement compared to that of the wild-type enzyme. In
particular, EPR data suggest a shift in the position of H,O
molecules on the distal side of the heme. Other KatG variants
have shown a diminished capacity to react with peroxide to
form compound I or react with cyanide to form the Fe"—CN
complex because of the inclusion of a strong-field sixth ligand
(e.g, the distal histidine) to the coordination sphere of the
heme iron.>672%¢2 However, the virtual absence of hexacoordi-
nate low-spin species in MCD and EPR spectra argued against
this possibility with these variants. Rather, we observed a
marked shift in the distribution of high-spin states. A typical
feature of KatGs is a multiplicity of high-spin states present in
the resting enzyme.®>*** These states are distinguished by the
degree of rhombic distortion observed for each one by EPR,
and this has been taken to reflect the positioning of water
molecules within the active site and, more generally, the state of
the active site’s hydrogen-bonded network.®>®>"*”! Accord-
ingly, previous reports have taken the species with the greatest
extent of rhombic distortion (g, ~ 6.6, g~ 495 and g, ~ 1.95)
to be a pentacoordinate high-spin state where water is
essentially absent from the coordination sphere of the heme
iron. In contrast, lesser degrees of rhombic distortion are taken
to reflect states where water is progressively and more ideally
occupying the sixth coordination site of the iron.® Strikingly,
for IEEQ-A KatG and all the deletion variants targeting LL2,
the putative pentacoordinate state was much more prominent
than in the wild type. Similarly, a purely axial state (g, ~ $.85,
and g ~ 1.99) where H,O is thought to be a formal ligand to
the heme iron clearly made a greater contribution to spectra for
IEEQ-A and all the deletion variants than to the wild type,
though it appeared to be a relatively small contributor in any
case. In contrast, a narrow rhombic signal (g, ~ 6.0, g, ~ 5.6,
and g, ~ 1.99) where H,0 would occupy an intermediate
position relative to the iron was an obvious contributor to the
wild-type spectrum but virtually absent from those of IEEQ-A
and all the deletion variants.

Table 6. Apparent K, and Maximal Amplitudes from Kinetic Analysis of Cyanide Binding by Group II and III LL2 Variants

exponential 1° exponential 2% total®
KatG Kp (uM) amp. 1., % Kp (uM) amp. 2., % Kp (uM) amp,,..
IEEQ-A 49 0.068 59 29 0.047 41 39 0.114
A291 57 0.069 62 10 0.042 38 28 0.106
A291-292 68 0.068 64 17 0.039 36 36 0.103
A290—-293 380 0.086 65 31 0.046 35 78 0.099
A288-293 69 0.069 63 21 0.040 37 41 0.106
ALL2 88 0.081 69 24 0.037 31 53 0.132

“Amplitude analyses corresponding to the exponential function with the larger of two k, values. bAmplitude analyses corresponding to the
exponential function with the smaller of two k, values. “Amplitude analyses corresponding to the sum of both exponentials.
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We propose that a shift in the arrangement of active site
water molecules suggested by the EPR and MCD spectra for
IEEQ-A and the various LL2 deletion variants was also
manifested in the diminished capacity of these proteins to
react with peroxides (H,0, and tert-butyl-OOH), presumably
to form compound I (i.e., Fe""=0[porphyrin]**), and to bind
cyanide to form the Fe™'—~CN complex. With respect to the
latter, the most rapid phases of Fe"'~CN complex formation
seen with wild-type KatG were absent from all group II and III
variants evaluated. Precedent for the connection between active
site water arrangement and cyanide binding in particular has
been observed with KatG from M. tuberculosis and its isoniazid
resistance variant S315T.% Using the effect of enzyme aging
and amino acid substitution at position 315, rapid cyanide
binding was assigned by EPR to a species with narrow rhombic
distortion (g, ~ 5.94, and g, ~ 5.49). Similarly, cyanide binding
rates diminished by 3 orders of magnitude were assigned to a
species with greater g tensor anisotropy (g, ~ 6.33, and g, ~
5.09). Cyanide binding by wild-type and S31ST KatG was
observed to be multiphasic, but the rate curves obtained for the
S31ST variant showed a contribution of slow cyanide binding
greater than that detected with the wild type, consistent with
the larger contribution of pentacoordinate states in the former
compared to the latter. Accordingly, structures determined for
the S315T MtKatG and the analogous $324T BpKatG (but not
their wild-type counterparts) have shown water displaced from
the coordination sphere of the heme iron.”>”? Notably, this
serine (S312 in E. coli) is immediately adjacent to the C-
terminal end of LL2.

It has become increasingly clear that the distribution and/or
arrangement of active site water molecules plays an important
role in the reactivity and catalytic function of KatG and other
heme proteins. For example, a critical event in the classical
Poulos—Kraut mechanism for formation of compound I is the
formation of compound 0, an Fe™—OOH species. This
requires the transfer of H* from the substrate H,0, to the
active site’s general base, the distal histidine.”* However, the
distance between the distal histidine and the heme iron-bound
peroxide imposes a kinetic barrier to proton transfer that
contradicts the experimentally observed rates for compound 0
formation. Further, structures of enzymes from across the non-
animal peroxidase superfamily are relatively rigid, suggesting
that the distance is not closed by protein dynamic fluctuation.”
Recent computational studies of horseradish peroxidase have
shown that an intervening H,O molecule could facilitate H*
transfer and account for experimentally observed rates of
compound 0 formation.”® The shared active site structural
teatures across the superfamily suggest that the same })rinciple
operates in KatG and other non-animal peroxidases.”

The utility of cyanide binding as a mimic of compound I
formation arises from its similarity to formation of compound 0
by peroxide. With a pK, above 9, HCN is the dominant species
in formation of the Fel®™—CN complex, so transfer of H to the
protein, apparently to the distal histidine, accompanies this
event.'”**”"78! An extensive evaluation of cyanide binding by
metmyoglobin suggests an appropriately placed H,O in the
active site appears to facilitate the H' transfers necessary for
cyanide binding.** Our studies with LL2 variants confirm that
pentacoordinate high-spin species of KatG are uniformly slow
in cyanide binding. However, our studies also seem to indicate
that true axial hexacoordinate high-spin species are also slow in
this respect, perhaps because the H,O ligand must be displaced
prior to Fe"—CN complex formation. A structure in which
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H,O occupies an intermediate position may be optimal. Thus
far, the greatest cyanide binding and catalytic activity of KatG
appear to correlate with a species showing narrow rhombic
distortion by EPR. It is interesting to note that both k,, and k.g
for the Fe"—CN complex were dramatically diminished with
the group II and III LL2 variants of KatG. This makes sense if
an active site H,O acts as a H' relay. Presumably, the reverse
reaction (i.e., dissociation of a CN group from the heme)
would be facilitated by protonation to re-form HCN.

In both its structure and function, LL2 stands in contrast to
the other prominent extended loop structure in KatGs, LLI.
Where LL2 tolerates little if any adjustment in its length, a
substantial portion of LL1 (amino acids 200—214) has been
eliminated by deletion mutagenesis, and the catalytic properties
of the variant are virtually indistinguishable from those of the
wild-type enzyme.*® Further, though deletion of another
section of LL1 (A209—228) or the entire structure (ALLI)
does eliminate catalase activity, this is largely due to the absence
of Y226, the strictly conserved tyrosine that participates in the
MYW covalent adduct of the enzyme. Indeed, even without
residues 209—228, the peroxidase activity of KatG was
enhanced by a factor of 10. In nearly all instances where
deletions or substitutions of LL1 amino acids result in the loss
of catalytic function are made, it is not compound I formation
but rather the catalatic reduction of compound I that is
diminished or eliminated.

Interestingly, the results of studies on both structures
comport with the nature of conservation as it is observed
across KatGs. The LL1 structure varies substantially in length,
but its C-terminal end shows little variability in sequence across
all KatGs. In contrast, LL2 is virtually invariant in its length, and
though strictly conserved amino acids are observed in the
structure, almost all of them are either proline or glycine, both
of which are known for their unique impact on polypeptide
conformation and dynamics. Outside of proline and glycine,
W297 (W300 in MtKatG) is one residue that appears to be
strictly conserved across KatGs. Variants targeting this residue
provide an interesting corroboration of our results. Replace-
ment of this tryptophan with glycine, a residue that allows
exploration of a much wider range of conformations (ie.,
W300G MtKatG), produces a protein with catalytic properties
that appear to be similar to those of our group III variants.*’
However, a substitution that does not appreciably change the
conformational flexibility of LL2 (i.e., our W297F E. coli KatG
variant) has catalytic properties indistinguishable from those of

the wild-type enzyme.
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