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Introduction

In April 2010, the blowout of the oil rig Deepwater Horizon
caused an unprecedented release of natural gas and crude oil

into the Gulf of Mexico. The plumes in the ocean led to a

bloom of methanotrophic bacteria, and a recent study showed
that, concurrently with methane consumption, a depletion of

light rare earth elements (REEs: La, Ce, Pr, and Nd) from the
surrounding seawater was observed.[1] This phenomenon can

be explained in terms of the biological role of REEs for metha-
notrophic and methylotrophic bacteria.[1b, 2] These bacteria
utilize C1 compounds, such as methane and methanol, as an

energy source. In the case of methanotrophs, methane is first
oxidized by a methane monooxygenase, yielding methanol.

Methanol, in turn, is metabolized through the action of quino-

protein methanol dehydrogenases (MDHs), REE- or calcium-de-
pendent metalloenzymes that are widespread in nature.[3] The

first MDH to be isolated was from Methylobacterium extorquens

Since the discovery of the biological relevance of rare earth el-
ements (REEs) for numerous different bacteria, questions con-
cerning the advantages of REEs in the active sites of methanol

dehydrogenases (MDHs) over calcium(II) and of why bacteria
prefer light REEs have been a subject of debate. Here we
report the cultivation and purification of the strictly REE-de-
pendent methanotrophic bacterium Methylacidiphilum fumario-
licum SolV with europium(III), as well as structural and kinetic
analyses of the first methanol dehydrogenase incorporating Eu

in the active site. Crystal structure determination of the Eu-
MDH demonstrated that overall no major structural changes

were induced by conversion to this REE. Circular dichroism
(CD) measurements were used to determine optimal condi-

tions for kinetic assays, whereas inductively coupled plasma

mass spectrometry (ICP-MS) showed 70 % incorporation of Eu
in the enzyme. Our studies explain why bacterial growth of

SolV in the presence of Eu3 + is significantly slower than in the
presence of La3+/Ce3 +/Pr3 + : Eu-MDH possesses a decreased

catalytic efficiency. Although REEs have similar properties, the
differences in ionic radii and coordination numbers across the

series significantly impact MDH efficiency.

Figure 1. Active sites of A) the Ce-MDH from SolV strain (PDB ID: 4MAE)[9]

and B) the Ca-MDH from the strain M. extorquens (PDB ID: 1W6S).[5] Images
generated with the UCSF Chimera package.[10]
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in 1964.[4] This well-studied representative of the MxaF-type of
oxidoreductases is found in the periplasm of bacteria and con-

tains a calcium ion, in addition to the prosthetic group pyrrolo-
quinoline quinone (PQQ) in the active site (Figure 1).[5] In 2011,

however, the induction of MDHs by La3 + was mentioned in
the literature,[6] and one year later a catalytic role of La3 + was

proposed for MDHs.[7] In 2014 the first crystal structure of a
REE-dependent MDH (XoxF-type) was published by Pol et al.
(Figure 1).[2b, 8]

The XoxF-type MDH from the extremophile Methylacidiphi-
lum fumariolicum SolV, isolated after cultivation of SolV with
mudpot water from its original habitat, the Solfatara crater
near Naples, contains a REE in its active site. The crystal struc-

ture was refined with the most abundant REE found in this
medium: cerium.[9] Remarkably, the active sites of the REE-

MDH and Ca-MDHs are highly conserved, with one exception.

The REE-MDH contains an additional amino acid ligand,
Asp301, presumably to satisfy the higher coordination number

preferences of the trivalent REE, relative to divalent calcium
(Figure 1).[8b, 11] Studies on methanotrophic and methylotrophic

bacteria show that they carry either the mxaF or the xoxF gene
or both, and can switch between them depending on their

environment.[12] In contrast to M. extorquens, which will prefer-

entially express XoxF REE-MDH over MxaF Ca-MDH even when
REEs are present at only nanomolar concentrations, strain SolV

is strictly dependent on REEs and will not grow in the absence
of these elements.[2b, 8f, 9]

It has been suggested that REE-dependent methanol dehy-
drogenases have catalytic activities superior to those of the

calcium-dependent enzymes. REEs are stronger Lewis acids

than calcium, a property proposed to be beneficial for PQQ co-
factor activation. It should be noted, however, that the addi-

tional positive charge of the REE is partially compensated by
the additional, negatively charged, Asp301 residue. Recent cal-

culations by Schelter and co-workers suggested that the REE
ion is especially advantageous in the redox cycling of PQQ.[13]

From the few available kinetic studies for XoxF-type REE-MDH

isolated from SolV, it is apparent that distinct catalytic differen-
ces from the MxaF-type Ca-MDH isolated from M. extorquens
are observed in in vitro assays.[4, 9] The REE-MDH from SolV op-
erates at a neutral pH optimum, whereas the Ca-MDH displays

its highest activity around pH 9 and requires ammonia as an
activator when the enzyme is assayed by using an artificial

electron acceptor.[4, 9, 14] Both MDH types are known also to oxi-
dize higher carbon substrates, such as ethanol, and are capa-
ble of converting the oxidation product formaldehyde into

formic acid.[3]

The mechanism of methanol oxidation by Ca-MDH has been

studied extensively for the past 40 years yet remains the sub-
ject of debate. A mechanism via a covalent hemiketal inter-

mediate or a hydride transfer from methanol to the C5 carbon

of PQQ is considered possible.[4, 15] Recent work by Schelter on
the first functional model of a REE-MDH implied this hydride-

transfer mechanism.[1d]

The discovery of the REE-MDH offers the opportunity to

study MDH biochemistry from the point of view of the metal
ion, because REEs offer multiple possibilities for spectroscopic

investigation.[11] In addition, higher substrate homologues,
such as the ethanol dehydrogenase from M. extorquens, have

recently been reported,[8b] and non-methylotrophic bacteria,
such as Pseudomonas putida, have been found to express REE-

dependent alcohol dehydrogenases, thus demonstrating that
REE dependency is limited neither to C1 substrates nor to

methanotrophic or methylotrophic organisms.[8g] In addition to
the fact that REEs are now known to be involved in the metab-
olism of methanotrophic bacteria, which are key players in the

global methane greenhouse gas cycle, the need for new envi-
ronmentally friendly approaches for the separation[16] and recy-
cling of these technologically indispensable elements puts re-
search into REE-dependent bacteria in the spotlight.[8a, h] Here

we report the purification and characterization of the first
europium derivative of a methanol dehydrogenase from the

strictly REE-dependent bacterial strain SolV.

Results and Discussion

Cultivation of SolV with europium(III) and purification of the

Eu-MDH was achieved by use of a protocol similar to a pub-
lished procedure, although with 2 mm EuCl3·6 H2O in the

growth medium instead of mudpot water.[9] SolV exhibited ex-
ponential growth under these conditions. However, the

growth rate (Figure S1 in the Supporting Information) was less
than half (0.032 h@1) of those observed with the earlier, slightly

larger rare earth elements (e.g. , La, &0.085 h@1). This could be

explained by the slightly smaller ionic radius (as a result of the
lanthanide contraction) of europium(III) relative to lantha-

num(III) or cerium(III). Uptake and intracellular metal ion trans-
port mechanisms might have been evolutionarily tuned to the

larger and more abundant REEs. Changes in the catalytic effi-
ciency or methanol affinity of the REE-dependent enzyme

MDH itself or impaired active site assembly in vivo are possible

explanations. Like the mixed REE-MDH previously isolated from
mudpot-water-cultivated SolV and La-MDH from M. extorquens,

the purified Eu-MDH showed a band at 63.6 kDa on a SDS-
PAGE gel (Figure S9).[6, 9, 17] To determine the europium content

of the purified MDH, the fraction used for subsequent kinetic
analysis was analyzed by inductively coupled plasma mass

spectrometry (ICP-MS) and found to contain around 70 % euro-
pium per MDH monomer, consistent with previous reports of

REE content in the MDH purified from the SolV strain.[9] The
data suggest that the final assembly of a catalytically compe-
tent active site in vivo is not significantly influenced by the

nature of the REE; however, metal uptake and intracellular
transport, as well as the activity of the MDH, might be affect-

ed.
Eu-MDH crystals diffracted to 1.4 a resolution, displayed tri-

clinic symmetry, and contained four Eu-MDH molecules in the

asymmetry unit. Of these, one (D) was poorly defined, as evi-
denced by large translation, libration and screw (TLS) parame-

ters and poor electron density. That molecule was therefore
not included in the following analysis. No large-scale differen-

ces between the previously published Ce-MDH and Eu-MDH
structures were observed (Figures 2 and S7, Tables S1 and S2).
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Difference electron density was observed at the location

where the substrate is found in the REE-MDH (Figure 1), but
this could not be explained in terms of a molecule of metha-

nol, or any of the other buffer components, because this elec-
tron density disappeared upon refinement when any molecule

was included in that position. We therefore refined this struc-
ture without substrate. Moreover, on comparison of the coordi-

nation distances in the Eu-MDH with those observed in the

previously studied REE-MDHs, only very small differences are
observed (Table S2); these are within the error margins of the

experiments, even at this resolution. Thus, any differences in
catalytic properties between the Eu-MDH and the other REE-

MDHs are not due to major rearrangements of PQQ or of the
amino acid ligands in the active site.

The UV/Vis absorption spectrum of the Eu-MDH showed the

characteristic features of the redox cofactor PQQ (Figure 3). As
observed previously with the MDH isolated from the SolV

strain, the maximum is found at 355 nm, with a shoulder at
400 nm. This suggests that no significant change in the ab-

sorption spectrum of PQQ is induced by changing the rare
earth element from a mixture of mainly Ce3 + , La3 + , and Pr3 +

to the smaller Eu3 + . Anthony et al. analyzed MxaF-MDH in the
presence of both Ca2 + and Ba2 + and found no difference in

the absorbance maximum upon substitution with those two
metal ions in the active site of the MDH from M. extorquens.[18]

However, Harris and Davidson reported that the extinction co-

efficient of PQQ in the purified MDH was altered when Ca2 +

was replaced by Sr2 + in the purification medium of Paracoccus
denitrificans, although this observation can also be explained
in terms of contamination with other proteins because the

total ratio of the peaks at 280 and 345 nm was used for this
interpretation.[19] A peak maximum at 355 nm seems to be typ-

ical for the MDH of the XoxF-type isolated from M. fumarioli-

cum SolV, whereas the UV/Vis spectrum of the related Ca-MDH
from M. extorquens shows this peak at 345 nm. For the Ca-

MDH this absorption feature was attributed to the resting
state of the enzyme, in which the cofactor was proposed to be

in the semiquinone or the quinol form (Figure 3).[4, 20] The oxi-
dized form of PQQ (with maxima in Ca-MDH reported around

400 nm) is quickly turned over into one of the reduced forms

by traces of methanol or endogenous substrate.[4]

Notably, in DFT calculations with Eu3+ or Yb3+ in the active

site, Asp301 became a monodentate ligand (Figures S2 and S4)
when substrate was included in the calculations, but this resi-

due is bidentate in the crystal structure, in which no significant
substrate density was present. It is known that the coordina-

tion number decreases within the REE series and this could

provide one explanation for the differences observed during
the growth of SolV.[1b, 9, 11a, 21] The MDH active site might display

lower affinity for substrate as the size of the REE decreases.
Schelter and co-workers demonstrated that with Ce3 + in the

active site (this REE is known also to exist in a tetravalent ceric
state) the metal is not redox-active.[13] It is very likely that euro-

pium, which can also adopt two different oxidation states (+ II

and + III), is also not redox-active here.[11a, 22] However, to rule
out experimentally the possibility of a redox-active Eu ion at
any stage of the catalytic cycle, future studies will include 151Eu
Mçssbauer spectroscopy or europium luminescence.

Circular dichroism spectra were recorded to study the stabili-
ty and structure of the Eu-MDH in solution. The spectra in

potassium phosphate (KP) buffer did not change over the pH
range of 6 to 8 (Figure S5). A pH of 7.2, previously also shown
to be the pH optimum for Ce-MDH,[9] was chosen for the kinet-

ic assays. Strain SolV is an extremophile, living in high-temper-
ature conditions (50–60 8C). However, CD measurements

showed that the purified MDH denatured under these condi-
tions; hence a temperature of 45 8C was chosen as a com-

promise between enzyme stability and activity. Furthermore,

considering the small subunit MxaI present in Ca-MDH, which
is lacking in REE-MDH, the spectra for Eu-MDH are in good

agreement with the calculated spectra of Ca- and REE-MDH
(Figure S6).[18, 23]

Eu-MDH titration experiments were conducted to determine
the additional amount of Eu3 + that is necessary to achieve full

Figure 2. Close-up of the active site of the Eu-MDH (PDB ID: 6FKW) from
SolV strain. Image generated with the UCSF Chimera package.[10] Carbon
atoms in beige, oxygen in red, nitrogen in blue, the europium ion in teal.

Figure 3. UV/Vis spectrum with the characteristic absorption of the cofactor
PQQ in the purified Eu-MDH. Structures of different PQQ forms encountered
in MDHs.
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occupancy of all active sites. Although there is debate about
whether this approach can be used to determine association

constants, it is well-suited for comparison of the affinities of
similar metals (i.e. , REEs) or for determination of saturation for

further kinetics investigations.[8g, 24] Different concentrations of
EuCl3 were added to the “partial-apo” Eu-MDH (&70 % of
active sites occupied by Eu). Results are presented in Figure S8
and demonstrate that enzymatic activity follows typical Mi-
chaelis–Menten behavior. The metal association constant was

determined to be (2.6:0.6) mm. We were also interested in
how different REEs influence the activity of the MDH, because

they were shown to impact growth rates of strain SolV. Kle-
bensberger and co-workers have shown that the specific activi-
ties of a PQQ-dependent ethanol dehydrogenase were depen-
dent on the REE in question, with Pr3 + yielding a specific activ-

ity more than twice as high as that of the La3 + derivative.[8g]

Our findings shown in Figure 4 support this observation and
might provide an explanation for why strain SolV grows more

slowly in the presence of Eu3 + .

Addition of 20 mm La3+ and Pr3+ to 0.2 mm partial-apo Eu-

MDH increased the specific activity by factors of 1.5 and 2, re-

spectively. As already shown in Eu titration experiments (Fig-
ure S8), the MDH activity also increases with the addition of
Eu3+ , albeit not as dramatically as with La3 + and Pr3 + . The ob-
served low activity in the presence of Yb3 + is surprising and
might suggest that there is a dynamic exchange with the
metal ion already bound to the active site (here Eu), because

binding of Yb3+ in 30 % of the apo-enzyme should lead either
to no (additional) activity or to a catalytically competent active
site. Future investigation into this matter could exploit the lu-

minescent properties of Eu3+ .[25]

The decrease in activity of the Eu-MDH in the presence of

Yb3 + prompted us to study the growth of strain SolV in the
presence of this REE. One might assume that at a certain size

growth can no longer be supported. Figure S1 demonstrates

that, indeed, no exponential growth is observed in the pres-
ence of Yb3 + , thus supporting a direct link of MDH activity to

the growth rate. It is reasonable to assume that Yb3 + can bind
to the active site, but that a catalytically competent active site

is not formed with this REE. The absence of catalytic activity in
the presence of Yb3 + was also observed by Klebensberger

et al. with a REE-dependent alcohol dehydrogenase (PedH) iso-

lated from P. putida KT2440.[8g] Further, Masuda et al. recently
reported that heavy REEs, such as Ho3 + and Lu3 + , did not sup-

port growth of Methylobacterium aquaticum.[8j] Figure 5 shows

the Michaelis–Menten kinetics of 100 nm Eu-MDH. The maxi-
mum turnover rate from the best curve fit was (189:6) nmol

min@1 mg@1. The corresponding Michaelis–Menten constant KM

was determined to be (3.62:0.44) mm. Additionally, kcat was

determined to be 0.20 s@1 and the catalytic efficiency (kcat/KM)
was 55.24 mm@1 s@1.

Remarkably, the affinity of the Eu-MDH in our experiments,

with an affinity constant (KM) of (3.62:0.44) mm, was 4.5 times
lower than that of the mixed REE-MDH (La, Ce, Pr) from strain

SolV reported in the literature (obtained under slightly differ-
ent assay conditions), with a KM of 0.80 mm.[9] Furthermore, the

catalytic efficiency with Eu3 + instead of the earlier REEs was
decreased more than 200-fold. This could provide a plausible
explanation for the slow growth of the strain SolV in the pres-

ence of that metal ion. However, to confirm this, La-MDH and
the other derivatives would have to be isolated and purified
from SolV (and other bacteria) and their kinetic parameters
would have to be determined under the same conditions as

used here, because the assay conditions are known to have a
significant impact on these parameters.[9, 26] We are interested

in whether or not these differences in activity are a direct
result of the lanthanide contraction and concomitant change
in coordination number or whether Lewis acidities and

changes in PQQ activation must also be considered. The last
two factors might provide an explanation for the differences in

activity of La- or Pr-dependent MDH compared to Eu-MDH
(Figure 4).

Conclusion

The coordination chemistry of REEs is known to show a high
degree of structural diversity, and the absence of strong ligand

field effects can make predictions of the coordination numbers
and geometry difficult.[27] In REE dependent methanol dehydro-

Figure 4. Titration of different REEs (20 mm) against the Eu-MDH (200 nm).
Conditions: 20 mm PIPES pH 7.2, 1 mm PES, 1 mm KCN, 100 mm DCPIP, 45 8C.
Normalized specific enzymatic activity with standard error of the mean
(SEM, n = 4) is shown.

Figure 5. Specific enzymatic activity of 100 nm Eu-MDH supplemented with
20 mm EuCl3 with SEM (n = 3). Conditions: 20 mm PIPES pH 7.2, 1 mm PES
and KCN, 80 mm DCPIP, 45 8C.
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genases almost all ligands and the coordination geometry are
determined by the protein environment and result in a coordi-

nation number of nine. Addition of the substrate as a tenth
ligand might depend on the nature and characteristics of the

REE ion in the active site. As Cotton and Raithby so appropri-
ately describe it : “discontinuities can arise at any point in the

lanthanide series, so where possible each of the elements
should be examined in any particular study.”[28] To conclude,
we present the first structural and kinetic study of a methanol

dehydrogenase with a europium ion in the active site and iso-
lated from a strictly REE-dependent bacterium. Our results
show that, although rare earth elements have similar proper-
ties, the differences in ionic radii and coordination numbers
across the series impact the catalytic efficiency of this MDH,
which might explain why bacteria depend on the larger, more

abundant REEs for growth.

Experimental Section

Strain, medium, and culture conditions : The cultivation of strain
SolV with europium was carried out by using a slightly modified
previously described protocol.[9, 29] The growth medium contained
MgCl2·6 H2O (0.2 mm), Na2SO4 (1 mm), K2SO4 (2 mm), (NH4)2SO4

(4 mm), NaH2PO4·H2O (1 mm), and CaCl2·2 H2O (0.2 mm), as well as
the trace elements FeSO4·7 H2O (2 mm), ZnSO4·7 H2O (0.1 mm),
CoCl2·6 H2O (0.1 mm), MnCl2·4 H2O (2 mm), CuSO4·5 H2O (3 mm),
NiCl2·6 H2O (0.1 mm), Na2MoO4·2 H2O (0.1 mm), and EuCl3·6 H2O
(2 mm). Large-scale cultivation was performed in a 10 L fermenter
(Applikon, Schiedam, the Netherlands). The liquid volume was 5 L,
the pH was adjusted to 2.8, and the temperature was set to 55 8C.
Methane (8–100 mL min@1) was supplied to the reactor. The air
supply was 50–1200 mL min@1 and the agitation speed was be-
tween 400 and 1000 rpm, in order to maintain a dissolved oxygen
concentration of up to 10 % air saturation.

Yb batch cultivation : In this study the medium was composed of
MgCl2·6 H2O (0.2 mm), Na2SO4 (1 mm), K2SO4 (2 mm), (NH4)2SO4

(2 mm), NaH2PO4·H2O (1 mm), and CaCl2·2 H2O (0.2 mm), as well as
the trace elements FeSO4·7 H2O (2 mm), ZnSO4·7 H2O (0.1 mm),
CoCl2·6 H2O (0.1 mm), MnCl2·4 H2O (2 mm), CuSO4·5 H2O (3 mm),
NiCl2·6 H2O (0.1 mm), Na2MoO4·2 H2O (0.1 mm), and Yb(NO3)3·5 H2O
(1 mm). The stock solution of the trace elements was dissolved in
sulfuric acid (1–2 %, v/v) before addition to the bulk medium solu-
tion. The pH of the medium was adjusted to 2.7 with H2SO4 (1 m).
Cells were grown in a 500 mL serum bottle containing medium
(100 mL) and sealed with red butyl rubber stoppers. The head-
space contained air together with CH4 (10 v %) and CO2 (5 v %). The
cultures were incubated at 55 8C with shaking at 200 rpm. Incuba-
tions were performed in duplicate. Approximately every 12 h, sam-
ples were taken for OD600 measurements with a Cary 50 UV/Vis
spectrophotometer.

Purification of Eu-MDH was carried out according to a previously
published protocol reported by Pol et al.[9] Cells were harvested at
an OD600 of 7.5 and were broken with a French press at 20 000 psi.
Cell debris and membranes were removed by centrifugation, and
cell-free extract protein was applied to an ice-cooled SP-Sephar-
ose-FF (GE Healthcare) cation-exchange column (1.6 V 20 cm) that
had been equilibrated with PIPES buffer (20 mm, pH 7.2) contain-
ing methanol (1 mm). The addition of methanol was essential to
ensure long-term stability and activity of the Eu-MDH. The enzyme
was eluted by using a linear gradient of NaCl (0–500 mm) in PIPES

buffer. (PIPES buffer was used instead of phosphate buffer to avoid
precipitation of EuPO4 during purification and storage.)

Determination of protein concentration by the Edelhoch
method :[30] Protein concentration was measured spectrophotomet-
rically with a Cary 60 UV/Vis spectrophotometer. The absorption of
the purified Eu-MDH at 280 nm was utilized for calculating protein
concentration by application of the Lambert–Beer Law with use
of an extinction coefficient (e) for the MDH monomer of
158 cm@1 mm@1.

ICP-MS : The europium content was determined with a Series I ICP-
MS (Thermo Scientific, Breda, the Netherlands). A fraction contain-
ing the MDH (31.0 mm) was digested with nitric acid. A total of four
samples were analyzed for Eu and yielded an average Eu content
of (22.2:1.1) mm. Thus, Eu occupancy in purified Eu-MDH was
71.7 %.

Washing procedure : A washing procedure, to remove degraded
protein and residual methanol, formaldehyde, and formate from
the enzyme prior to kinetic experiments, was used. Each protein
sample was diluted in chelexed PIPES buffer (20 mm, pH 7.2) in a
1:10 ratio before centrifugation. PIPES was treated with Chelex 100
(sodium salt, Sigma–Aldrich, 50–100 mesh) for at least one hour
prior to use to remove any metal ions that might interfere with ki-
netic experiments. Chelex 100 was removed from the buffer with a
syringe filter (0.45 mm, nylon membrane, VWR). The diluted protein
was centrifuged at 4500 rpm (Heraeus Megafuge 8R with TX150
rotor, radius: 144 mm) and 4 8C until the initial volume was reached
by using a centrifugal filter unit with a 30 kDa molecular weight
cut-off (Vivaspin 6, Sartorius, Germany). The washed enzyme had
to be used on the same day for analysis, because stability in the
absence of methanol was poor. The washing did not affect protein
integrity, as was shown by SDS-PAGE (Figure S9).

UV/Vis spectroscopy : Spectra and kinetics data were acquired on
an Agilent Cary 60 UV/Vis spectrophotometer with a Peltier Ele-
ment and water pump. To avoid photodegradation of phenazine
ethosulfate while performing kinetic experiments, the lid of the
spectrometer was kept closed during the measurements and the
reagent was stored in an amber vial. The sample cuvette holder
was left to equilibrate to the set temperature (45 8C) for at least
one hour prior to the measurements.

Circular dichroism (CD) spectra were recorded with a JASCO J-
810 CD and ORD spectropolarimeter at 25 8C. A scanning speed of
20 nm min@1, a data pitch of 0.1 nm, a data integration time of 1 s,
and a bandwidth of 1 nm were used. A baseline spectrum of the
buffer was recorded and subtracted from the protein spectrum.
The spectra (Figure S5) represent averages of five measurements
and were recorded 5 min after mixing and at 25 8C. CD data below
210 nm were not included, because of the strong absorption of
the buffers below 210 nm. The spectra were normalized to an ellip-
ticity of @1 in the 210–230 nm region. The software used for data
acquisition and analysis was Spectra Manager version 2.06.00. Cal-
culations of the CD spectra were performed by using DichroCalc
http://comp.chem.nottingham.ac.uk/dichrocalc/.[31] The PDB codes
4MAE and 1W6S were used as inputs for REE-MDH and Ca-MDH,
respectively.

SDS-PAGE was performed with a BioRad electrophoresis chamber.
Samples were denatured for 1 min at 95 8C, and 2 mg of protein
were loaded per lane onto the gel. BLUeye prestained protein
ladder (M, Sigma–Aldrich) was used as marker. MDH was analyzed
on a 10 % SDS acrylamide gel that was run at 100 V and 500 mA
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for 20 min and subsequently at 200 V and 500 mA for 1 h. Bands
were visualized with Coomassie Brilliant Blue stain (Figure S9).

Dye-coupled assay : A dye-coupled assay was used for enzymatic
activity determination. Substrate conversion was visualized by the
reduction of the redox-active dye 2,6-dichlorophenolindophenol
(DCPIP, the sodium salt hydrate, Sigma–Aldrich, 90 % purity). For
coupling substrate consumption to DCPIP, the artificial electron-
acceptor phenazine ethosulfate (PES, Sigma–Aldrich, 95 % purity)
was used. Chelexed 2,2’-(piperazine-1,4-diyl)diethanesulfonic acid
(PIPES, Sigma–Aldrich, 99 % purity) was used as buffer.

Enzyme kinetics : A stock solution of the assay mixture was pre-
pared by combining freshly prepared buffered (PIPES, pH 7.2,
20 mm) solutions of PES (100 mm), KCN (100 mm), and DCPIP
(20 mm) and was incubated for 15 min at 45 8C in the dark. The in-
cubation period was necessary to alleviate background reactions
of the assay mix in the absence of enzyme. Storage in the dark
was absolutely necessary to avoid photodegradation and radical
formation by the electron acceptor PES.[32] For metal titrations the
final assay mixture contained PES (1 mm), KCN (1 mm), DCPIP
(80 mm), and MeOH (4 mm) ; different concentrations of EuCl3 rang-
ing from 0 to 50 mm were added to the cuvette directly. Europiu-
m(III) addition beyond 50 mm did not improve enzymatic activity,
and higher concentrations led to an unwanted background reac-
tion of the assay components in the absence of enzyme. In the
case of Michaelis–Menten kinetics, EuIII (europium chloride hexahy-
drate purchased from Sigma–Aldrich, 99.99 % trace metals basis,
20 mm) was included in the assay mix to ensure full substitution of
the active site of the enzyme. Substrate concentrations were
varied from 0–100 mm MeOH. The final mixture for Michaelis–
Menten kinetics contained PES (1 mm), KCN (1 mm), DCPIP (80 mm),
and EuIII (20 mm) and was combined with the desired methanol
(Fisher Scientific, HPLC grade) concentration in a cuvette (QS,
Hellma Analytics, with magnetic stir bar and Teflon stopper). Meas-
urements were performed by monitoring the background reaction
for one min at 600 nm before the addition of the MDH (100 nm).
In the case of metal titrations, methanol was added to the assay
mix before MDH addition. For enzyme kinetics, methanol was
added after residual methanol in the MDH sample had been used
up by the enzyme. Additionally, excess methanol (2.5 m) was
added after another three min to correct for fluctuations in activity
during the day. Initial rates (the first 1.5 min of the slope) were
used for the calculation of specific enzymatic activity. All experi-
ments were monitored at a wavelength of 600 nm and conducted
at 45 8C in the dark with stirring. To calculate the specific activity,
an extinction coefficient of 18.5 cm@1 mm@1 for DCPIP was used.
DCPIP shows a strong pH dependence, so it is crucial to maintain
an exact pH of 7.2 in the buffered assay solutions.[9, 33] Enzyme ki-
netics were fit by using the Michaelis–Menten Equation (1):

n0 ¼
nmax½SA

K M þ ½SA ð1Þ

with n0 being the initial velocity, nmax the maximum turnover
speed, [S] the substrate concentration, and KM the Michaelis–
Menten constant. In the case of metal titrations KM denotes Kassoc,
the metal association constant.

Plate reader assay with different metal ions : The dye-coupled
assay was adapted[8g] for this experiment with use of 96-well micro-
titer plates and the Epoch2 plate reader from BioTek (Winooski, VT,
USA). Each well contained assay mix [180 mL, PIPES (pH 7.2,
20 mm), DCPIP (100 mm), PES (1 mm), KCN (1 mm)] , Eu-MDH
(200 nm), and—variously—LaCl3, PrCl3, EuCl3, or YbCl3 (0.4 mm,

10 mL), or Millipore water (10 mL). The assay mix was incubated for
5 min at 45 8C before the MDH and metal ions were added. After
2 min the reaction was started with the addition of a MeOH solu-
tion (1 m, 10 mL), resulting in a total volume of 200 mL, and moni-
tored at 600 nm. On average four measurements were taken to cal-
culate specific activities.

DFT calculations : Structure optimizations were performed with
Gaussian 09[34] and the B3LYP functional with the 6–31G(d) basis
set for C, H, N, O.[35] Quasi-relativistic effective core potentials
(ECPs) were used for the central metal : MWB46 for La3 + , -47 for
Ce3 + , -48 for Pr3 + , -52 for Eu3 + , and -59 for Yb3 + (Figures S2–
S4).[36] Calculations were performed with 11 outer-sphere electrons,
as pseudo-singlets (f-electrons included in ECP) and restricted
closed-shell calculations. None of the frequency calculations
showed negative values. The starting point of the geometry opti-
mization was the active site of the crystal structure of the Ce-MDH
isolated from SolV (4MAE), with exchange of Ce3 + with La3 + , Pr3+ ,
Yb3+ , and Eu3 + . The amino acid residues and the polyethylene
glycol present in the crystal structure were truncated by a method
based on that of Schelter et al. , and the anchoring carbon atoms
were frozen in their crystallographic positions to mimic the sterics
imposed by the protein.[13] For simplification, only the cofactor
PQQ and the amino acids directly coordinating to the metal ions
were included in the calculations.

Crystal structure determination : Eu-MDH was concentrated by ul-
trafiltration to an A280 of 7.52 in HEPES/KOH (25 mm, pH 7.5) con-
taining KCl (25 mm) and methanol (1 mm). Crystals were obtained
by using the hanging drop vapor diffusion method, by mixing pro-
tein solution (1.5 mL) with reservoir solution [1.5 mL, PEG 8000
(24 %, w/v), NaCl (0.3 m)] followed by equilibration against that so-
lution. Crystals grew within a few days at 20 8C, were cryoprotected
by soaking for 5 min in PEG 8000 (25 %), NaCl (0.3 m), and ethylene
glycol (20 %) and then flash-cooled in liquid nitrogen. Data were
collected at the PXII beam line of the Swiss Light Source (Villigen,
CH). Initial phases were calculated by using the previously pub-
lished REE-MDH structure (PDB ID: 4MAE). Refinement was carried
out with REFMAC5 and use of TLS parameters and riding hydro-
gens for the protein and anisotropic B-factors for the Eu ions.[37]

The crystal structure and structure factors have been deposited in
the Protein Databank under ID: 6FKW.
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