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Single Glutamate to Aspartate Mutation Makes Ferric Uptake
Regulator (Fur) as Sensitive to H,0, as Peroxide Resistance Regulator

(PerR)**

Aubérie Parent, Christelle Caux-Thang, Luca Signor, Martin Clémancey, Ramakrishnan Sethu,
Genevieve Blondin, Pascale Maldivi, Victor Duarte,* and Jean-Marc Latour*

One major recent advance in the field of metals in biology was
the discovery that metal homeostasis is tightly controlled by
sophisticated protein machineries that import metals, regulate
their concentration, and distribute it among target proteins.!!
These machineries are under the control of specific tran-
scription factors that are able to detect their cognate metal.
These metalloregulators have recently been classified accord-
ing to their structural properties into several families, one of
which is the Fur family that is present in many Gram-negative
and Gram-positive bacteria.? Tt comprises four proteins
involved in metal homeostasis Fur (ferric uptake regulator),
Mur, Nur, and Zur that regulate Fe, Mn, Ni, and Zn
concentration, respectively. The last member of the family,
PerR, is not involved in metal homeostasis but is a peroxide
resistance regulator, functionally equivalent to OxyR.P!
Indeed, the PerR regulon comprises peroxide defense
enzymes (KatA, AhpCF) and a DNA protection protein
(MrgA), and it is induced by reaction of PerR with H,0, that
leads to PerR oxygenation.**! All the biochemical and
structural evidence indicates a strong similarity between Fur
and PerR, albeit Fur does not react with H,O,. Herein, we
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aimed to understand the molecular basis of these distinct
behaviors. Both are dimeric proteins that possess the same
overall fold and each monomer is able to bind two metal ions:
Zn>" in a structural binding site and in the regulatory site their
cognate metal (Fe*" for Fur and Fe?*" or Mn?" for PerR).
Figure 1 shows the sequence alignments of the structural and
the regulatory binding sites for Bacillus subtilis PerR and for
Fur proteins from Bacillus subtilis (Bs), Helicobacter pylori
(Hp), and Escherichia coli (Ec).

37 —=———- 85
Bs PerR VNSMAHPTAD SSREDEVTSD
Bs Fur ENEEDHLSAE DLRKDGAAHF
Hp Fur YRSGTHLSPE -RRYEIAAKE
Ec Fur EPDNHHVSAE -SVFELTQQH
91 96 99 104  --—-- 136

-HYHATICENCG KIVDFHYPGL EIYGVCQECS
-HHHLVCMECG AVDEIEGDLL TFHGICHRCN
HHDHIICLHCG KIIEFADPEI KMFVWCKECQ
-HDHLICLDCG KVIEFSDDSI YLYGHCAEGD

Figure 1. Sequence alignments of selected PerR and Fur proteins
highlighting the regulatory site (bold) and the structural site (italics).
Numbering according to Bs PerR.

The crystal structure of Bs PerR-Zn-Mn shows that the
coordination of the regulatory metal involves five residues
arranged as a distorted square pyramid where H37, D85, H91,
and D104 constitute the base of the pyramid and H93
occupies the apical position.””! Binding of the H37 residue to
the cognate metal is responsible for the structural change that
allows the holoprotein to adopt the right conformation to
bind DNA. In turn, oxidation of H37 or H91 by H,O,
abolishes the DNA-binding ability of PerR.

The sequence alignments presented in Figure 1 are very
informative because they show that the only difference in the
regulatory sites of PerR and Fur is the nature of the
carboxylate ligands of the Fe?" ion. On one hand, aspartate
D104 in the PerR proteins is strictly changed to a glutamate
(E) in all Fur proteins. On the other hand, aspartate D85
found in the majority of PerR proteins is changed to
a glutamate in most Fur proteins, as for example in Hp Fur
and Ec Fur but not in Bs Fur (Figure 1; see Supporting
Information, Figure S1 for a more complete list). Because
these changes in carboxylate ligands are the only ones
apparent between PerR and Fur proteins, we hypothesized
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that they are responsible for the differ-

ences in H,O, reactivity. To investigate the
potential role of these aspartate/glutamate
residues, we mutated them in the Bs PerR
and Bs Fur proteins and assessed their
reactivity with H,O, both invivo and
in vitro. Our results indicate that the
H,0, sensitivity of Bs PerR is strictly 20
associated with D104 and is abolished by
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ported by the reverse E108D mutation 120
making Bs Fur sensitive to H,0,. By
combining Mossbauer spectroscopic stud-
ies and DFT calculations, we are able to
propose a structural change to the Fe
coordination sphere associated with D to
E mutations. 20
To investigate the various possible
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combinations of carboxylate residues in
the PerR and Fur regulatory sites, we
prepared two single mutants and a double
mutant of Bs PerR, namely D8SE, D104E
and D85E D104E, and the Bs Fur “reverse
mutants” D85SE and E108D to probe the
influence of these mutations. In terms of Fe ligation, the Bs
PerR-D104E mutant is equivalent to Bs Fur and the Bs PerR-
D85E-D104E double mutant and Bs Fur-DSSE mutant are
equivalent to Hp and Ec Fur. All wild-type proteins and
mutants were overexpressed under two different conditions:
1) LB medium that is known to produce an oxidized PerR-
WT protein owing to reaction with endogeneously generated
H,0, and 2) minimal medium supplemented with an Fe
scavenger, desferrioxamine, that produces non-oxidized
PerR-WT protein. In both cases, the variants are isolated in
dimeric form binding two Zn?" ions but lacking the regulatory
metal. We then used a global approach to assess the impact of
the mutations on 1) the binding of the regulatory metal,
taking into account that the affinity of PerR"”) and Fur!® for
Fe?! is an order of magnitude higher than for Mn**, 2) the
oxidation of the variant under both invivo and in vitro
conditions, and 3) the effect of oxidation on the His ligands of
Fe, as in PerR.

The metal binding capacity of all variants was investigated
by monitoring Mn*" binding by EPR spectroscopy, as
previously described.”! All PerR and Fur mutants have
Mn?" affinities in the micromolar range, same as the WT
proteins (Table S1). This indicates that the D/E or E/D
mutations do not drastically affect the coordination ability of
the protein® and that it is therefore likely that the PerR and
Fur mutants bind to the Mn?" ion in the regulatory site.

All variants overexpressed in LB medium and potentially
oxidized were analyzed by ESI-MS to assess their sensitivity
to endogeneously generated H,O,. Oxidation of PerR-WT
was shown by a peak at m/z 16308 (16292 +16) for the
oxidized monomer (Figure 2), corresponding to the oxygen-
ation of histidine H37 or H91.*° Under these conditions,
63 % of PerR-WT was oxidized and only 3 % of PerR-D104E
was oxidized. Similarly, the mutants PerR-D85E and PerR-
DS8SE-D104E were oxidized to 64% and 0%, respectively
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Figure 2. ESI-MS analysis of in vivo (top) and in vitro (bottom) oxidation of PerR-WT, PerR-
D104E, Fur-WT, and Fur-E108D.

(Figure S2, Table S2). These results indicate that the sensi-
tivity of PerR to oxidation is strictly controlled by the nature
(Asp versus Glu) of the residue in position 104, whereas that
in position 85 has no effect. The latter observation is
consistent with the fact that both aspartate and glutamate
can be found at position 85 in Fur proteins and that D85 in
PerR is not strictly conserved, in contrast to D104. As shown
in the top row of Figure 2, the same analysis revealed that Fur-
WT and Fur-E108D mutant were oxidized to 4 and 14 %,
respectively, pointing to a slight increase in H,O, sensitivity of
the mutant. Because the endogenous oxidation during cell
culturing could not be controlled, we complemented these
in vivo experiments with in vitro oxidation of the isolated
unoxidized variants (overexpressed in minimal medium),
following metallation by one equivalent of Fe?" ions and
subsequent treatment with one equivalent of H,O, under
anaerobic conditions. The ESI-MS analyses (Figure 2, bottom
row) revealed that PerR-WT was oxidized to a similar level
(66 %), while PerR-D104E was more oxidized (33 %) than for
the in vivo experiments but still significantly less than the wild
type protein. Interestingly, Fur-WT was slightly oxidized
(21%) but Fur-E108D was oxidized to a level (54%)
comparable to PerR-WT. It is likely, that the lower concen-
tration of H,O, produced in vivo relative to the stoichiometric
level of H,0, used in vitro (50 um) is responsible for the
difference in sensitivity observed for these variants under the
two conditions. These oxidation experiments clearly establish
that the presence of an D104E mutation suppresses the
oxidation sensitivity of PerR and that the reverse mutation
(E108D) makes Fur sensitive to H,O, oxidation (Table 1). By
contrast, the D8SE mutation seems to have no effect on the
reaction of H,0, with PerR and only a minor effect on Fur
(See Figure S2 and Table S2 for oxidation of the PerR-D85E
and Fur-D85E mutants).
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Table 1: Oxidation and Méssbauer quadrupole splittings of Bs PerR and Bs Fur variants.
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complex. Interestingly, the forma-

tion of the Fur-E108D-DNA com-

Bs PerR oxidation® [%] AEQP [mms™']  BsFur  oxidation® [%] AEQM [mms™] )

invivo in vitro invivo invitro plex (d) was almost abolished by
WT 63 66 30514 E108D 14 3,051 this treatment. . Th_ls observation
D104E 3 33 350 WT 4 321 suggests that oxidation of the Fur-
D8SE-D104E 0 23 3.469 D8SE 2 3.37 E108D mutant occurs on the Fe

[a] See Figure S2 and Table S2 for the values of PerR-D85E-D104E and Fur-D85E. [b] Uncertainties are
0.04 mms™". [c] These samples contained two components in ratios higher than 3 to 1. The values in the
table are associated with the major component. Other values are in Table S4.

Electrophoretic mobility-shift assay (EMSA) experiments
were performed, first to verify that the Fur-E108D mutant
binds DNA in the presence of a regulatory metal and second
to investigate whether in vitro oxidation of the mutant will
affect its DNA binding capacity, which would show that this
oxidation is directed to H37/H95, analogous to H37/H91 in
PerR-WT. Figure 3 shows EMSA experiments performed
with PerR-WT and Fur-E108D using DNA duplexes contain-

binding histidines as in PerR. To
verify it, after the H,O,/Fe*" treat-
ment, the Fur-E108D mutant was
digested and the peptide fragments
separated by HPLC and analyzed
by ESI-MS. Figure 3e,f illustrates the profiles of the two
peptides P1 and P2 containing H37 and H95, respectively.
These profiles show that the peroxide-induced oxidation
occurs on the same peptides as in PerR-WT, thus supporting
that it affects the two histidines that are Fe ligands.

These observations point to a crucial role of the carbox-
ylate 104 residue to control access of H,O, to the Fe
coordination sphere. Because carboxylates can adopt a variety

mutation is probably linked to
a change in the carboxylate
coordination mode that protects
the Fe center from H,O, attack.
Unfortunately, there is no X-ray
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Figure 3. a—d) EMSA experiments of oxidation of PerR-WT (a,c) and Fur-E108D (b,d). a,b) protein
incubated with Mn**; c,d) protein incubated with Mn** following H,0,/Fe" treatment and purification.
e,f) LC-MS analyses of trypsin-digested Fur-E108D after H,0,/Fe®" treatment. P1=residues 29-48;

P2 =residues 89-123. Overlay of MS spectra for both unoxidized [P1+2H]*" ions (retention time

(RT) =36.0 min) and oxidized [P1+16+2H]*" ions (RT=37.3 min). MS spectra for both unoxidized
[P2+3 HP" ions and oxidized [P2+ 16+ 3 H]**. Oxidized and unoxidized P2 ions co-eluted with an RT of

49.2 min.

ing, respectively, the per box of the mrgA promoter and the
fur box of the feuA promoter. The EMSA experiments done
with Fur-WT and Fur-D85E are presented in Figure S3.
Figure 3 shows the formation of the PerR-WT (a) and Fur-
E108D (b) DNA complexes using increasing concentrations
of both proteins in the presence of 100 uv Mn**. The Kj
values estimated from these experiments are all in the
nanomolar range (Table S3) in agreement with strong DNA
binding. This shows that the mutation does not affect the
DNA binding capacity of the mutant. Figure 3c,d shows
similar EMSA experiments but the proteins were treated with
stoichiometric amounts of both Fe?" ions and H,O, prior to
gel analyses. As expected for PerR-WT (c), these oxidative
conditions largely affect the formation of the protein-DNA
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Zn*" is insensitive to ligand field
and thus cannot reveal subtle
changes in the coordination
sphere of the regulatory metal.
To understand this structural
change at the molecular level
we used a combination of Moss-
bauer spectroscopy and density
functional theory (DFT) calcu-
lations, which have recently
been used in concert to derive spectroscopically validated
structural properties.’* To get insights into the coordina-
tion changes brought about by the Asp/Glu substitutions, we
decided to study PerR and Fur variants possessing the three
carboxylate combinations Asp/Asp, Asp/Glu, and Glu/Glu in
the 85 and 104 positions (with Bs PerR numbering). Figure 4
depicts the Mossbauer spectra of PerR-WT, PerR-D104E and
PerR-D85E-D104E variants and Fur-WT, Fur-E108D, and
Fur-D85E variants and the corresponding nuclear parameters
are listed in Table 1 and Table S4. These parameters are
consistent with ferrous centers in the high spin state S=2.
Whereas they appear very close, they reveal significant
differences in the quadrupole splitting (QS) values. Indeed
the two variants with two Asp PerR-WT and Fur-E108D have

1334 1338 1342
Mass to charge ratio (m/z)
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Figure 4. Mdssbauer spectra of a) PerR-WT, b) PerR-D104E, c) PerR-
D85E-D104E, d) Fur-E108D, e) Fur-WT, and f) Fur-D85E. Spectra are
aligned according to the lower velocity absorption (solid vertical line).
The dotted lines correspond to AE, values of 3.25 mms™' (left panels)
and 3.21 mms™' (right panels).

the same value AEy=3.05 mms™', whereas those having an

Asp/Glu combination PerR-D104E and Fur-WT exhibit
higher values AE,=3.25mms™" and 3.21 mms™', respec-
tively. Those with two Glu residues PerR-D85E-D104E and
Fur DS85E exhibit even higher values AEg=3.46 mms~' and
3.37mms!, respectively, which are reminiscent of that
determined earlier for E.coli Fur-WT AEq,=3.47 mms
that also possesses two Glu residues (Figure 1).”7 These
differences of 0.20(3) mms ' appear small but they amount to
approximately four times the uncertainty of the measure-
ments and are thus reliable. These observations can be
summarized as follows: the ferrous centers with two Asp
residues have a QS close to 3.00 mms™, those with an Asp/
Glu combination have a QS close to 3.20 mms™', and those
with two Glu residues have a QS close to 3.40 mms ™. So each
Asp to Glu substitution causes an approximately 0.20 mms™
increase in the QS of the Fe' ion. These variations of the
Mossbauer QS clearly indicate that the Asp to Glu mutations
cause significant changes in the coordination sphere of the Fe
center.

To get insights into the nature of these structural changes
of the Fe centers and how they relate to the different H,O,
sensitivities, we developed a stepwise theoretical approach
based on DFT structure calculations validated by calculation
of the Mossbauer QS trend. We investigated three families of
Fe?" complexes as models for the three environments of iron
with two Asp, one Asp/one Glu, and two Glu residues. First,
to accurately calculate QS parameters that differ experimen-
tally by 0.2 mms™', we performed a detailed estimation of QS
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parameters for families of iron complexes chosen from
Friesner and co-workers!™” to obtain a reliable basis for
further estimations of these parameters on our models.
Second, we chose starting structures based on the available
experimental data. We extracted the Mn site from the PerR-
Zn-Mn X-ray crystal structure,’® keeping only the three His
and two Asp residues directly involved in the square-
pyramidal metal-coordination sphere. The adjustment in
metal-ligand distances to account for the change from Mn**
to Fe** was based on PerR-Zn-Fe EXAFS data.’! The His
residues were modeled by 4-methylimidazole following
removal of the protein chain. Control calculations showed
that modeling the carboxylate residues with acetates, thus
removing the protein chain, introduced slight changes in QS.
Thus, from this preliminary structure (Figure 5a), a two-step

LA

a AEq =3.08 mm s~ AEQ =279 mm s~

P

c AEq=317 mms™’ AEq=3.45mms™’

Figure 5. Models of the coordination sphere of Fe*" in PerR and Fur
mutants; N blue, O red, Fe brown, C gray, Ca green. The axial His
pointing downward is His 93. Left carboxylate (Asp/Glu) is the 104
(108) residue, right carboxylate (Asp/Glu) is the 85 residue. H atoms
are not shown. Calculated QS parameters are given (AEg). a) Starting
model structure (see text); b) model structure with Asp85-Asp104;

c) model with single Glu104 mutation; d) model with double Glu85-
Glu104 mutations.

procedure was used to define and optimize the models, while
freezing in space the main structural constraints provided by
the protein structure, that is, Ca, NH, and CO atoms from
main chain Asp/Glu residues and His group positions. This
procedure is justified by the comparison of Bs PerR-Zn-Mn
and Hp Fur-Zn-Zn X-ray crystal structures that reveal only
small displacements of the protein chain in this region.!'!
Our approach proved to be quite successful, as we were
able to identify optimized structures for the three model sites
(Asp85-Asp104, Asp85-Glul04, and Glu85-Glu104), with
calculated QS in very good agreement with the experimental
trends (Figure 5). In particular, a significant increase in the
QS values was associated with each replacement of an
aspartate by a glutamate residue. Two other features deserve

Angew. Chem. 2013, 125, 10529 —10533
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attention because they show the consistency of our results.
First, the Glu104 binding mode in the Asp85-Glu104 model
illustrated in Figure 5c appears similar to that present at the
Zn site in Hp Fur-Zn-Zn X-ray structure.'!! Second, the
Glu85 residue in the Glu85-Glu104 model shown in Figure 5d
exhibits a semi-chelating mode of the carboxylate with
a reduced Fe—O distance of the second “unbound” oxygen
(3.0 A) in agreement with the “5 +1” coordination of the iron
proposed for Ec Fur.'”! Again this model is further supported
by the observation that the corresponding glutamate (E90) in
the Hp Fur-Zn-Zn X-ray crystal structure adopts a chelating
binding mode.!"" Moreover the two structures derived from
the calculation provide a rationale to explain the insensitivity
of the Fur proteins to H,O,. Indeed, for the Asp85-Glul04
species model of the Bs Fur site the Glu residue has moved
upward (Figure 5¢) so that it is now trans to His 93. As
a consequence, the axis of the square pyramid has rotated
approximately 90° from the Fe—N(His93) to the Fe—O-
(Asp85) direction, and thus the accessible 6th coordination
site on the Fe is now hindered by the Glul04 lateral chain.
Finally, in the Glu85-Glu104 model (Figure 5d) the Glu104 is
less axial than in the preceding model owing to the fact that
Glu85 both moves upward and rotates toward Fe, bringing the
second oxygen close to it (3.0 A). This leads to a constrained
situation where the two carboxylates are too close (3.9 A
against 4.8 A in the initial Asp-Asp site) to each other to
allow any interaction of the Fe with H,O,.

In summary, our biochemical results clearly established
that Asp104 is the key residue that makes PerR sensitive to
H,O, whereas Fur with Glul08 is not. Mossbauer spectros-
copy studies showed that a change in Fe coordination is
associated with the Asp/Glu mutation at this position and
another one with further mutation at position 85, although the
latter was not important for reactivity. Finally, DFT analyses,
validated by calculation of the Mossbauer nuclear parame-
ters, provided a reasonable explanation for the observed
reactivity difference in terms of coordination site accessibility.
An X-ray crystal structure of a Fur protein with Fe’* or Mn*"
in the regulatory site could validate our model. This work
further illustrates how the versatility of carboxylate binding
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modes can be decisive in tuning the reactivity of metallo-
proteins.
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