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Abstract: Adenine deaminase (ADE) from the amidohydrolase superfamily (AHS) of enzymes
catalyzes the conversion of adenine to hypoxanthine and ammonia. Enzyme isolated from
Escherichia coli was largely inactive toward the deamination of adenine. Molecular weight
determinations by mass spectrometry provided evidence that multiple histidine and methionine
residues were oxygenated. When iron was sequestered with a metal chelator and the growth
medium supplemented with Mn?* before induction, the post-translational modifications
disappeared. Enzyme expressed and purified under these conditions was substantially more active
for adenine deamination. Apo-enzyme was prepared and reconstituted with two equivalents of
FeSO0,. Inductively coupled plasma mass spectrometry and Mossbauer spectroscopy
demonstrated that this protein contained two high-spin ferrous ions per monomer of ADE. In
addition to the adenine deaminase activity, [Fe'/Fe']-ADE catalyzed the conversion of H,0, to O,
and H,0. The values of kca: and k../Km, for the catalase activity are 200 s™' and 2.4 x 10* M~ s,
respectively. [Fe'/Fe']-ADE underwent more than 100 turnovers with H,O, before the enzyme was
inactivated due to oxygenation of histidine residues critical for metal binding. The iron in the
inactive enzyme was high-spin ferric with g,,. = 4.3 EPR signal and no evidence of anti-
ferromagnetic spin-coupling. A model is proposed for the disproportionation of H,O, by [Fe'/Fe']-
ADE that involves the cycling of the binuclear metal center between the di-ferric and di-ferrous
oxidation states. Oxygenation of active site residues occurs via release of hydroxyl radicals. These
findings represent the first report of redox reaction catalysis by any member of the AHS.
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Introduction

Adenine deaminase (ADE), a member of the amido-
hydrolase superfamily (AHS), catalyzes the hydro-
lytic deamination of adenine to hypoxanthine and
ammonia as shown in Scheme 1. One of the appa-
rent roles of this enzyme within bacteria is to recycle
purine nucleotides and scavenge ammonia. Other
enzymes within the AHS catalyze the deamination
of S-adenosyl homocysteine, adenosine, guanine, cy-
tosine, 8-oxoguanine, and additional aromatic sub-
strates.! The three-dimensional structure of ADE
from Agrobacterium tumefaciens (ADEg; locus tag:
Atud4426) has been determined [Protein Data Bank
(PDB) id: 3ngb] and the mechanism of action for the
enzyme from Escherichia coli K12 (ADE,.; locus tag:
b3665) has been elucidated.? The ADEs from
cog1001 are unique members of the AHS, since they
require two divalent cations for maximal catalytic
activity while the other deaminases from this super-
family require a single divalent cation in the active
site."? The active site structure of ADE from A.
tumefaciens is presented in Figure 1.

ADEs from various bacterial sources are highly
sensitive to the presence of intracellular iron.? Unless
precautions are taken to exclude the incorporation of
iron into the enzyme during protein expression, the
isolated enzyme becomes damaged and catalytic ac-
tivity is severely compromised. However, the difer-
rous form of ADE,, made via reconstitution of apo-
protein, is remarkably stable, even in the presence of
0,.2 In this article, we demonstrate that the extreme
lability of ADE in the cell is due to the reaction of
H,0, with the diferrous form of the enzyme, and sug-
gest that this reaction may serve as a marker for oxi-
dative stress in certain bacteria. [Fe'/Fe!"]-ADE cata-
lyzes the disproportionation of HyO4 to water and O,
and the formation of hydroxyl radical and superoxide
from the same substrate. The hydroxyl radicals oxy-
genate multiple amino acid side chains within the
active site, thereby abolishing catalytic activity. This
work represents the first report of an enzyme in the
AHS able to catalyze an oxidation/reduction reaction.
A mechanism for the reaction of hydrogen peroxide
with the iron-bound form of ADE is proposed.

Results

Isolation of ADE

The gene for ADE.. was expressed in E. coli using
standard methods.>® However, the identity of the
isolated protein could not be verified by mass spec-

NH, ci
Z N ADE y N
k \> \> + NH3
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Scheme 1.
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Figure 1. Active site structure of [Mn'/Mn']-ADE,; (PDB id:
3ngb). Residue numbers shown in parentheses are for the
equivalent residues from adenine deaminase from E. coli. In
this structure, there is a third manganese ion bound in the
active site that is currently thought to be unimportant for
the catalytic activity of adenine deaminase.

trometry because multiple levels of post-transla-
tional modification made the spectrum impossible to
interpret. Mass spectrometric analysis of the tryp-
sin-generated fragments (70% coverage) identified
the following residues as oxygenated: His-90, His-92,
Met-97, Met-98, Met-186, Met-187, His-235, Met-
251, Met-254, His-513, and Met-522 (data not
shown). Of these residues, His-90, His-92, and His-
235 are metal binding residues, based on amino acid
sequence identity and the three-dimensional struc-
ture of ADE,; (PDB: 3ngb). The kinetic constants for
the deamination of adenine by oxygenated ADE,.
are 2.0 = 0.3 s, 0.8 = 0.1 mM, and (2.5 = 0.2) x
102 M~ 571 for keat, K, and kea/Kim, respectively.

The mass spectrum of ADE,, from C. acetobuty-
licum (locus tag: Cac0887) also exhibited multiple
species due to oxygenation when expressed in E. coli
(Supporting Information Fig. S1). Mass spectrometry
pinpointed oxygenation sites at His-73, His-75, His-
105, His-198, and His-219. Of these residues, His-73,
His-75, His-198, and His-219 are metal binding resi-
dues by analogy with the structure of ADE,. Tan-
dem mass spectrometry (MS) spectra of two peptides
containing residues 94-115 and 194-203 are pre-
sented in Supporting Information Figure S2.

Sequestration of iron

It was initially postulated that oxygenation of amino
acid residues throughout the protein was initiated
by reactions catalyzed by iron bound in the active
site of ADE.? The addition of 50 pM 2,2-dipyridyl
and 1.0 mM Mn?* to the growth medium was uti-
lized to sequester the iron at the time of induction.
ADE,. purified from iron-depleted medium yielded a
single species via analysis by mass spectrometry
with a molecular weight of 63,741 Da (data not
shown; by contrast, the oxygenated enzyme exhibits
a broad peak ranging in mass from ~63,600 to
~65,400). Trypsin digestion of this protein gave 91%
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Table 1. Kinetic Parameters of ADE Using a Standard and Iron-Free Expression Protocol

Standard expression protocol

Locus tag gi Feat (571 K., (mM) Feat/ Ky M1 571 Metal content (eq./mol)
b3665 16131535 2.0 = 0.3 0.8 + 0.1 (2.5 +0.2) x 10® 0.3 Fe
0.2 Zn
Bh0640 15613203 2.4+ 04 0.20 = 0.05 (1.2 + 0.2) x 10* 0.3 Fe
0.2 Zn
Atud426 15890557 14 +0.1 0.20 = 0.03 (5.0 + 0.4) x 10° 0.6 Mn
0.4 Fe
Bsu14520 16078516 1.1 +04 0.30 = 0.04 (3.6 + 0.3) x 10° 0.2 Fe
0.2 Zn
Cac0887 15894174 0.52 + 0.02 0.10 = 0.01 5.2+ 0.3) x 10° 0.5 Fe
0.1 Zn
Iron-free expression protocol
Locus tag gl Peat (s71) K., (mM) Feat/ Ko M1 s71) Metal content (eq./mol)
b3665 16131535 200 = 5 0.40 = 0.05 (5.0 + 0.4) x 10° 2.0 Mn
Bh0640 15613203 120 = 4 0.30 = 0.04 (4.0 = 0.3) x 10° 1.9 Mn
0.1 Fe
Atud426 15890557 155 £ 5 0.32 = 0.03 (4.8 + 0.3) x 10° 2.3 Mn
Bsul4520 16078516 140 £ 6 0.40 = 0.04 (8.5 + 0.5) x 10° 1.6 Mn
0.1 Fe
Cac0887 15894174 180 = 7 0.40 = 0.05 (4.5 + 0.4) x 10° 1.5 Mn
0.1 Fe

sequence coverage and no residues were found to be
oxygenated. The total metal content was 2.0 + 0.1
eq of Mn per protein subunit. Kinetic constants for
the deamination of adenine by [Mn'/Mn']-ADE..,
expressed and isolated by this protocol, are 200 = 5
s, 040 = 0.04 mM, and (5.0 + 0.4) x 10° M ' s *
for kea, Km, and kq./K., respectively. The mass
spectrum of ADE,.,, isolated using the iron-free
expression protocol, is presented in Supporting Infor-
mation Figure S3. Kinetic constants and average
metal content for ADE cloned from various bacterial
sources and expressed in E. coli in the presence and
absence of the iron chelator are presented in Table 1.

[Mn/Mn"|-ADE,. was used to prepare apo-
ADE,. and this protein was reconstituted with vary-
ing amounts of Fe?*, Mn?", or Zn%?". There was a
linear increase in the ADE activity until two equiva-
lents of metal were added.?* Beyond two equivalents
of metal per subunit, the deaminase activity
remained constant and inductively coupled plasma
mass spectrometry (ICP-MS) confirmed the binding
of two equivalents of metal per enzyme subunit.
This result is only consistent with the cooperative
binding of two metal ions in the active site.* Previ-
ous Mossbauer spectra of the diiron-reconstituted
enzyme indicates that both irons are high-spin fer-
rous, which is denoted as [Fe'/Fe']-ADE,,.2

Inactivation of ADE.. by H>0,

A large molar excess of HyOg (250 uM) was added to
the metal-reconstituted forms of ADE,. (1.50 uM). Evo-
lution of Oy was observed when HsO, was added to
[Fe'/Fe']-ADE,., but not when it was added to either
[Mn™/Mn"]-ADE,.. or [Zn"/Zn"]-ADE,,. After addition
of a large excess of HyOp to [Fe'/Fe'l-ADE,., the
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enzyme was unable to catalyze the deamination of
adenine, whereas [Mn"/Mn"-ADE,, and [Zn"/Zn'-
ADE,, had catalytic activities that were unchanged.

Disproportionation of H>O»

The initial rate of Oy evolution catalyzed by [Fe'V/
Fe'-ADE,. increased with the concentration of
H,0,. Kinetic constants for the catalase activity of
[Fe''/Fe'"]-ADE,, were 200 + 20 s*, 9 = 2 mM, and
(2.4 = 0.5) x 10* M 57 for keat, Kun, and Eeat/Kum,
respectively (based on HyOs consumption). The net
increase in the concentration of Oy produced after
addition of an excess of HyOy to [Fe'/Fe''l-ADE.,
was proportional to the concentration of added
enzyme (Supporting Information Fig. S4). The ratio
of Oy produced, relative to the initial concentration of
[Fe'YFe'l-ADE,., was 64 + 3. No Oy evolution (<1%)
was observed for any of the control reactions when 3.0
uM Fe?* was incubated with either EDTA or ascor-
bate, or by Fe?* itself, when 250 uM Hy0, was added.
Therefore, the formation of O, was due entirely to the
catalytic activity of the iron bound to the active site of
ADE. Titration of Fe?* to apo-ADE,. (Supporting
Information Fig. S5) shows a linear increase in the
catalase activity with increasing Fe?' concentration.
Maximum catalase activity is observed at two equiva-
lents of Fe?* per monomer of apo-ADE,..

The time course for Oy formation after adding
250 uM H,0, to 1.50 pM [Fe'/Fe!'-ADE,, was fol-
lowed with an oxygen electrode (Fig. 2, open circles).
The net change in O, concentration was 97 pM
(342245 pM). After O, formation ceased, bovine
liver catalase was added to determine the concentra-
tion of Hy0, that remained. The Oy concentration
increased from 342 to 357 uM and thus an

Catalase Activity of Adenine Deaminase
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Figure 2. Time course for O, formation following the
addition of [Fe"/Fe"]-ADE,. to an excess of hydrogen
peroxide at pH 8.0. Open circles are in the absence of
hydroethidine and the closed circles are in the presence of
1.0 mM hydroethidine. After cessation of O, evolution,
catalase from bovine liver was added to determine the
concentration of the unreacted H,0,.

additional 15 uM O, was produced. Since bovine
liver catalase consumes two molecules of HyOo for
every O, produced, the concentration of HyO0,
remaining at the time of addition of bovine catalase
was 30 puM. Therefore, addition of 1.50 puM [Fe'V
Fe']-ADE., to 250 uM H50, consumed 220 puM (250
30 uM) hydrogen peroxide and produced 97 uM O,.
Formation of 97 uM O, accounts for 194 pM of the
hydrogen peroxide consumed. Addition of 3.0 mM 6-
chloropurine to a solution containing 1.5 pM [Fe'V
Fe']-ADE.. completely inhibited the disproportiona-
tion of HyOs.

Aliquots were removed after the addition of
H,0, to [Fe'/Fe'l-ADE,, and then assayed for ADE
activity. Deaminase activity decreased, with a first-
order rate constant of 0.011 + 0.001 s~ ! (data not
shown). Mass spectrometry of the tryptic peptides
from ADE,.. treated with an excess of HyO, demon-
strated that the following amino acids were oxygen-
ated: His-90, His-92, Met-97, Met-98, His-176, Met-
186, Met-187, Met-251, Met-254, His-513, and Met-
522 (data not shown). These are the same residues
identified as oxygenated in the protein expressed in
E. coli without the addition of 2,2-dipyridyl to
sequester the iron before induction.

After cessation of Oy formation, the HyOs-
treated ADE,. samples were examined by Méssbauer
spectroscopy [Fig. 3(b)]. These samples exhibited a
spectral pattern typical of high-spin Fe' ions with
rhombic symmetry (E/D ~ 1/3).5% The corresponding
electron paramagnetic resonance (EPR) spectrum
[Fig. 3(a)] consisted of a g,y ~4.3 signal, typical of
such ions. The EPR spin concentration for one
sample (190 uM) was comparable with the iron con-
centration (280 pM). Viewed collectively, these
results suggest that the two Fe'™ ions in the active
site are not spin-coupled but are magnetically

Kamat et al.

isolated S = 5/2 systems. Typical diferric centers in
other enzymes are EPR-silent. Such systems are anti-
ferromagnetically coupled and exhibit quadrupole
doublets with § ~0.5 mm/s and AEq ~1.1-1.7 mmy/s.”

Titration of [Fe'"/Fe"]-ADE with hydrogen
peroxide

The amount of Oy produced when 1-5 molar equiva-
lents of HyOy were added to 20 uM [Fe'/Fe'l-ADE,,
was determined. After the first equivalent of HyOo
was added, 2.2 M O, was formed. The second
equivalent of HyOq resulted in formation of 5.9 pM
O,. Sequential addition of three more equivalents of
Hy05 resulted in the formation of 9.0 pM Oy with
each added equivalent. No Oy was produced when
wild-type [Fe'/Fe']-ADE,, was oxidized by ferricya-
nide to [Fe!'/Fe'|-ADE,. before the addition of
Hy0,. Mass spectrometry of ADE,, revealed that the
first molar equivalent of HyO, added to untreated
[FelYFe!'|-ADE,, oxygenated either Met-99 or Met-
98 while the second molar equivalent oxygenated
either His-90 or His-92 (data not shown). The Moss-
bauer spectra after the addition of one to four equiv-
alents of HyO, to [Fe'/Fe']-ADE,, are presented in
Figure 4. In each case, the metal center is found in
the diferrous oxidation state.

Detection of superoxide
The formation of superoxide was probed with hydro-
ethidine, a superoxide scavenger.® Addition of
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Figure 3. (A) EPR spectrum of 200 uM [Fe'/Fe"|-ADE.
formed after the addition of 15 mM H,O, to fresh enzyme.
EPR parameters: temperature, 10 K; microwave power,
9.46 GHz, 0.2 mW. (B) M&ssbauer spectrum of 200 pM
[Fe"/Fe'"]-ADE,, formed after the addition of 15 mM H,O,
to fresh enzyme_ The spectrum was collected at 4.5 K, 400
G magnetic field applied parallel to the radiation. Red line
represents a simulation of the data with a single species
with the following parameters: D = 0.1 cm~ ' E/D = 0.33;
AEq = 0.01 mm/s; n = 3; A, = —250 kG; A, = —240 kG;
A, = —230 kG; 6 = 0.50 mm/s; I = 0.5 mm/s.
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Figure 4. Mdossbauer spectra of [Fe'/Fe'"]-ADE,. with the
following number of equivalents of H,O, added to fresh
enzyme: (A) 1.0; (B) 2.0; (C) 3.0; and (D) 4.0. Spectra were
recorded at 5K with a 700 G magnetic field applied parallel
to the radiation. Spectra were fit with a single quadrupole
doublet with 8 = 1.39 mm/s and AEq = 3.27 mm/s.

hydroethidine (1.0 mM) to a solution of hydrogen
peroxide (256 pM) and [Fe'Y/Fe']-ADE (1.50 pM)
reduced the net production of Oy from 97 uM (in the
absence of hydroethidine) to 81 pM (329-248 pM)
(Fig. 2, closed circles). After cessation of Oy forma-
tion, bovine liver catalase was added to the reaction
mixture to determine the concentration of the
remaining H;0s. The Os concentration in the solu-
tion increased from 329 to 361 uM and thus 64 uM
H,05 remained from the initial concentration of 256
uM. The change in absorbance at 470 nm, due to the
formation of 2-hydroxyethidium, was 0.20, which
corresponds to 17 pM of 2-hydroxyethidium assum-
ing an extinction coefficient of 1.2 x 10* M em '8
This indicates that 17 pM superoxide was formed as
192 uM H,0, was consumed.

Hydroxyl radical formation

Lidocaine is a potent hydroxyl radical scavenger.’
Addition of a large excess of lidocaine (0.5 M) did not
affect the rate of Oy evolution after 250 uM Hy,0, was
added to 15 pM [Fe'YFe]-ADE.. When other
hydroxyl radical scavengers (thiourea, ethanol, metha-
nol, ethylene glycol, and DMSO) were added at a con-
centration of 0.50 M, no change was observed in the
rates of Oy evolution and ADE inactivation.
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Figure 5. Loss of adenine deaminase activity after addition
of HOCI to [Fe'/Fe"]-ADE.. (1.0 uM) at 30°C. The
deaminase activity was assayed 5 min after addition of
HOCI to [Fe'/Fe"|-ADE,..

Hypochlorous acid (HOCI) has been shown to pro-
duce hydroxyl radicals in reactions with specific iron
complexes.!® [Fel/Fe'l-ADE,. was titrated with HOCI
and ~12 enzyme equivalents of this reagent were
needed to inactivate the deaminase activity as shown
in Figure 5. Formation of chloride was verified by for-
mation of a precipitate after the addition of silver ni-
trate. At the end of the reaction of [Fe/Fe']-ADE,.
with HOCI, the iron was found in a high-spin ferric
oxidation state (Supporting Information Fig. S6).

Preparation of Mn/Fe hybrids

[Mn'/Mn™-ADE,, is active as a deaminase but not
as a catalase. In contrast, [Fe''/Fe'l-ADE,, catalyzes
both reactions. To determine whether the binuclear
metal center of this enzyme must be occupied with
two equivalents of iron, or if a manganese/iron
hybrid would be sufficient to support catalase

Mn equivalents
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Figure 6. Adenine deaminase (open circles) and catalase
activities (closed circles) after apo-ADEg. (1.5 uM) was
reconstituted with two enzyme equivalents of total metal
(3.0 uM) using various ratios of Mn?" and Fe?*.
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Table II. Catalytic Constants for Deaminase Activity and Metal Content of ADE,. Mutants

ADE,, mutant K., (mM) Peat (871 Feat/Km M1 s™h) Metal content (eq. Mn/mol)
Wild type 0.40 = 0.04 200 = 5 (5.0 = 0.4) x 10° 2.0 £ 0.1
HI90N 0.33 = 0.03 10 £ 0.8 (3.0 = 0.3) x 10* 1.8 + 0.3
S95A 0.47 = 0.04 98 + 3 (2.0 = 0.2) x 10° 1.8 0.1
D118N 0.36 = 0.03 170 += 2 (4.7 = 0.3) x 10° 2.1+02
H120N 0.49 = 0.05 0.17 = 0.02 (3.5 = 0.2) x 10? 2.1 +0.1
E121Q 0.42 + 0.04 50 +1 (1.2 + 0.2) x 10° 19 +0.2
E236Q 0.40 = 0.04 0.012 + 0.002 30 £ 4 1.8 £ 0.1
D284A 0.85 = 0.07 0.042 + 0.006 49 + 5 2.0 + 0.3
D285A 0.39 = 0.04 40 + 2 (1.0 = 0.2) x 10° 19 +0.1
H473N 0.34 = 0.03 170 + 2 (5.0 = 0.3) x 10° 1.8 £ 0.1
D474N 0.31 = 0.03 173 = 4 (5.6 + 0.2) x 10° 1.8 0.1

activity, apo-ADE,. (1.5 uM) was reconstituted with
two equivalents of metal using a mixture of manga-
nese and iron of different ratios (3.0 uM total metal
concentration). ICP-MS verified that the metal con-
tent of ADE,, after reconstitution was in accordance
with the ratio of metal ions added to apo-ADE,..
ADE activity was independent of the ratio of Mn2"
and Fe?" added to the enzyme (Fig. 6). However, no
catalase activity was observed until the ratio of iron
to manganese exceeded 1.0. When more than one
equivalent of iron was added to apo-ADE,., there
was a linear increase in the catalase activity with
an increase in the iron content (Fig. 6). These
results are consistent with the preferential binding
of manganese and/or iron at one of the two metal
sites within the binuclear metal center and a
requirement for both sites to be occupied by iron for
the catalase activity but not the deaminase activity.
Apo-ADE,. treated with 1 equivalent each of Mn
and Fe exhibited an EPR signal typical of Mn" ions
and a Mossbauer spectrum indicative of the high-
spin Fe!! state (Figs. S7 and S8).

Mutagenesis of ADE

Based on the three-dimensional structure of [Mn'Y/
Mn'-ADE,; (PDB: 3ngb), the metal coordinating
residues His-90, Glu-236, and Asp-284 of ADE,,
were mutated to asparagine, glutamine, and alanine,
respectively, and the mutant proteins were shown to
bind two equivalents of metal per protein monomer.
Other conserved active site residues, Ser-95, Asp-118,
His-120, Glu-121, Asp-285, His-473, and Asp-474 were
subsequently chosen as targets for mutagenesis based
on their proximity to the binuclear metal center from
the structure of ADE,;. Of these seven residues, His-
120, Glu-121, His-473, and Asp-474 coordinate an
adventitiously bound third metal ion found ~6-8A
from the binuclear metal center in ADE,; (see Fig. 1).
The metal-free forms of these mutants were prepared
and reconstituted with Fe?*. ADE activity and metal
content of the iron-reconstituted mutants were meas-
ured and the results are presented in Table II. The
catalase activity of these 10 mutants, except for
H473N and D474N, was the same as the wild-type

Kamat et al.

enzyme reconstituted with iron. These two mutants
(H473N and D474N) were unable to catalyze the dis-
proportionation of HyO, and were not inactivated by
H;0,. The diferrous form of the H90N mutant
(20 pM) was titrated with 1-5 equivalents of H5O,.
Unlike wild-type enzyme, this mutant produced ~9
uM Oy for each equivalent of HyOo added. Mossbauer
spectroscopy indicated that ferricyanide treatment of
[Fe'YFe''-HOON produced the oxidized [Fe''/Fe!']-
state. The oxidized H9ON mutant catalyzed the dispro-
portionation of HyOs.

Measurement of reduction potentials

The reduction potentials for inter-conversion of the
diferrous and diferric states of ADE,. were meas-
ured with redox-active dyes. In these titrations, it
was assumed that both irons in the binuclear metal
center are oxidized or reduced in pairs and that
the deaminase activity could be used as a direct mea-
sure of the relative concentration of [Fe'/Fe'']-ADE,.
Titration of freshly prepared [Fe'/Fe'l-ADE,, (20 uM)
with the redox-active oxidant thymol indophenol is
presented in Figure 7. A total of 7.9 = 0.2 equivalents

o
.

04 F

02

Al/Ao Adenine Deaminase Activity

0.0

0 2 4 8 8 10 12 14 18
Equivalents of Thymol Indophenol

Figure 7. Titration of [Fe"/Fe"]-ADE,. (20 uM) with various
amounts of thymol indophenol. The open circles are for
enzyme before the addition of hydrogen peroxide. The
closed circles are for enzyme after the addition of five
equivalents (100 pM) of hydrogen peroxide. Additional
details are provided in the text.
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of the dye were required to reduce the deaminase ac-
tivity by 50%. Given the reduction potential of thy-
mol indophenol of +174 mV versus NHE, " substitu-
tion into Eq. (3) provides an apparent reduction
potential of +209 *+ 4 mV for interconversion of the
diferric and diferrous forms of wild-type ADE. After
[Fel/Fe']-ADE,, was treated with five equivalents
of Hy0, it became easier to oxidize the binuclear
metal center. Titration of partially oxygenated ADE
with thymol indophenol is shown in Figure 7. In all,
2.8 = 0.1 equivalents of thymol indophenol were
required to reduce the deaminase activity by 50%.
This finding is consistent with a reduction potential
of +194 = 2 mV for the binuclear metal center of
partially oxygenated ADE. Addition of thymol indo-
phenol to [Mn'/Mn™]-ADE.. showed no change in
catalytic activity indicating that the dye cannot oxi-
dize manganese.

When [Fe'/Fe'l-ADE,, was treated with a large
excess of HyOs, the binuclear metal center was left
in the diferric state, the deaminase activity was lost
and not recoverable, even after reduction to the fer-
rous state using dithionite. Since the ratio of the
diferrous and diferric states of the binuclear metal
center could not be determined from a direct mea-
surement of the deaminase activity, the distribution
of the oxidized and reduced species during the redox
titration was determined spectrophotometrically
with a dye that is colored in the oxidized state and
colorless in the reduced state. The dye crystal violet has
a reduction potential of 167 mV.'? The oxidized form of
the dye absorbs at 590 nm with an extinction coefficient
of 54,000 M~* em~1.12 The reduced form of crystal violet
was utilized to reduce the binuclear metal center in
fully oxygenated ADE. In this titration, 1.4 = 0.3 equiv-
alents of the reduced dye were required to reduce 50%
of the binuclear metal centers in ADE. Therefore, the
reduction potential for the binuclear metal center of
[Fe'/Fe™]-ADE*™ is +175 + 4 mV.

The reduction potentials of two mutants, [Fel/
Fe'-H9ON and [Fe'/Fe']-H473N were measured
using thymol indophenol. The manganese-reconsti-
tuted enzymes for both of these mutants were used as
controls. [Fe'/Fe'l-HION required 2.6 + 0.2 enzyme
equivalents of thymol indophenol to reduce the ADE
activity by 50%. This result translates to a redox
potential of +192 + 4 mV. [Fe!/Fe']-H473N required
8.0 = 0.3 equivalents of thymol indophenol to reduce
the ADE activity by 50%. The redox potential of [Fe'/
Fe'']-H473N from this titration is + 210 = 6 mV.

pH profiles

The kinetic constants for the catalase activity of
[Fel/Fe']-ADE,. were obtained as a function of pH
(Fig. 8). The profiles for k., and k../K,, exhibited a
single ionization for a group that is unprotonated for
optimal catalytic activity. The pK, of this group from
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Figure 8. pH rate profiles for the disproportionation of
hydrogen peroxide by [Fe/Fe]-ADE.. The data were fitted
to Eq. (2).

the kgq profile is 7.6 = 0.3, and 7.9 *= 0.2 from the
keat/ K profile.

Structures of [Fe"/Fe"]-ADE.; and
[Fe"/Mn"]-ADE .,

The three-dimensional structures of the iron/manga-
nese hybrid ([Fe'YMn]-ADE,,) and the diferrous
form ([Fe'YFe'l-ADE,,) of ADE from A. tumefaciens
were determined to 2.6A and 2.8A resolution, respec-
tively. Overall, the structures and active sites of
[Fe''/Fe']-ADE,; and [Fe'’Mn'"]-ADE,, are essen-
tially identical to that of the [Mn/Mn]-ADE,; struc-
ture determined previously (RMSD is <1A for all Ca
atom pairs). In the [Mn/Mn]-ADE,; structure, the
active site contains a binuclear manganese center
(Mn, and Mng) and a third metal center located
6.6A from Mn,.? [Fe'YFe'l-ADE,; and [Fe'/Mn']-
ADE,; were prepared from apo-ADE,; and the metal
content for both proteins before crystallization was
determined to be 0.95 = 0.10 Mn, 1.1 = 0.1 Fe per
subunit for the iron/manganese hybrid and 2.1 + 0.1
Fe per subunit for the diiron ADE by ICP-MS. How-
ever, in the crystal structure the active sites of both
protein preparations contained three metal ions,
similar to the previous structure determined with
the di-manganese activated enzyme. In the diferrous
form of ADE, Feg in the binuclear center and the
third metal are five-coordinate, whereas Fe, is four-
coordinate [Fig. 9(a)]. His-92, His-94 (HxH motif),
Asp-289, and Glu-187 coordinate Fe, [Fig. 9(a)]. Glu-
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Figure 9. Close up view of the active site of [Fe'/Fe']-
ADE; (A) and [Fe'/Mn"]-ADE,; (B). Grey color ribbon
represents the secondary elements at the vicinity of the
active site. Active site residues that are coordinating to
metals are shown as stick models. Metals and water are
shown as spheres.

187, His-218, His-239, Glu-240, and water (W1) coor-
dinate with Feg. Glu-187 bridges Fe, and Feg but
there is no oxo-bridge as is typical of diiron centers.
The Fe,~Fey distance is 4.0A. Waters that are bridg-
ing Mn, and Mng in the [Mn/Mn]-ADE, are not visi-
ble in the current structure. The third metal coordi-
nates His-122, Glu-123 (bidendate), His-477, and
Asp-478 [Fig. 9(a)l. In the manganese/iron hybrid
enzyme, it was not possible to determine the prefer-
ential binding locations of the two different metal
ions [Fig. 9(b)]. The two metal ions in the binuclear
metal center are four-coordinate and the third metal
ion is five-coordinate. The coordinating ligands are
the same as for [Fe'/Fe']-ADE,,, except that there
is no water coordination with Mg.
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Discussion

Oxidative damage to ADE

When ADEs from cogl001 of the AHS are aerobi-
cally expressed in E. coli, the isolated enzymes are
largely inactive and multiple histidine and methio-
nine residues are damaged by oxygenation. The oxi-
dative damage can be completely eliminated if the
iron in the medium is sequestered by an iron-specific
chelator before induction of protein expression.
Enzymes isolated under these conditions contain two
manganese ions in the active site and the turnover
numbers for the deamination of adenine are approxi-
mately two orders of magnitude greater than for any
ADE previously reported in the literature.>* The ox-
ygenation reactions are consistent with generation
of a reactive oxygen species (ROS) from the iron-
bound form of ADE with a physiological oxidant
such as Hy0,.'® Apo-ADE can be readily prepared
from the undamaged manganese-activated enzyme
and reconstituted with two equivalents of manga-
nese, zinc, or iron. The diferrous form of ADE, [Fe'Y/
Fe''l-ADE,.., has been utilized here to unravel the
mechanism for oxidative damage to this enzyme.

Inactivation with hydrogen peroxide

In the presence of excess HyO,, [Fe'/Fe'-ADE,,
rapidly loses its ability to deaminate adenine. EPR
and Mossbauer spectroscopy of the inactivated
enzyme demonstrate that the iron in the active site
is in an uncoupled high-spin ferric oxidation state.
The metal ions can be reduced back to the di-ferrous
state with dithionite but the deaminase activity is
not recovered. Therefore, addition of an excess of
H,0, to [Fe'YFe'-ADE,, irreversibly modifies the
protein and stabilizes the [Fe'/Fe!] state. Mass
spectrometric analysis of the trypsin-treated enzyme
confirms that multiple histidine and methionine res-
idues within the protein are oxygenated and that
the labeling pattern is identical to enzyme expressed
in E. coli in the absence of an iron chelator. These
results are consistent with generation of a ROS such
as hydroxyl radical or superoxide by reaction of
H,0, with the binuclear iron center of ADE.

Discovery of catalase activity

Addition of Hy0y to [Fe'/Fe'']-ADE,, results in the
formation of O,. The catalase-like activity dimin-
ishes over the course of a few minutes and is lost in
approximately the same time-frame as the deami-
nase activity. More than 100 turnovers occur before
the enzyme is completely inactivated. The promiscu-
ous catalase activity of [Fe''/Fe'|-ADE is as fast as
the deamination reaction, but significantly slower
than other catalases.!*'® There is no effect by HoOs
with either [Mn'/Mn']-ADE or [Zn'/Zn"]-ADE and
thus the oxidation reactions are specific for the iron-
reconstituted enzyme.
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Figure 10. Map of the oxygenation sites following H,O»
addition to [Fe"/Fe']-ADE. The protein backbone is
represented in green and the red spheres represent the
amino acid side chains that were oxygenated.

The apparent reaction stoichiometry for the cat-
alase-like activity of [Fe'/Fe'l-ADE,. changes as a
function of enzyme oxygenation. When one equiva-
lent of Hy0, is added to fresh [Fe'/Fe']-ADE,, that
had not been previously exposed to HyOs, ~0.11
equivalents of O, are produced. After the second
equivalent of HyO5 is added, ~0.29 equivalents of Oy
are produced. Additional HyOq results in the formation
of ~0.45 equivalents of Oy for every HyOo added. How-
ever, the stoichiometry for a physiological catalase is
0.50 equivalents of Oy for every HyO, utilized.'*!®
These results are, therefore, consistent with leakage of
single electron products from the active site, including
hydroxyl radical and superoxide.

Formation of superoxide was probed with hydroe-
thidine. When this reagent is added to a reaction
mixture containing [Fe'/Fe'-ADE,. and an excess of
hydrogen peroxide, the formation of 2-hydroxyethi-
dium is detected. The amount of 2-hydroxyethidium
produced is consistent with ~11 equivalents (17 uM/
1.50 uM) of superoxide produced for every enzyme
inactivated. During this process, ~54 (81 uM/1.50
uM) equivalents of Oy are produced and ~128 (192
uM/1.50 uM) equivalents of HyOy are consumed, leav-
ing ~9 equivalents (128-108-11) of HyO5 unaccounted.
This latter number approximates the number of oxi-
dized histidine and methionine residues sites detected
by mass spectrometry that most likely occur from the
reaction of hydroxyl radicals with the protein.

It is likely that oxygenation of methionine resi-
dues is of minor importance for changes in catalytic
activity. However, oxygenation of four histidine resi-
dues that coordinate the two irons in the active site
can modulate oxidation/reduction reactions via
changes in the reduction potential and/or coordina-
tion geometry of the binuclear metal center. From
the structure of ADE from A. tumefaciens (PDB:
3nqgb), the oxygenation sites are mapped and shown
in Figure 10. These oxygenation sites are predomi-
nantly in and around the binuclear metal center and
seem to migrate from there to other parts of the pro-
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tein. This result is consistent with the conclusion
that the catalase activity originates at the binuclear
metal center and is further supported by the fact
that 6-chloropurine, a potent inhibitor of the deami-
nase reaction, inhibits the catalase activity.

The reduction potential of the binuclear metal
center changes with protein oxygenation. For enzyme
not previously exposed to HyO,, the reduction poten-
tial for the inter-conversion of the ferric and ferrous
forms of [Fe/Fe-ADE] is +209 mV. When the protein
is partially oxygenated, the reduction potential
decreases to +194 mV and decreases further to +175
mV when the protein is fully oxygenated and the
enzyme is unable to catalyze either the deaminase or
catalase reactions. These findings are consistent with
the continuous modulation of the catalytic properties
of the binuclear iron center as hydroxyl radicals
escape and react directly with the metal ligands.

Proposed mechanism of action
How does the binuclear iron center in ADE catalyze
the oxidation and reduction of hydrogen peroxide?
EPR and Mossbauer spectroscopy demonstrated that
the enzyme can cycle between the diferrous and
diferric states of oxidation. We have not observed
any spectra that are consistent with a ferryl-oxo spe-
cies (Fe(IV)=0), although this latter species is likely
to be too unstable to be detected by the methods
employed in this investigation.'*'® Both metal ions
within the binuclear metal center must be iron. A
unique Mn/Fe hybrid can be prepared, but it is not
known which of the two sites within the binuclear
metal center is occupied by iron and which by man-
ganese. This hybrid is completely inactive for reac-
tion with hydrogen peroxide (Fig. 7).

Scheme 2 presents a working model to explain
the development and decay of the catalase-like

induction phase
[Fe'/Fe"]-ADE + H,0, + H* — [Fe"/Fe"-ADE + H,0 + 'OH

[Fe'/Fe"|-ADE + "OH — [Fe'/Fe"-ADE*™* + H*

sustaining phase
[Fe'"/Fe"]-ADE™ + H,0, + 2H" — [Fe"/Fe"]-ADE™ + 2 H,O
i T 0X | 1T 0X +
[Fe'"/Fe"]-ADE™ + H,0, — [Fe'/Fe]-ADE™ + O, + 2H
11 11 0X 1/ T 0X +
[Fe"/Fe""-ADE™ + H,0, — [Fe"Fe™-ADE™ + HO, + H

[Fe'/Fe""]-ADE™ + H,0, — [Fe'"Fe']-ADE™ + HO, + H*

death phase
[Fe'/Fe"]-ADE™ + H,0, + H* — [Fe'/Fe"]-ADE™ + H,0 + "'OH
[Fe'/Fe"|-ADE™ + ‘OH — [Fe'/Fe"|-ADE™® + H*
11 1T 0X-0X I I 0X-0X
[Fe'/Fe"l-ADE™™ + H,0, — [Fe/Fe"l-ADE™™ + 2 H,0

Scheme 2.
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activity of iron-substituted ADE. We propose that
the observed changes in enzyme reactivity are due
to changes in the redox properties and structural
changes to the diiron center as the protein becomes
oxygenated. When H,0, is first added to [Fel/Fe'']-
ADE, the predominant reaction is the formation of
water and a hydroxyl radical that is coupled with
the transient formation of [Fe'/Fe''l-ADE. The
hydroxyl radical subsequently reacts with histidine
and methionine residues that are near the active
site. The initial odd-electron oxygenated product loses
an electron that subsequently reduces the mixed-va-
lent binuclear center back to [Fe'YFe']-ADE. This
form of the protein is represented as [Fe'/Fel]-ADE**
in Scheme 2. This induction phase is similar to the
reaction of [Fe!/Fe']-ADE with HOCL. With this sub-
strate, the reaction products are chloride anion and
hydroxyl radical, and the protein is initially left as a
mixed-valent [FelYFe!'-ADE complex. Since the
enzyme can react with approximately 12 molecules of
HOCI before the enzyme is inactivated, the active
site must therefore cycle between the [Fe'/Fe!'|-ADE
and [Fe'YFe]-ADE oxidation states. The initial odd-
electron products from the reaction of methionine
and histidine residues must lose an electron that
reduces [Fe'/Fe'] back to [Fe'/Fe']. However, HOC1
differs from H50, since it cannot be oxidized.

During the induction phase of the reaction of
ADE with Hy0,, the direct metal ligands to the binu-
clear metal center become oxygenated (Scheme 2).
This effect lowers the reduction potential of the binu-
clear metal center from +209 V to +194 V that appa-
rently enables the enzyme to cycle between the [Fe'/
Fel and [Fe'/Fe| states in a sustaining phase.
Mutation of the four histidine residues that coordinate
the two active site irons suggests that the oxidation of
His-90 is the key modification for the transition from
the induction phase to the sustaining phase. During
this stage, the stoichiometry of the catalase reaction is
not perfect and there is continual leakage of the ROS,
hydroxyl radical, and superoxide, which continue to
oxygenate the protein. Eventually, the enzyme enters
the final death phase after multiple residues within
the active site become oxygenated. This form of the
enzyme is represented as [Fe'/Fe-ADE °X°% in
Scheme 2. At this point, the reduction potential of the
metal center is lowered to +174 V and the diferric
form of ADE can no longer be reduced to the diferrous
state by hydrogen peroxide. Modulation of the cata-
lytic properties of the binuclear iron center may occur
with changes in the reduction potential but changes
in catalytic activity may also be the result of confor-
mational changes in the metal center itself.

When an excess of HyO5 is added to ADE in the
presence of a superoxide scavenger, ~128 enzyme
equivalents of hydrogen peroxide are consumed and
~54 equivalents of Oy are produced. The other prod-
ucts are hydroxyl radicals and ~11 equivalents of
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superoxide. Since inclusion of hydroxyl radical scav-
engers had no effect on the kinetics of Oy formation,
it appears that the hydroxyl radicals are fully
trapped by the protein and do not escape to the bulk
solvent. Based on the number of residues found to be
oxidized after ADE is no longer active, approximately
10-12 enzyme equivalents of hydroxyl radicals are
produced for every enzyme molecule inactivated. This
value is very similar to the number of HOCI mole-
cules that are required to fully inactivate ADE.

During the sustaining phase, the predominant
reaction is the conversion of hydrogen peroxide to
O, and water. However, there is significant forma-
tion of hydroxyl radical and superoxide that must
occur via single electron transfers. Oxidation and
reduction of HyO, during the sustaining phase may
occur by two single electron transfers to form super-
oxide and hydroxyl radical intermediates or by a
coupled two-electron transfer to form O, and water
directly. The mechanism proposed for the dispropor-
tionation of hydrogen peroxide by [Fe/Fe]-ADE is sim-
ilar to that of dimanganese catalase found in some
organisms, where the enzyme uses Mn/Mn! and
Mn"/Mn'™ as the metal center to catalyze the con-
version of hydrogen peroxide to oxygen and water via
a coupled two electron transfer process.!”!® Interest-
ingly, [Mn'/Mn'™]-ADE exhibits no catalase activity,
presumably because this state may lack sufficient
reducing power to reduce HyO5 to water.

We further propose that hydrogen peroxide
binds to the binuclear metal center and that single
and/or coupled two electron transfers occur to and
from these two metal ions. However, in all ADE
crystal structures obtained thus far there are three
metal ions in the active site even though the crystal-
lizations were initiated with protein with only two
metals per subunit. It is not clear how the third
metal ion was incorporated into the protein during
crystallization. ICP-MS analysis demonstrated that
there were only two metal ions bound per subunit
before crystallization. There are four protein residues
that coordinate the third metal ion in ADE,.: His-120,
Glu-121, His-473, and Asp-474. His-473 and Asp-474
form an invariant and fully conserved HD dyad in all
ADEs in cogl001 and are absolutely critical for the
catalase activity but have no role in the deaminase ac-
tivity. The pH rate profiles for the catalase activity
indicate that a single group must be unprotonated for
catalytic activity with a pK, of 7.6-7.9. This pK, value
is consistent with His-473 serving in proton transfer
reactions in the oxidation and reduction of hydrogen
peroxide. Computational docking to the three-dimen-
sional structure of ADE;, suggests that His-120 is
required to hydrogen bond to N3 of adenine.?

Comparison with other catalases
Catalase activity is supported by various types of

metal sites, including hemes,'*'®  binuclear
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1718 and a few binuclear iron

manganese centers,
centers.>® The latter are found in monooxygenase
enzymes and model compounds.®®!® Perhaps the
best studied of these is toluene/o-xylene monooxygen-
ase from Pseudomonas sp. OX1.°. For this enzyme,
the two irons are anti-ferromagnetically coupled and
the diferric form is stable in air. This is typical for
diiron centers that have no catalase activity. Struc-
turally characterized diiron centers in their oxidized
states have an oxo bridging group with Fe-Fe distan-
ces of ca. 3.5A. In contrast, the irons in ADE are fur-
ther separated, lack a bridging oxo group and are not
anti-ferromagnetically coupled. The diferrous form is
also stable in air. These properties impact the redox
potentials that modulate catalase activity. Perhaps
the longer Fe-Fe distance in ADE discourages oxo
bridge formation which destabilizes the [Fe'/Fe'l]
state, such that this state oxidizes HyO5 to O,, leav-
ing the more stable [Fe'/Fe'l] state.

Potential physiological significance
The physiological significance of the inherent cata-
lase activity of ADE substituted with iron is unclear.
However, it is known that in certain bacteria the
deamination of adenine can function as a key step in
the purine salvage pathway for formation of guanine
nucleotides.?’ Therefore, under conditions of oxida-
tive stress inactivation of ADE would block forma-
tion of guanine nucleotides via the purine salvage
pathway, which in turn might slow cell growth
under conditions of oxidative stress. There are
known bacterial transcription factors that use
metal-catalyzed oxidation of histidine (via Hy05) as
a redox sensor for controlling oxidative stress levels
in cells. For example, PerR uses iron in the ferrous
oxidation state to oxidize a histidine residue critical
for DNA binding, thereby regulating oxidative stress
levels within cells.2>?2 Another example is the iron
enzyme ribulose-5-phosphate 3-epimerase, which is
irreversibly inactivated with HyO,, presumably from
Fenton chemistry catalyzed by Fe?™ in the active
site. This enzyme can be protected by incorporation
of manganese in the active site.23

It is apparent that there is insufficient catalase
in the cell when E. coli is grown aerobically to
reduce the hydrogen peroxide concentration to a
level that does not inactivate ADE. The catalytic
domain of ADE comprises the N-terminal half of
the protein and there is a rather large C-terminal
domain of approximately 300 amino acids that has
no obvious function. The N-terminal half of the pro-
tein is required for coordination of the binuclear
metal center and encompasses all of the residues
necessary for the deaminase activity. The C-terminal
domain has the highly conserved HD dyad. Mutation
of these residues results in the total loss of the cata-
lase activity but has absolutely no effect on the de-
aminase activity. These two residues are postulated
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to function in proton transfers during conversion of
H202 to H20 and 02.

The promiscuous catalase activity is not limited
to ADE from E. coli. We have also interrogated
ADEs from B. subtilis (Bsul4520), A. tumefaciens
(Atu4426), B. halodurans (Bh0640), and C. acetobu-
tylicum (Cac0887). All of these enzymes catalyze the
deamination of adenine and all catalyze the dispropor-
tionation of hydrogen peroxide when iron is bound to
the active site. Members of the AHS catalyze hydro-
Iytic, hydration, decarboxylation,?* and isomerization
reactions.?>?® This work revealed the first instance
of a redox-type reaction from this superfamily of
enzymes. It is, therefore, interesting to consider that
other enzymes of unknown function within this super-
family will catalyze similar reactions.

Materials and Methods

Materials

All chemicals were purchased from Sigma-Aldrich
unless otherwise stated. Escherichia coli BL21(DE3)
and XL1-blue competent cells were obtained from
Stratagene. The expression vector pET30a(+), Pfx
Platinum DNA polymerase and Pfu Turbo DNA po-
lymerase were purchased from Invitrogen.

ADE from E. coli and A. tumefaciens

Cloning of ADE from E. coli (ADE,.) and A. tumefa-
ciens (Atud426; gil15890557) was performed as
described.? Mutations to these proteins were con-
structed using the QuikChange PCR protocol accord-
ing the manufacturer’s instructions. Enzymes were
expressed and purified using an iron-free expression
protocol.? The deamination of adenine was followed
spectrophotometrically at 340 nm.?

ADE from other sources

Clones for ADE from Bacillus halodurans (Bh0640;
gil15613203), Bacillus subtilis (Bsu14520;
gil16078516) and  Clostridium  acetobutylium
(Cac0887; gil15894174) were expressed in an HY
SeMet medium (Orion Enterprises, Northbrook, IL).
Overnight cultures were prepared from glycerol
stocks that were derived from fresh transformants in
LB medium for 18 h at 37°C. A 5-10% inoculum was
achieved by adding 50-100 mL of an overnight cul-
ture to 1 L of SeMet medium containing 30 pg/mL
kanamycin, 30 pg/mL chloramphenicol, and 10 mL of
50% glycerol in a 2 L baffled shake flask. Cultures
were grown at 37°C to an ODggy = 0.8. SeMet buffer
(90 mg/L) was introduced and the culture was allowed
to stand for 20 min at 22°C, after which 0.4 mM IPTG
was added to induce the culture and grown for
another 18 h at 225 rpm agitation. Cells were har-
vested using standard centrifugation for 10 min at
5500¢ and frozen at —80°C wuntil ready for
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purification. Cell pellets produced from 1 L E. coli cell
cultures expressing the C-terminal His-tagged pro-
teins were suspended in 250 mL of lysis buffer (50
mM Tris—HCI pH 7.7, 250 mM NacCl, and six tablets
of Roche Complete, EDTA-free protease inhibitor
cocktail). The suspension was lysed by sonication
and insoluble debris was removed by centrifugation
for 30 min (39,800g). The supernatant was collected
and incubated with 10 mL of a 50% slurry of Qiagen
Ni-NTA Agarose, which was pre-equilibrated with
wash buffer (20 mM Tris—HCI pH 8.0, 500 mM NacCl,
10% glycerol, and 25 mM imidazole) for 30 min with
gentle stirring. The sample was then poured onto a
drip column and washed with 50 mL of wash buffer to
remove the unbound proteins. Protein was eluted
using 25 mL of the elution buffer (wash buffer with
500 mM imidazole). The eluted fraction was further
purified by gel filtration chromatography on a GE
Healthcare HiLoad 16/60 Superdex 200 prep grade
column that was pre-equilibrated with gel filtration
buffer (10 mM HEPES, pH 7.5, 150 mM NacCl, 10%
glycerol, and 5 mM DTT). The best fractions were
combined and concentrated by centrifugation in an
Amicon Ultra-15 10,000 Da MWCO centrifugal filter
unit.

Preparation of [Fe"/Fe"]-ADE

Apo-ADE was reconstituted by the anaerobic addi-
tion of two equivalents of Fe?".2 Samples were sub-
sequently passed through a PD-10 column to remove
unbound metal.2 The stoichiometry of the reconsti-
tuted metal center was determined by anaerobic ti-
tration of apo-ADE (10 pM) with Fe?*. The metal
content was determined by ICP-MS.

Measurement of catalase activity

Formation of Oy was determined with a YSI 5300A
biological oxygen monitor at 30°C. Standard assay
conditions were 20 mM HEPES, pH 7.5, variable
amounts of HyO, and enzyme in a final volume of
3.0 mL. The HyO5 concentration was calibrated with
an oxygen electrode and bovine liver catalase. The
H,05 concentration was also measured spectrophoto-
metrically at 240 nm using a molar extinction coeffi-
cient of 43.6 M~! ecm™1.2” For control experiments,
250 uM Hy0, was added to a buffered solution con-
taining 3.0 pM Fe?" and 1.0 mM EDTA, or 3.0 uM
Fe?*, 1.0 mM EDTA, and 1.0 mM ascorbate.

Redox titrations

The reduction potential of [Fe'/Fe'-ADE,, was deter-
mined with the redox dye, thymol indophenol (TCI
America). [Fe'VYFe'-ADE,. (20 uM) was incubated
with 2—-14 equivalents of thymol indophenol in 20 mM
HEPES, pH 7.5, at room temperature for 4 h. Similar
experiments were conducted with [Fe'/Fe'l-ADE,,.
treated previously with five equivalents of HyO,.
Determination of the reduction potential of fully oxy-
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genated [Fe!YFe'l-ADE,. was conducted with protein
that had been treated previously with 3.0 mM HyOs,.
The excess HyOy was removed by passage through a
PD-10 column. Reduced crystal violet was used to
reduce the oxidized binuclear metal center back to the
di-ferrous state in 20 mM HEPES, pH 7.5. Concentra-
tions of the oxidized and reduced forms of the dye were
determined at 590 nm after 6 h of incubation.

Mass spectrometry

ADE,. (5 pg) was loaded onto a 10% SDS-PAGE gel.
The Coomasie Blue-stained protein band was excised
from the gel, cut into pieces, and digested with tryp-
sin (Promega). The excised gel bands were washed
with 25 mM ammonium bicarbonate, pH 8.0, dehy-
drated with 50 pL of a 2:1 mixture of acetonitrile/50
mM ammonium bicarbonate for 5 min and then
dried in a vacuum centrifuge. Gel pieces were fur-
ther rehydrated for 40 min in an ice bath with
20 uM trypsin (Promega) in 25 mM ammonium bicar-
bonate buffer to a final volume of 12 uL. Following
rehydration, samples were digested for 4 h at 37°C.

Digested gel slices (1-2 uL) were analyzed by
tandem MS (Agilent 6520 quadrupole time-of-flight
instrument with chip cube electrospray ionization).
Samples were injected using a protein chip (160-nL
trap, 75 x 150 mm, 5 um, C-18 SB-Zorbax, 300A) at
a flow rate 300 nL/min. Data acquisition was per-
formed using MassHunter (version B.02.00) in a
2-GHz extended dynamic range at a rate of three
scans per second followed by data-dependent tandem
mass spectrometric fragment scans of the four most
intense ions. Precursor ion exclusion was set to 6 s
after two consecutive tandem mass spectrometric
scans. Acquired tandem mass spectrometric spectra
were analyzed against a trypsin-specific enzyme
search within Spectrum Mill (Agilent Technologies)
with the defined protein sequence.

For intact mass analysis of ADE from B. halodur-
ans, A. tumefaciens, B. subtilis, and C. actobutylium,
matrix-assisted laser desorption/ionization (MALDI,
Voyager-DE) and liquid chromatography electrospray
ionization mass spectrometry (LC-ESI-MS, Agilent
1100, API150EX) were used to assess the purity and
measure accurate masses of proteins. ESI-MS data
were acquired in positive ion mode and spectra were
deconvoluted using BioAnalyst 1.4 software to obtain
200 ppm mass accuracy. For site-specific modification
studies, MS/MS analysis was performed using a lin-
ear trap quadropole Fourier transform (LTQ-FT)
mass spectrometer (Thermo Finnigan) coupled with
an Ultimate 3000 high performance liquid chromatog-
raphy (Dionex). Following reduction and S-alkylation,
protein in 50 mM Tris-HCI (pH 8.0) was digested over-
night by trypsin, Asp-N (Roche Diagnostic), and chy-
motrypsin (Roche Diagnostic), respectively. Aliquots
of the samples (1 pmol) were analyzed online using
nanoflow high performance liquid chromatography-
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Table III. X-ray Data Collection and Refinement Statistics

Name/code

[Fe'YFe''l-ADE,,

[Fe'/Mn'"-ADE,,

Unit cell dimensions

Space group .
Resolution limit (A)
Unique reflections
Completeness, %
Rmerge?®,
Refinement statistics
No. of protein atoms
No. of metal atoms
No. of solvent atoms
Reryst
Rfree
Root mean square deviations
Bond distance (A)
Bond angles (°)
Ramachandran plot statistics (%)
Residues in allowed regions
Residues in additionally allowed regions
Average B-factors (A?) for chains A and B
Main chain (A, B)
Sidechain (A, B)
Solvent (A, B)
Metal atoms
PDB ID

a =617A, b = 13184,
¢ = 69.6A; p = 97.0°

a = 6154, b = 13124,
¢ = 69.3A; p = 97.0°

P21 P21
50-2.63 (2.68-2.63) 50.0-2.8 (2.85-2.8)
32849 26874
99.6 (93.9) 99.7 (97.0)
0.1(0.78) 0.17(0.60)
8614 8672
6 6
54 83
0.185 0.174
0.287 0.30
0.04 0.02
1.9 1.96
87.2 86.0
114 12.8
30.8, 35.7 40.3, 47.4
32.1,37.1 41.6, 48.4
25.6 315
54.3 48.8
3T81 3T8L

* Rmerge= 2 |I; — (I)| /3_1 I;1 where I; is the intensity of the ith measurement, and (I) the mean intensity for that reflection.
Values for the highest resolution shell are given within parentheses.

nanoelectrospray ionization. Data were acquired in
positive ion mode. Peptides were sequenced by tan-
dem mass spectrometry and identified by Mascot (Ma-
trix Science, Version 2.1) search. Significant hits were
manually inspected.

EPR and Mdssbauer spectroscopy

Samples for EPR and Mossbauer spectroscopy
were made and data were collected as described
previously.2

Titration with HOCI

[Fel/Fe']-ADE,. (1.0 uM) was treated with HOCI
ranging from 0-20 pM for 5 min at 30°C, pH 7.5. At
the end of the reaction, the ADE activity was deter-
mined as described.? In addition, HOCl (200 pM)
was added to 16 uM [Fe'/Fe']-ADE,. and the
absorbance spectrum was measured. The same
experiments were performed with [Mn'/Mn'']-ADE,,
as a control. The concentration of HOCI was deter-
mined at 292 nm (¢ = 3241 M~ cm™1).28

Detection of superoxide

Formation of superoxide was measured using the
dye hydroethidine (Invitrogen). Concentration of
hydroethidine was determined at 345 nm (¢ = 9.75
x 10> M~! em™1).8 Hydroethidine reacts with super-
oxide to form 2-hydroxyethidium which was moni-
tored at 470 nm (¢ = 1.2 x 10* M~ ecm™1).% [Fe'/
Fe'-ADE.. (1.50 pM) was mixed with 1.0 mM
hydroethidine in a final volume of 3.0 mL in a YSI
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5300A biological oxygen monitor system at 30°C.
Hydrogen peroxide (250 pM) was added and the evo-
lution of Oy was measured as a function of time.
After Oy production ceased, 1.0 mL from this reac-
tion mixture was removed and the absorbance was
measured at 470 nm.

pH-rate profiles

The pH dependence of k..t and k../K,, for the cata-
lase activity was determined for [Fe'/Fe'l-ADE,.
over the pH range of 5.5-10.0. The buffers used for
this study were 20 mM MES (pH 5.5-6.5), 20 mM
HEPES (7.0-8.0), and 20 mM CHES (pH 8.5-10.0).
The pH values of the solutions were measured
before and after the completion of the assays.

6-Chloropurine inhibition of catalase activity

A solution of [Fe'/Fe'-ADE,. (1.5 pM) was incu-
bated with 3.0 mM 6-chloropurine for 1 h in 50 mM
HEPES buffer, pH 7.5 and then assayed for ADE
and catalase activity as described previously.?

Data analysis

Initial velocity kinetic data were fit to Eq. (1) using
SigmaPlot 9.0 where v is the initial velocity, [A] is
the substrate concentration, E; is the total enzyme
concentration, k., is the turnover number, and K,
is the Michaelis constant. For pH-rate profiles,
Eq. (2) was used to fit the half-bell shaped pH pro-
files to determine values of pK, for the ionization of
residues at low pH. In Eq. (2), the value of ¢ is the

Catalase Activity of Adenine Deaminase



maximum value for either k.. or k../K.,, depending
on the fit, and H is the proton concentration. In
Eq. (3), E is the reduction potential of the metal cen-
ter, E° is the reduction potential of the dye, R is the
universal gas constant, 7" is the temperature, n is the
number of electrons transferred during the redox reac-
tion, and F is the Faraday constant. A, is the concen-
tration of the species involved in the oxidation reaction
of the enzyme and A,.q is the concentration of the spe-
cies involved in the reduction reaction of the enzyme.

V/E¢ = keat[A]/(Km + [A]) (1)
log v = loglc/(1 + H/K,)] (2)
E =E° — (RT In[Areq]/[Aox]) /nF 3)

Structure determination of Atu4426

The iron/manganese hybrid ((Fe'/Mn']-ADE,,) and
the diferrous form ([Fe'YFe'l-ADE,,) of ADE were
crystallized via sitting drop vapor diffusion at room
temperature using conditions similar to those
reported for [Mn/Mn]-ADE,..2 Before data collection,
crystals were transferred into mother liquor contain-
ing 20% glycerol and then flash cooled in liquid
nitrogen. Data were collected at 100 K on beam line
X29 at the National Synchrotron Light Source
(NSLS). Diffraction data were processed with HKL-
2000.2° Data collection and refinement statistics are
summarized in Table III. Structures were deter-
mined by rigid-body refinement of native model lack-
ing metal followed by restrained refinement in
REFMAC.?® Metals were identified from the differ-
ence Fourier map and subsequent model building
was carried out in COOT.3! Geometry of the final
refined models was evaluated using PROCHECK.??
The refined final atomic coordinates and structure
factor amplitudes were evaluated and deposited in
the PDB. The PDB entries are 3T81 and 3T8L for
[Fel/Fe']-ADE,; and [Fe'’/Mn]-ADE,,, respectively.
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