
Thermochromic Conformational Change of Methanobacterium thermoautotrophicumIron Superoxide
Dismutase

Jean Philippe Renault and Irène Morgenstern-Badarau*

Laboratoire de Chimie Bioorganique et Bioinorganique, Institut de Chimie Mole´culaire d’Orsay, Universite´ Paris-Sud XI,
91405 Orsay Cedex, France

Mario Piccioli*

Laboratoire de Chimie Structurale Organique et Biologique, CNRS UMR 7613, Universite´ Pierre et Marie Curie (Paris VI),
4 Place Jussieu, 75005 Paris, France

ReceiVed October 2, 1998

The temperature dependence of the structural and electronic
properties of metalloenzyme active sites is an important point
from which to address the thermal control of enzymatic reactions.
In this respect, a relevant example is provided by iron- and
manganese-containing superoxide dismutases (FeSOD and Mn-
SOD) whose spectroscopic properties have been studied by
various techniques,1-5 and for which a variability in coordination
number has been reported, spanning from the four-coordinated
FeSOD fromPseudomonas oValis 6 to the six-coordinated azide
adduct of FeSOD fromEscherichia coli.7

Although there is evidence that the redox potential of the metal
ion is driven substantially by the protein environment,8 the role
of coordination properties and of metal specificity in driving
catalysis is not yet fully understood. In the oxidized form of
MnSOD from E. coli it has been recently shown that a low-
temperature thermochromism occurs in the presence of an azide.9

A chromophore switch with a transition temperatureTc of about
220 K has been interpreted as evidence of an unstable six-
coordinated structure that acts as an intermediate in the enzymatic
reaction.9 The same equilibrium has been observed, but with a
Tc of 305 K, in the analogous adduct of MnSOD from the
thermophilic bacteriumThermus thermophilus, thus supporting
the role of the above transition for catalysis.10

Here we report the first evidence of a room temperature
thermochromism for the reduced form of the tetrameric FeSOD
from the archaebacteriumMethanobacterium thermoautotrophi-
cum.11,12 The challenge of this study is to address a structural

change, located in the active site of a paramagnetic tetrameric
enzyme, whose molecular weight is about 100 kDa, using variable
temperature NMR. To the best of our knowledge, this is one of
the largest biological systems that can be characterized by
paramagnetic NMR.13

We explored the temperature dependence of the one-dimen-
sional spectrum ofM. thermoautotrophicumFeSOD, which is
shown in Figure 1.14 In the NMR spectrum of this tetrameric
protein, reported here for the first time, five signals (A, B, C, a,
and b) are observed in a very far downfield-shifted region, in the
range 150-30 ppm.15 Many paramagnetically shifted signals (D,
E, and other signals in the 20-10 ppm region) are also observed
in the less downfield-shifted region and in the highfield part up
to about-20 ppm (F). The five most downfield-shifted signals
arise from protons of iron-coordinated histidines,16 their shift
properties accounting for their assignment to metal-bound resi-
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Figure 1. 200 MHz 1H NMR spectrum ofM. thermoautrotrophicum
FeSOD at 283 K. Experimental conditions are described in ref 14. Labeled
signals are discussed in the text.
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dues, and their disappearance when the spectrum is recorded in
D2O accounting for their assignment to exchangeable protons.
They are markers of the active site addressing the chemical
properties of the enzyme as a function of temperature.

Two sets of signals are identified from the relative temperature-
dependent intensities of the signals A, B, and C versus those
labeled as a and b. Increasing temperature up to 303 K causes a
significant decrease in the intensities of signals a and b and a
consequent increase of the intensities of signals A, B, and C. These
changes in intensities, which were quantified from signal integra-
tions, imply two distinct structures associated with high- and low-
temperature forms of the active site, respectively. A thermal two-
state transition is shown in Figure 2, as the temperature
dependence of the equilibrium constantK between the two species
defined from the intensity ratio between signals B and a. These
two signals were used since they are well isolated. In addition,
as they have similar line widths, their intensity is expected to be
equally affected by the use of window functions.17 Data analysis
provides thermochemical parameters for the equilibrium which
is characterized by a standard reaction enthalpy variation∆H°
equal to 39( 4 kJ mol-1 and a standard reaction entropy variation
∆S° equal to 136( 20 J mol-1 K-1. TheTc midpoint transition
is found to be equal to 286( 5 K.

The high-temperature species (signals A, B, and C) is highly
analogous to the active site of FeSOD and of the iron-substituted
MnSOD fromE. coli.18 The most downfield signal A has a shorter
relaxation rate (3 ms) with respect to signals B (8 ms) and C (9
ms).19 This can be interpreted as deriving from two similar
histidines in equatorial position and to the axial histidine with
markedly different properties in terms of the ligand centered
unpaired spin density. The temperature dependence of the
chemical shift for signal A compared to the ones for signal B
and for signal C (data not shown) supports the above consider-
ations.T1

-1 and T2
-1 relaxation rates are increased by about a

factor of 2 with respect to the dimeric FeSOD fromE. coli, as
expected on the basis of an increasedτr due to the tetrameric
form of the present protein.20 Thus we have firm evidence that
the high-temperature species has the same five-coordinated active
site as shown by X-ray studies onE. coli FeSOD.7 On the other

hand, the two signals indicative of the lower-temperature species,
which still belong to histidine ligands, experience larger hyperfine
coupling constants, suggesting that the chromophore evolves to
a different coordination environment. However, a third signal of
the minor species could have been lost because of line broadening
and because of overlaping with other signals of the spectrum,
due to the large molecular weight of the enzyme which provides
very large and barely detectable signals. Still, both NMR and
thermodynamic parameters are consistent with different coordina-
tion spheres of the metal ion, though the nature of the confor-
mational change cannot be precisely assessed. The thermodynamic
properties observed for the equilibrium of the two species account
for a noncooperative process, typically a coordination change or
a solvation/desolvation process.10,21∆H° and∆S° values that were
obtained are comparable to the previously reported thermody-
namic values for MnSOD azide adducts that have been accounted
for on the basis of six-to-five coordination change in the active
site.9,10 If the observed conformational change is similar to the
six-to-five switch of metal coordination proposed in the case of
azide-MnSOD, it is likely that a water molecule can play the role
of an additional ligand. The fact that an additional water molecule
could be trapped in the first coordination sphere at temperatures
lower than optimal temperature activity would be, however, an
indication of the conformational flexibility of this active site.
Although present experimental data do not rule out the possibility
of such a five-to-six switch, they point out a possible alternative
interpretation based on five-to-four change in coordination. Due
to the detachment of one of the three histidines from metal
coordination, only two signals from metal-coordinated histidines
are observed when decreasing temperature.

The relevance of these results relies on the following find-
ings: (1) the same effects, observed from the oxidized MnIIISOD
can be observed on the reduced FeIISOD; (2) despite the fact that
no exogenous ligands occur in the presently investigated deriva-
tive, a flexibility in the SOD active site is nevertheless observed;
(3) unlike in former cases, thermochromism is here observed as
a property of an iron enzyme.

Finally, reference should be made to the fact that, although
we are dealing with an FeSOD system,M. thermoautotrophicum
FeSOD is classified as belonging, in an evolutionary point of view,
to the class of MnSODs.22 This is confirmed by the fact that, at
variance with most of FeSODs and similarly to MnSODs, it is
not inhibited by hydrogen peroxide.11

From all the experimental data available up to now, thermo-
chromism in SOD is a peculiar feature of MnSOD or of Mn-like
FeSOD enzymes, as in the present investigation. These peculiar
properties of MnSOD enzymes must be related to the already
considered role of the protein in driving the coordination chemistry
of active sites in metalloenzymes.
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Figure 2. Relative temperature dependence intensities of the two species
of M. thermoautrotrophicumFeSOD. Van’t Hoff equation was used to
estimate the standard reaction parameters∆H° and∆S°. The equilibrium
constant K was obtained from the intensity ratio between two well isolated
signals B and a.
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