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Recent work has revealed that certain lanthanides—in particular, the more earth-
abundant, lighter lanthanides—play essential roles in pyrroloquinoline quinone (PQQ)
dependent alcohol dehydrogenases from methylotrophic and non-methylotrophic
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bacteria. More recently, efforts of several laboratories have begun to identify the molec-
ular players (the lanthanome) involved in selective uptake, recognition, and utilization of
lanthanides within the cell. In this chapter, we present protocols for the heterologous
expression in Escherichia coli, purification, and characterization of many of the currently
known proteins that comprise the lanthanome of the model facultative methylotroph,
Methylorubrum extorquens AM1. In addition to the methanol dehydrogenase XoxF, these
proteins include the associated c-type cytochrome, XoxG, and solute binding protein,
XoxJ. We also present new, streamlined protocols for purification of the highly selective
lanthanide-binding protein, lanmodulin, and a solute binding protein for PQQ, PqqT.
Finally, we discuss simple, spectroscopic methods for determining lanthanide- and
PQQ-binding stoichiometry of proteins. We envision that these protocols will be useful
to investigators identifying and characterizing novel members of the lanthanome in
many organisms.

1. Introduction

Since the initial discovery in 2011 (Fitriyanto et al., 2011; Hibi et al.,
2011), the lighter and most abundant members (La, Ce, Pr, Nd, Sm, and Eu)
of the lanthanide (Ln) series—the 15 elements from La to Lu—have been
shown to play essential catalytic and functional roles in biology, most notably
in methylotrophic bacteria. Methylotrophic bacteria use reduced one-
carbon compounds (e.g., methanol) as their sole carbon and energy source
(Anthony, 1982; Chistoserdova, Kalyuzhnaya, & Lidstrom, 2009). The
discovery that lanthanides are essential for catalysis in the most broadly dis-
tributed class of pyrroloquinoline quinone (PQQ)-dependent methanol
dehydrogenases (MDHs), XoxF, has changed the field of methylotrophy
as well as bioinorganic chemistry more generally. Although the XoxF-type
lanthanide-dependent MDHs were discovered decades after their calcium-
dependent orthologs (Anthony & Williams, 2003), lanthanide-dependent
methanol oxidation may be the ancestral process (Chistoserdova, 2011;
Chistoserdova & Kalyuzhnaya, 2018; Keltjens, Pol, Reimann, & Op den
Camp, 2014; Picone & Op den Camp, 2019). It is now clear that met-
hylotrophic (and some non-methylotrophic) bacteria that utilize lanthanides
occupy diverse habitats (Huang et al., 2019), from volcanic mudpots (Pol
et al., 2014) to the phyllosphere (Ochsner et al., 2019) to freshwater and
marine environments (Krause et al., 2017; Taubert et al., 2015).

The utilization of lanthanides by MDHs, other alcohol dehydrogenases
(ADHs), and likely other enzymes, necessitates the involvement of many
more proteins and other biomolecules in selective acquisition, trafficking,
regulation, and utilization of these metal ions, which we have termed the
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“lanthanome” (Cotruvo, 2019), the study of which is “lanthanomics.”
XoxF is encoded in an operon alongside genes encoding a c-type cyto-
chrome, XoxG, the physiological electron acceptor for XoxF, as well as a
periplasmic solute binding protein (SBP) of currently unknown function,
Xox]. Many lanthanide-dependent ADHs have been characterized, not
limited to MDHs but also ethanol dehydrogenases, ExaF and PedH
(Good et al.,, 2016; Wehrmann, Billard, Martin-Meriadec, Zegeye, &
Klebensberger, 2017). Apart from these core ADH proteins, the first native
lanthanide-binding protein to be discovered was lanmodulin (LanM), which
uses metal-binding motifs similar to those of Ca''-binding proteins to instead
bind lanthanides with high affinity and high selectivity (Cook, Featherston,
Showalter, & Cotruvo, 2019; Cotruvo, Featherston, Mattocks, Ho, &
Laremore, 2018). This discovery led to identification of a gene cluster, of
which lanM is a part, encoding several proteins involved in uptake and uti-
lization of lanthanides in the model methylotroph, Methylorubrum extorquens
(Mattocks, Ho, & Cotruvo, 2019; Ochsner et al., 2019), also later identified
by transposon mutagenesis (Roszczenko-Jasinska et al., 2020). Together,
these reports confirmed the involvement of metallophore-mediated lan-
thanide uptake suggested by early studies (Gu, Haque, Dispirito, &
Semrau, 2016; Keltjens et al., 2014). Another protein in this cluster,
LanD (META1p1781 or LutD) was also shown to directly bind lanthanides
(Mattocks et al., 2019). In addition to genes involved in lanthanide
metallophore (lanthanophore) uptake, this cluster may include other
lanthanoenzymes and other lanthanide-binding proteins. In addition,
one of the relatively small number of genes upregulated by lanthanides
in M. extorquens has been characterized as a PQQ-binding SBP, putatively
involved in PQQ uptake (Ho & Cotruvo, 2019). Identities of proteins poten-
tially involved in PQQ transport from the cytosol (R oszczenko-Jasinska etal.,
2020) and metal-PQQ chaperoning in the periplasm (Featherston & Cotruvo,
2021) have also been speculated. Important regulatory mechanisms have yet
to be fully elucidated (Akberdin et al., 2018; Chu, Beck, & Lidstrom, 2016;
Farhan Ul Haque etal., 2015; Gu & Semrau, 2017; Skovran, Raghuraman, &
Martinez-Gomez, 2019; Wehrmann, Berthelot, Billard, & Klebensberger,
2018). Therefore, the lanthanome has expanded greatly in recent years and
will surely continue to do so as more organisms and proteins involved in lan-
thanide biochemistry are characterized (Chistoserdova, 2019; Featherston &
Cotruvo, 2021).

In this chapter, we present detailed methods for the heterologous expres-
sion, purification, and characterization of most of the presently confirmed
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members of the lanthanome of M. extorquens AM1—XoxG, Xox], LanM,
and PqqT—other than the alcohol dehydrogenases. Although strategies
exist to purify these proteins from overexpression in M. extorquens AM1
(see chapters “Expression, purification and properties of the enzymes
involved in lanthanide-dependent alcohol oxidation: XoxF4, XoxF5,
ExaF/PedH, and XoxG4” by Huang et al. and “Expression, purification
and testing of lanthanide-dependent enzymes in Methylorubrum extorquens
AMT1” by Good and Martinez-Gomez, in this volume), using Escherichia coli
as the expression host may be preferable for some proteins: E. coli grow more
quickly than M. extorquens, yields of proteins (once codon-optimized for
expression in E. coli) are high, periplasmic extraction is easier in E. coli than
in M. extorquens, and the required cells, vectors, and techniques are already in
the possession of almost every biochemist. The high yields also facilitate the
use of constructs without purification tags, which can aftect protein function
and are inefficient to remove using proteases. Finally, we also provide addi-
tional notes for each protein to provide context for its involvement in lan-
thanide biochemistry and to guide future studies in this new and rapidly
changing field.

2. Purification and assay of native XoxF from
M. extorquens AM1

Unlike the other proteins described in this chapter, in order to be
active, XoxF must be purified from a suitable methylotrophic bacterium that
can express the appropriate cofactor insertion machinery—at least until the
nature of this machinery is better understood and can be replicated in
another expression host. Here, we focus on important issues regarding
expression, metalation, and assay of these enzymes.

2.1 Notes on expression and purification

Detailed protocols for growth of M. extorquens AM1 (ATCC 14718, NCIB
9133) in MP medium can be found in Delaney et al. (2013) and in chapters
“Discovery of lanthanide-dependent methylotrophy and screening methods
for lanthanide-dependent methylotrophs” by Tani et al., “Expression, puri-
fication and properties of the enzymes involved in lanthanide-dependent
alcohol oxidation: XoxF4, XoxF5, ExaF/PedH, and XoxG4” by Huang
et al.,, and “Expression, purification and testing of lanthanide-dependent
enzymes in Methylorubrum extorquens AM1” by Good and Martinez-Gomez
in the present volume. Protocols for purification of the native, untagged
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protein from M. extorquens have been provided by Nakagawa and co-workers
[(Nakagawa et al., 2012; Wang et al., 2020) and chapter “Discovery of
lanthanide-dependent methylotrophy and screening methods for lanthanide-
dependent methylotrophs” by Tani et al. in the present volume| and by our
laboratory (Cotruvo et al., 2018; Featherston et al., 2019). [For XoxF from
M. fumariolicum, we refer the reader to Pol et al. (2014).] These purification
strategies are generally similar, including ammonium sulfate fractionation, cat-
ion exchange and hydrophobic interaction chromatography, and desalting.
Lanthanide-dependent ADHs are unusual among enzymes in that they
can utilize multiple metal ions efficiently. The number of distinct lantha-
nides supporting catalysis in vitro and/or in vivo differs from enzyme to
enzyme: e.g., La-Nd, La-Sm/Eu, or La-Gd, according to the XoxF clade
in which an enzyme is found (Fitriyanto et al., 2011; Huang, Yu, &
Chistoserdova, 2018; Lumpe, Pol, Op den Camp, & Daumann, 2018;
Pol et al., 2014; Vu et al., 2016; Wehrmann et al., 2017). In the case of
M. extorquens AM1, XoxF1 can be activated in vivo with La, Ce, Pr, and
Nd, and poorly or not at all with Sm (Featherston et al., 2019; Good,
Moore, Suriano, & Martinez-Gomez, 2019; Wang et al., 2020). The reasons
for the inability to utilize later lanthanides are likely manifold—selectivity of
the lanthanophore-mediated mechanism of uptake for early lanthanides
(Mattocks et al., 2019), selectivity of trafficking and cofactor insertion
machinery (Deblonde et al., 2020), stability of XoxF (Wang et al., 2020),
and reduced efficiency of electron transter to XoxG in Nd-XoxF vs.
La-XoxF (Featherston et al., 2019). Related to XoxF purification, it is
not necessarily true that production of XoxF for biochemical studies is
equally effective with the four lightest lanthanides, La-Nd, when they are
added individually to the growth media. Whereas researchers reporting
metal contents of XoxF expressed in the presence of La, either from endog-
enous levels (Featherston et al., 2019; Nakagawa et al., 2012) or recombi-
nantly in a methylotroph (Good et al., 2019; Huang et al., 2018), show
roughly stoichiometric La incorporation, Nd incorporation is more variable.
Purifying XoxF from endogenous levels, we observed similar protein yields
and Asgonm/ Aszsonm ratio (Fig. 1, a measure of cofactor loading) for La, Ce,
and Nd forms of XoxF, as well as similar activities (V/,,.,) when measured
using XoxG (Featherston et al., 2019). By contrast, plasmid-based expres-
sion of XoxF in the presence of Nd led to substoichiometric Nd insertion
into XoxF (Good et al., 2019). Although the situation is clearly complex,
one possible interpretation of these results is that plasmid-based XoxF over-
expression in M. extorquens might cause Nd import to become limiting for
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Fig. 1 UV—visible absorption spectra of La-, Ce-, and Nd-XoxFs purified from
M. extorquens. PQQ-containing MDHs have characteristic absorption features around
350—-360nm with a shoulder at ~410nm. The A,gonm/Assonm fatio is similar for these
three preparations. Reproduced with permission from Featherston, E. R, Rose, H. R,
McBride, M. J., Taylor, E. M., Boal, A. K., & Cotruvo, J. A., Jr. (2019). Biochemical and structural
characterization of XoxG and XoxJ and their roles in lanthanide-dependent methanol dehy-
drogenase activity. Chembiochem, 20, 2360-2372, copyright 2019 Wiley-VCH.

cofactor insertion, thereby reducing Nd incorporation into XoxF in a way
not observed with La, if it is imported more efficiently. At endogenous levels
of XoxF, less efficient Nd import may be less problematic. Further exper-
iments with XoxFs metalated with different lanthanides will be important to
address these questions.

2.2 Notes on dye-linked and XoxG-based activity assays

There are two types of activity assays for MDHs (Scheme 1): dye-linked and
cytochrome-based, each of which can be carried out in cuvette or plate
reader formats. For assay of chromatography fractions during purifications,
activity can be determined by reduction of 2,6-dichlorophenolindolphenol
(DCPIP) using phenazine ethosulfate (PES) as an electron acceptor, accord-
ing to the method of Day and Anthony (Day & Anthony, 1990). Our minor
modifications are reported in Cotruvo et al. (2018). Enzyme activity is
reported in units (U), where 1U is defined as 1pmol O, reduced per
min between 15 and 30s after initiating the reaction, which corresponds
to 1pmol DCPIP reduced/min. Because the extinction coefficient for
DCPIP is pH dependent, we recommend that it be determined in assay
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Scheme 1 XoxG-based (A) and dye-linked (B) assay systems for XoxF in M. extorquens.
In vitro, horse heart cytochrome c is a convenient coupling protein because it is readily
available. In vivo, another cytochrome (cytochrome cy) is hypothesized to be the elec-
tron acceptor from XoxG. Reproduced with permission from Featherston, E. R, Rose, H. R.,
McBride, M. J,, Taylor, E. M., Boal, A. K., & Cotruvo, J. A, Jr. (2019). Biochemical and structural
characterization of XoxG and XoxJ and their roles in lanthanide-dependent methanol dehy-
drogenase activity. Chembiochem, 20, 2360—2372, copyright 2019 Wiley-VCH.

buffer by comparison with a stock solution prepared in 20mM MOPS pH
7.0 [€600nm = 20,600 M 'em tat pH 7.0 (Armstrong, 1964)]. In the typical
pH 9.0 assay buffer, we have determined €g00nm=22,500 M 'em ™
Activity assays on purified protein with the artificial, dye-linked system
can be carried out on a plate reader by using a modification of these methods,
described in detail in Featherston et al. (2019).

We note that chapter “Activity assays of methanol dehydrogenases” by
Marie et al. in this volume also describes this method step by step, along with
a protocol using an alternative mediator and chromophore that yields similar
results. Any of these procedures can also be applied to assay the purified
XoxF protein.
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Activity assays of the purified protein can also be carried out using the
physiological electron acceptor, XoxG (see Section 3 for purification and
characterization procedures). Our protocol for XoxG-based assays is adapted
from Day and Anthony (Day & Anthony, 1990), which was initially devel-
oped to assay the Ca-dependent MDH, MxaFI, with MxaG as electron
acceptor, and is described in detail in Featherston et al. (2019). A similar pro-
tocol is described in chapter “Activity assays of methanol dehydrogenases”
by Marie et al., this volume, based on the reports of Versantvoort et al.
(2019) and Featherston et al. (2019).

There are certain points to keep in mind in comparing dye-linked vs.
cytochrome-based assays. First, the two assays do not necessarily give the
same value for enzyme specific activity. Anthony reported that assays of
MxaFl with MxaG yielded lower activities than the dye-linked assay
(Cox, Day, & Anthony, 1992; Day & Anthony, 1990), and we observed
the same with La- and Ce-metalated XoxF (Featherston et al., 2019).
This observation might indicate that interaction between MDH and its elec-
tron acceptor is rate-limiting for methanol oxidation in vivo. Second, mul-
tiple investigators, including ourselves, have reported lower activities (1,..)
by the dye-linked assay when Ln-MDHs of the XoxF5 clade (including the
M. extorguens AM1 XoxF1 discussed here) are metalated with Nd vs. with La
(Featherston et al., 2019; Good et al., 2019; Wang et al., 2020). This obser-
vation matches slower growth of the native organism in the presence of Nd
vs. on La (Huang et al., 2018; Vu et al., 2016; Wang et al., 2020). By con-
trast, we showed that when La-, Ce-, and Nd-metalated XoxFs were assayed
with XoxG as electron acceptor, the ;... values were not significantly dif-
ferent for the three enzymes, but the K, for XoxG increased from 2.5 pM
for La-XoxF to 7.6 pM for Nd-XoxF. This result suggests that the slower
growth of M. extorguens on Nd vs. on La may be due more so to impaired
XoxF-XoxG electron transfer—due to impaired redox and/or structural
matching of the two proteins (Featherston et al., 2019; Wang et al.,
2020)—than on metal uptake and trafticking eftects. These considerations
emphasize the importance of assaying XoxFs with their native electron
acceptors to extract information more relevant to physiological function
than the dye-linked assay provides (Huang, Yu, & Chistoserdova, 2018).
Although these early results have helped to formulate hypotheses about
the effects of different lanthanides on Ln-ADH activity and lanthanide-
dependent growth, more studies are needed in a larger number of organisms
to understand these phenomena more completely.
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3. XoxG

The physiological electron acceptor for XoxF is the c-type cyto-
chrome, XoxG (also called a cytochrome ¢ ). A His-tagged XoxG was first
purified by Chistoserdova and co-workers and shown to be able to be
reduced by its associated XoxF (Zheng, Huang, Zhao, & Chistoserdova,
2018). We heterologously expressed and purified M. extorquens AMI1
XoxG from E. coli, determined its kinetic parameters as electron acceptor
for XoxF, determined its reduction potential, and solved its X-ray crystal
structure (Featherston et al., 2019). This study revealed interesting difter-
ences relative to the cytochrome ¢ associated with the Ca-dependent
MDH, MxaG (O’Keeffe & Anthony, 1980; Williams et al., 2006), including
an unusually low reduction potential (+172mV vs. +256 mV), and different
structure near the heme-binding pocket. Contemporaneously, the homol-
ogous protein from M. fumariolicum SolV, which is a fusion of XoxG and
Xox] and therefore called cytochrome cg;, was reported and biochemically
characterized (Versantvoort et al., 2019). Although its structure has not yet
been reported, the reduction potential is more similar to that of MxaG
(Kalimuthu, Daumann, Pol, Op den Camp, & Bernhardt, 2019); these dif-
ferences in potential between the different Ln-MDH systems may reflect
different metal tolerances of the organisms and their respective MDHs
(Featherston et al., 2019). In addition to acting as electron acceptor during
catalysis, XoxG may also play other yet to be defined roles in methylotrophy
(Zheng et al., 2018).

E. coli is a facile expression system for c-type cytochromes like
XoxG, but because these bacteria do not normally synthesize ¢-type cyto-
chromes under aerobic conditions, cells must be co-transformed with a
plasmid encoding the necessary cytochrome ¢ maturation factors, pEC86
(Londer, 2011). As has been previously mentioned by other investigators,
His-tags can sometimes interfere with heme loading to the protein
(Londer, 2011). Therefore, our purification of XoxG utilized the untagged,
wild-type protein. The purity and yield (~6 mg per L culture) are more than
sufficient for biochemical and crystallographic studies (Featherston et al.,
2019), such that a purification tag is not necessary. The xoxG gene was
codon-optimized (see Featherston et al. for the sequence) and cloned into
pET-24a.
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3.1 Materials

For expression and purification:

¢ Chemically competent or electrocompetent E. coli BL21 (DE3) cells
e Plasmids: pEC86 and pET-24a-XoxG

e Luria-Bertani (LB) media

e Terrific broth (TB) media

e Kanamycin

*  Chloramphenicol

* Isopropyl B-p-1-thiogalactopyranoside (IPTG)

*  5mM Magnesium sulfate (MgSOy,)

e 1M Tris, pH 7.4

* DEAE Sepharose Fast Flow column

* Phenyl Sepharose 6 Fast Flow (low substitution) column

* Fast protein liquid chromatography (FPLC) instrument

* Hiload Superdex 75pg 16/600 column (120mL)

e Buffer G1: 30mM Tris, 20% (w/v) sucrose, 1 mM EDTA, pH 7.4
e Buffer G2: 50mM Tris, pH 7.4

*  Buffer G3: G2 with 35% sat. (194 g/L) ammonium sulfate
*  Buffer G4: G2 with 20% sat. (106 g/L) ammonium sulfate
* Buffer G5: 20mM MOPS, 100mM KCI, pH 7.0

e Buffer G6: 20mM MOPS, pH 7.0

For extinction coefficient determination:

e Quartz microcuvette

* Sodium dithionite

e Solution A (0.2M NaOH, 40% (v/v) pyridine, 500 pM potassium

ferricyanide)
e Solution B (0.5M sodium dithionite, 0.5M NaOH)
For reduction potential determination:
e Quartz microcuvette with septum cap
e Appropriate redox dye (e.g., DCPIP, 2.5mM)
e Sodium dithionite
e Xanthine (made fresh, 30mM in 0.5M NaOH)
e D-Glucose (1 M)
¢ Glucose oxidase (8 mg/mL in Buffer G5)
e Bovine liver catalase (made fresh, 1 mg/mL)
e Xanthine oxidase (25puM in Buffer G5)

Note: The enzymes used for reduction potential determination are

commercially available.
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3.2 Expression and purification of XoxG

3.2.1 Protein expression

1. Co-transform E. coli BL21 (DE3) cells with pET24a-XoxG and pEC86
(Cm™) and plate on LB-agar plates containing kanamycin (Km; 50 pg/
mL) and chloramphenicol (Cm; 30 pg/mL; antibiotic concentrations in
all media), and grow at 30°C.

Note: While the co-transformation can be done with chemically
competent cells, efficiency is low, so electroporation of electrocompetent
cells is recommended.

2. Use a single colony to inoculate a 2-mL Terrific broth (TB)-Km/Cm
culture and grow overnight at 30 °C with 200 rpm shaking. Use this cul-
ture to inoculate a 100-mL culture at 100 x dilution, grown overnight
under the same conditions.

3. Use the 100-mL culture to inoculate 2 x 1.5L TB-Km/Cm at 100 X
dilution, and grow under the same conditions to ODggopn ~0.6
(8=9h). At this point, induce protein expression by addition of isopro-
pyl p-p-1-thiogalactopyranoside (IPTG) to a concentration of 1 pM.
After overnight growth (15h), harvest cells by centrifugation (7 min,
7000 x g, 4°C). Pre-weigh the centrifuge bottle(s) before harvesting
the culture. After centrifugation, pour oft the LB supernatant and
weigh to determine the mass of the cell pellet. Typical yield is ~8 g cell
paste per L culture.

Note: The IPTG concentration of 1 uM is not a typographical error.
Using higher concentrations (even 2—10pM) yielded noticeably lower
XoxG levels in the periplasmic extract (XoxG expression is immediately
apparent from the red color of the heme). If this protocol is applied to
other cytochromes ¢, we recommend an initial test experiment (200 mL
growth) using difterent IPTG concentrations, then periplasmic extrac-
tion and comparison of extract color and bands by gel. This will allow
rapid optimization of cofactor incorporation.

4. Immediately use the cell pellet to harvest the periplasmic fraction con-
taining XoxG, according to the procedure below.

3.2.2 Protein purification

Maturation of -type cytochromes occurs in the periplasm; therefore, rather
than lysing whole cells, this protocol begins with isolation of the periplasmic
fraction, using the osmotic shock method.
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Tip: Itis advised that you continue through at least to end of step 8 before
pausing.

1. Pre-chill a solution of 5mM MgSO, on ice.

2. Using a pipet-aid, resuspend the cell paste from above in 40mL of
Bufter G1 per gram of cell paste. After the cell paste is fully resuspended,
stir at 150rpm at room temperature for 10min. This can be done
directly in the centrifuge bottle.

3. Centrifuge for 20min at 8000 X g, 4°C. Carefully decant the
supernatant.

4. Resuspend the cell pellet in 20mL/g (original wet weight) ice-cold
5mM MgSO,. Stir at 150rpm for 10min at 4°C (in a cold room)
and centrifuge for 10 min at 8000 X ¢, 4°C. Carefully decant the red
supernatant, which is the periplasmic extract, to a beaker and add a
stir bar.

5. While stirring the extract, add 0.05 volumes of 1 M Tris, pH 7.4 (e.g.,
25mL for 500 mL extract).

Note: Extraction efficiency can be visualized by SDS-PAGE. Note
that full-length protein, not transported from the cytosol, will be pre-
sent in the spheroplast, and the transported protein in the extract will be
shorter due to signal peptide cleavage.

6. Equilibrate a DEAE Sepharose Fast Flow column (2.5 X 4cm, 20mL)
in Bufter G2. Apply the periplasmic extract, collecting the flowthrough
as a single fraction. Wash the column with 2 column volumes (CV) of
Buffer G2, collecting as a single fraction. Combine the light-red
flowthrough and wash fractions, which contain XoxG.

Note: This step removes DNA and some contaminating proteins,
which is helpful for subsequent steps.

7. Prepare the combined flowthrough and wash fractions for hydrophobic
interaction chromatography by adding solid ammonium sulfate slowly,
with stirring, to 35% saturation (194 g/L at 4°C) (Englard & Seifter,
1990). Meanwhile, equilibrate a Phenyl Sepharose 6 Fast Flow (low
substitution) column (2.5 X 4 cm, 20mL) in Buffer G3.

8. Load the solution to the Phenyl Sepharose column; the column should
turn pale red, indicating XoxG binding, and the flowthrough should be
colorless.

Note: This is a convenient pause point for the night.

9. Wash the column with 5 CV of Bufter G3. Elute with 10 CV of Buffer
G4 and collect fractions. XoxG-containing fractions can be pooled by
inspection of their red color or, more quantitatively, by absorbance at
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10.

418nm. Concentrate the protein to <2mlL using an Amicon Ultra
10-kDa MW CO centrifugal filter device.

Load protein solution onto a HiLoad Superdex 75pg 16/600 FPLC
column pre-equilibrated with Buffer G5, and elute at 0.75mL/min
with 1 CV of the same bufter, analyzing by Asgonm and A418nm, and col-
lecting 1.5mL fractions. Pool fractions according to Ajignm; XoxG
elutes at 67—77 mL. Freeze and store at —80°C.

3.3 Determination of the extinction coefficients of XoxG

We have determined the absorption spectra and extinction coefficients of
the oxidized and reduced forms of XoxG (Fig. 2) by the method of Barr
and Guo (Barr & Guo, 2015), which is summarized here.

1.

Prepare a 1mL, ~20pM solution of XoxG in Buffer G6 (for a novel
homolog purified for the first time, use the extinction coefficients below
in order to estimate the concentration).

Dilute half of this solution 2 X in Buftfer G6 and acquire a UV—visible
absorption spectrum (240-800 nm). This will be the reference spectrum
for oxidized XoxG.

160 - ox
140 4 —red
1201
100 -
80
60
40 4

e (MM cm™)

20~

300 400 500 600 700 800
A (nm)

Fig. 2 UV-visible absorption spectra of oxidized (black) and dithionite-reduced
(red) XoxG. Reproduced with permission from Featherston, E. R.,, Rose, H. R., McBride, M. J.,
Taylor, E. M., Boal, A. K., & Cotruvo, J. A, Jr. (2019). Biochemical and structural character-
ization of XoxG and XoxJ and their roles in lanthanide-dependent methanol dehydrogenase
activity. Chembiochem, 20, 2360—2372, copyright 2019 Wiley-VCH.



132 Emily R. Featherston et al.

3. Use a pipettor to dispense a few grains of sodium dithionite into the
cuvette and mix, in order to fully reduce the protein, and acquire another
spectrum. This will be the reference spectrum for reduced XoxG.

Note: Excess dithionite absorbs below ~400nm, so the spectrum will
be unreliable in that region.

4. Mix 250 pL Bufter G6 and 250 pL of Solution A (made fresh) and blank
the spectrophotometer on this solution.

5. Mix 250 pL of the ~20 pM solution of XoxG from step 1 with 250 pL of
Solution A and take a spectrum.

6. Add 5pL of Solution B (made fresh) to the cuvette, mix quickly, and
acquire a spectrum immediately and every minute until the spectrum
no longer changes. Using the absorbance at 550 nm in the final spectrum,
determine the concentration of heme [€550,,, =30.27 mM ™' em ™! for
(pyridine),-heme (.

7. Multiply this concentration by 505 pL and divide by 250 pL. This will yield
the concentration of heme in the ~20pM XoxG solution from step 1.
Divide this value by 2 to determine the concentration of heme in the oxi-
dized and reduced XoxG samples in steps 2 and 3. From these spectra and
the heme concentration, calculate the extinction coefficients of XoxG.

Maximum absorptions for oxidized M. extorquens AM1 XoxG were
determined as €4130m=129mM ' cm ™" and €557,m=11.5mM ' cm ™',
and for the reduced form were €415,m=157mM ' cm ' and €553, =
25.8mM ' cm . At the isosbestic point (413 nm), e=129 mM ' em L

3.4 Determination of the reduction potential of XoxG

The reduction potential of the heme cofactor of XoxG can be determined
spectrophotometrically, as described by Raven and co-workers (Efimov
et al., 2014) based on a method developed by Massey (Massey, 1991).
The method follows spectrophotometrically the reduction of a solution
of the protein of interest and a redox-active organic dye standard. At a given
time point, the concentrations of the oxidized and reduced forms of all
redox-active species can be determined, from which the midpoint reduction
potential (E,,)) of the protein can be calculated relative to the known poten-
tial of the dye. We found DCPIP, for which E,,,=+217mV at 25°C, pH 7.0
(Clark, 1960), to be a useful dye for M. extorquens XoxG. Other dyes can be
used instead, as long as the dye’s E,, is within ~50mV of that of the protein.
See Clark (1960) for a compilation of dyes and their reduction potentials.
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1. Prepare the oxidized and reduced reference spectra for the dye. For
DCPIP, determine the UV-—visible spectrum of DCPIP,, in the
350-800nm range in Bufter G5 by using €600mm =20.6mm ' cm ',
pH 7.0 (Armstrong, 1964), and determine the spectrum of DCPIP, 4
by addition of a slight excess of a freshly prepared solution of sodium
dithionite. Convert the absorbance values at each wavelength to
extinction coefficients.

2. In a total volume of 500pL, mix the following in a septum-sealed,
capped cuvette: Buffer G5, xanthine (300 uM), p-glucose (5 mM), glu-
cose oxidase (25 pg), and bovine liver catalase (2.5 pg). Incubate the solu-
tion for 5min with periodic inversion to achieve anaerobic conditions.

Note: D-glucose, glucose oxidase, and catalase act as an O,-scavenging
system; glucose oxidase is a flavoprotein oxidase that reduces O, to
H5O, as part of its catalytic cycle, and catalase converts H,O, to %20,
and H,O.

3. Add XoxG (final concentration 4pM, from a stock of 250 uM) and
DCPIP (final concentration 25uM from a 2.5mM stock) and mix. It
is important to keep the volumes added small, to minimally affect
anaerobiosis. Acquire an initial spectrum at 350—-800 nm. Initiate reduc-
tion by addition of xanthine oxidase (20nM), invert, and acquire spectra
every minute for 40-60min (4800 nm/min scan rate), until spectra are
constant for >5min (Fig. 3A).

Note: Depending on the activity of the xanthine oxidase preparation,
the amount of enzyme may need to be adjusted. It is important that the
rate of electron production by xanthine/xanthine oxidase not be too fast,
to ensure that the system equilibrates throughout the titration. A total
time of at least 40min for the full reduction of the protein and dye is
recommended.

4. Using spreadsheet software, determine the initial concentrations of oxi-
dized protein and oxidized dye by manual fitting of the initial spectrum
in step 3 with spectra of DCPIP and XoxG.

5. For each time point, calculate the concentrations of DCPIP., and
DCPIP, 4 from the Agoonm value (DCPIP,.4 and XoxG contribute neg-
ligibly to the Agoonm value and can be ignored); [DCPIP 4] is equal to
the difference between the initial [DCPIP,,] and [DCPIP,,] at each
time point. These values reflect the solution potential at each time
point.
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Fig. 3 Spectroscopic determination of XoxG reduction potential. (A) Spectroscopic titra-
tion of oxidized XoxG and DCPIP reduced by xanthine/xanthine oxidase over 1h (black to
red lines), with spectra acquired every 1 min. (B) Data analysis for the results in panel (A),
according to steps 7 and 8. Reproduced with permission from Featherston, E. R., Rose, H. R,
McBride, M. J., Taylor, E. M., Boal, A. K.,, & Cotruvo, J. A, Jr. (2019). Biochemical and structural
characterization of XoxG and XoxJ and their roles in lanthanide-dependent methanol dehy-
drogenase activity. Chembiochem, 20, 2360—2372, copyright 2019 Wiley-VCH.

6. For each time point, calculate the concentration of reduced XoxG. First,
subtract the contribution of DCPIP,, (equivalent to [DCPIP.,] x
E418nmmcpip) from Ayig,,. (Note that 418nm is the Ay, for XoxG,eq.)
Then, subtract the initial A4;g,,, contribution of XoxG,,. Finally, divide
by the difference in extinction coefficient between the oxidized and
reduced forms of XoxG at 418nm, €41greq— Ea180x=56mM ' cm ™.
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This yields the concentration of XoxG,.4. Subtract this value from the ini-
tial concentration of XoxG to yield the concentration of XoxG, at each
time point. The concentrations of each of the redox species at each time
point have now been calculated.

7. Determine the midpoint reduction potential (E,,) of XoxG. For each
time point, determine (Eqgs. 1 and 2):

[DCPIP,)
=12.51 1
¥ >ln [DCPIP,| (1)
B [Xox <)
x=25In [ o md] (2)

8. Plot y vs. x and determine the regression line. The plot should have a
slope of approximately 1, and the midpoint potential of the protein is
determined from the y-intercept, which equals E, procein — Em, dyes
where E,, 4y 1s the known reduction potential of the dye (Fig. 3B).

Note: The coeflicients in Eq. (1) and (2) reflect the fact that the dye
undergoes a two-electron reduction and XoxG undergoes one-electron
reduction.

Note: Points at the beginning and end of the experiment may not be
at equilibrium (apparent by deviation from linearity) and can be ignored
in the analysis.

4. XoxJ

The third protein encoded by the core Ln-MDH operon is Xox]. Like
its analog in the Ca-MDH system, Mxa], this protein is a member of the
periplasmic (or solute) binding protein (PBP or SBP) family. SBPs are typ-
ically associated with recognition of ligands for membrane-bound trans-
porters (Scheepers, Lycklama a Nijeholt, & Poolman, 2016), but Xox]
and MxaJ are not obviously associated with such a system and their
functions are unknown. However, the presence of a “J-type” SBP in
the operons of PQQ-dependent alcohol dehydrogenases is conserved,
and MxaJ (Amaratunga, Goodwin, O’connor, & Anthony, 1997; Van
Spanning et al., 1991) and Xox] (Roszczenko-Jasinska et al., 2020) are
essential components of their respective MDH systems. The crystal struc-
tures of Mxa] (Choi, Cao, Kim, Lee, & Lee, 2017) and Xox] (Featherston
etal., 2019) reveal general architectures similar to classic SBPs, except they
both exhibit exceptionally large cavities, putatively for substrate binding,
as well as a P sheet missing several strands. Both of these features suggest
that the substrate for Xox] is likely a protein itself. We refer the reader
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to Featherston et al. (2019) for structural analysis of Xox] and a more
extended discussion of potential functions.

The protocol described here is expanded from the initial report by
Featherston et al., with M. extorquens AM1 xox] having been codon-
optimized and cloned into pET-24a. This procedure yields ~3mg Xox]
per L culture.

4.1 Materials

e Reagents for cell growth and protein expression (see Section 3.1). All
solid and liquid growth media contain 50 pg/mL kanamycin (Km)

*  Ammonium sulfate

e 5mM MgSO,

e 1M Tris, pH 7.4

e DEAE Sepharose Fast Flow column

* Phenyl Sepharose 6 Fast Flow (low substitution) column

* FPLC instrument

e HiPrep Phenyl FF (low sub) 16/10 column

* Hiload 16/600 Superdex 200 pg column

e Buffer J1: 30 mM Tris, 20% (w/v) sucrose, | mM EDTA, pH 7.4

* Buffer J2: 50mM Tris, 50mM NaCl, pH 7.4

* Buffer J3: 50mM Tris, 5% glycerol, pH 7.4, containing 35% sat.
(NH4),SO4 (194¢/1)

e Buffer J4: 50mM Tris, 5% glycerol, pH 7.4

* Buffer J5: 20mM MOPS, 100mM NaCl, pH 7.0

Buffers J1-J4 can be made by adding solids and/or glycerol to a minimal vol-

ume of water, adding the appropriate amount of the 1 M Tris stock solution

given the final volume desired, and adding water up to volume. No pH

adjustment is necessary.

4.2 Expression and purification of XoxJ

4.2.1 Protein expression

1. Transform chemically competent E. coli BL21(DE3) cells with pET24a-
Xox]J and grow at 37 °C overnight on LB-agar-Km plates. Use a single
colony to inoculate 100mL LB-Km and shake at 200 rpm overnight
(~16h) at 37°C.

2. Use this culture to inoculate three 2-L cultures of LB-Km (in 6 L flasks)
at 100 x dilution (20mL each). Shake cultures at 200rpm (37 °C) and
monitor the ODgponm periodically. At ODgppnm~ 0.5, induce Xox]
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expression by adding IPTG to a concentration of 0.2mM. After 2h of
induction, harvest cells by centrifugation (7 min, 7000 X g, 4°C). Pre-
weigh the centrifuge bottle(s) before harvesting the culture. After cen-
trifugation, pour off the LB supernatant and weigh to determine the mass
of the cell pellet. Each liter of culture will yield ~3 g cell paste.

Note: Inducing at higher ODggg,y, or for significantly more than 2h
leads to insoluble material in the periplasmic extract without increasing
protein yield. Therefore, inducing at ODggopym=0.5 and for 2h is
recommended.

3. Continue immediately with the periplasmic extraction procedure
below.

Note: Do not freeze the cell pellet. Freezing it will cause cell lysis
upon thawing.

4.2.2 Protein purification
This protocol uses the osmotic shock method for periplasmic extraction.
Whereas periplasmic proteins like Xox] can, in principle, be purified from
the whole-cell lysate, we recommend extraction of the periplasm rather than
whole-cell lysis for two reasons. First, relatively few proteins are present in
the periplasm, so your protein of interest begins the purification procedure
significantly purer than if cells were lysed. Second, the cytosolic fraction will
likely contain your protein of interest that has not been exported, and there-
fore still contains its signal peptide, and may not have been folded or
processed properly (e.g., in the case of Xox], formation of a disulfide bond).
Note: Tt is advised that you continue through at least to end of step 6
before pausing; pausing before running the periplasmic extract through
the DEAE column leads to some precipitation overnight, which complicates
subsequent steps.

1. Pre-chill a solution of 5mM MgSO, on ice.

2. Using a pipet-aid, resuspend the cell paste from above in 40mL of
Bufter J1 per gram of cell paste. After the cell paste is fully resuspended,
stir at 150rpm at room temperature for 10min. This can be done
directly in the centrifuge bottle.

3. Centrifuge for 20min at 8000 x g, 4°C. Carefully decant the
supernatant.

4. Resuspend the cell pellet in 20mL/g (original wet weight) ice-cold
5mM MgSO,. Stir at 150rpm for 10min at 4°C (in a cold room)
and centrifuge for 10 min at 8000 X g, 4 °C. Carefully decant the super-
natant, which is the periplasmic extract, to a beaker and add a stir bar.
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5.

10.

While slowly stirring the extract, add 0.05 volumes of 1 M Tris, pH 7.4
(e.g., 25mL for 500 mL extract), and add solid NaCl to a final concen-
tration of 50 mM.

Note: Extraction efficiency can be visualized by gel. Note that
full-length protein, not transported from the cytosol, will be present
in the spheroplast, and the transported protein in the extract will be
shorter due to signal peptide cleavage.

Note: All of the subsequent chromatographic steps can be carried

out either at room temperature or 4°C.
Equilibrate a DEAE Sepharose Fast Flow column (2.5 X 4cm, 20mL)
in Buffer J2. Apply the periplasmic extract, collecting the flowthrough
as a single fraction. Wash the column with 5 CV of Buffer ]2, collecting
as a single fraction. Combine the flowthrough and wash fractions,
which contain Xox].

Note: This step removes DNA and some contaminating proteins,
which is helpful for subsequent steps.

Note: This is a convenient pause point for the night. Alternatively,
you can pause after loading the gravity-flow Phenyl Sepharose column.
Prepare for hydrophobic interaction chromatography by adding solid
ammonium sulfate slowly, with stirring, to 35% saturation (194g/L
at 4°C) (Englard & Seifter, 1990). Equilibrate a Phenyl Sepharose 6
Fast Flow (low substitution) column (2.5 X 2cm, 10mL) in Buffer J3.
Load the solution to the Phenyl Sepharose column. Wash the column
with 15 CV of Buffer J3. Elute with 10 CV Buffer J4 and collect in a
single fraction. Concentrate the protein to <5mL using an Amicon
Ultra 10-kDa MWCO centrifugal filter device.

Note: The primary purpose of this step is to rapidly concentrate the
protein so that it can be loaded more easily onto the FPLC. If you have
a loop larger than 5mL, the protein does not need to be concentrated
as far.

Weigh out (NH4)»SO,4 (194 mg per mL of Xox], giving ~35% satura-
tion) and dissolve in the concentrated Xox] solution.

Purity Xox] by FPLC using a hydrophobic column, e.g., HiPrep
Phenyl FF (low sub) 16/10 column (GE Healthcare). Pre-equilibrate
the column with Buffer J3, and load the protein using a 5mL capillary
loop. Wash the column at 2mL/min with 4 CV Buffer ]3, and elute
with a 200mL linear gradient of 0-100% Buffer J4 at 2mL/min.
Collect 4mL fractions in peak fractionation mode (10 mAU threshold,
detect Azgonm and Aogonm). Xox] elutes as the major Asgonm peak,
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spanning 25—15% sat. (NH,4)>SOy. Pool these fractions and concentrate
by centrifugal filtration (Amicon Ultra 10kDa MWCO) to <2mlL.

11. In order to remove ammonium sulfate and a contaminating protein at
~15kDa, purify Xox] further by size-exclusion chromatography, e.g.,
on a HiLoad 16/600 Superdex 200 pg column. Pre-equilibrate the col-
umn with Bufter J5, and load the protein using a 2mlL capillary loop.
Rinse the loop with 4mL Buffer J5, and elute the column with 1 CV
Bufter J5 at 0.75mL/min. Collect 2mlL fractions.

12. Analyze fractions by SDS-PAGE, pool Xox]J-containing fractions, and
concentrate by centrifugal filtration to the desired volume. Xox] can be
concentrated at least to 25 mg/mL, which was the protein concentra-
tion used for crystallography (Featherston et al., 2019). Determine the
protein concentration using €gonm, = 34.0 mM ™! cmq, estimated by
ExPASy (Gasteiger et al., 2005).

Note: Purified Xox] shows two bands on an SDS-PAGE gel. Mass
spectrometry analysis suggests that the larger (minor) band corresponds
to the protein after cleavage of the signal peptide before GIn27
(28.6kDa), and the smaller (major) band corresponds to signal peptide
cleavage before Leu32 (28.0kDa) (Featherston et al., 2019). Because
both bands are present throughout the purification, including in the
whole-cell post-induction sample run on the gel, these results are con-
sistent with alternative E. coli signal peptidase recognition sites, rather
than proteolysis during purification. We have not been successful in
separating these two forms, but the protein still crystallizes well, and
the first residue visible in the structure is Val37.

5. Lanmodulin

Lanmodulin (LanM) was initially identified during a purification of
XoxF from M. extorquens AM1, and it is the first natural, selective macro-
chelator for lanthanides to be discovered and characterized (Cotruvo et al.,
2018). Its discovery also revealed the gene cluster responsible for uptake of
lanthanides and delivery into the cytosol in this bacterium (Mattocks
et al., 2019; Ochsner et al., 2019; Roszczenko-Jasiniska et al., 2020).
Although its function is not yet fully understood, it is one of a relatively small
number of proteins upregulated in vitro and in planta in M. extorguens PA1
(along with XoxF, XoxG, Xox], PqqT, and three uncharacterized proteins)
in response to lanthanum (Ochsner et al., 2019), and gene expression studies
have also shown it to be upregulated in response to lanthanides in several other
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bacteria (Masuda et al., 2018; Wegner, Gorniak, Riedel, Westermann, &
Kusel, 2019). However, it is not essential for growth of M. exforquens in
the presence of lanthanides, at least under the conditions studied to date
(Ochsner etal., 2019; Roszczenko-Jasinska et al., 2020). In addition, although
it is found in many alphaproteobacterial methylotrophs, it is not conserved in
all lanthanide-utilizing bacteria (Chistoserdova, 2019; Cotruvo et al., 2018).

LanM consists of four 12-residue EF-hand motifs, each separated by
12—-13 amino acid residues. EF-hand motifs are common recognition sites
for Ca'l ions in biology (Giftord, Walsh, & Vogel, 2007), and, while these
sites also non-specifically bind Ln'™ ions (Drake, Lee, & Falke, 1996;
Edington et al., 2018), LanM stands out for its tight and highly selective lan-
thanide binding. Biochemical studies revealed that the protein binds 3 equiv.
of Ln"" ions with picomolar affinity (one in each of the first three EF hands),
whereas the fourth EF hand does not bind metal ions tightly. LanM is largely
disordered in its apo state, but in the presence of any rare earth, it adopts a
compact, ordered form, stabilized by hydrophobic packing interactions as
revealed by the NMR solution structure of the Y"-bound form (Cook
et al., 2019). This conformational change is extremely (10°-fold) selective
for lanthanides over Ca" (Cotruvo et al., 2018) as well as for all non-rare
earths tested to date (Deblonde et al., 2020). Although all lanthanides induce
the conformational change at picomolar concentrations, the protein is biased
toward the lighter Ln""
biologically relevant early lanthanides bind more weakly to the protein

ions, albeit in an intriguing way: even though the

than the later Ln"" ions (Deblonde et al., 2020), they more efficiently cause
the conformational change of the protein (Cotruvo et al., 2018; Mattocks
etal., 2019). For recent discussions of what this protein is teaching us about
the principles of selective lanthanide recognition, and what is still yet to
be learned, we refer the reader to Cotruvo (2019) and Featherston and
Cotruvo (2021).

Initial expression studies in E. coli demonstrated that the protein was
exported to the periplasm, and we verified the predicted signal peptide
cleavage site. Yields of LanM purified from the periplasm were low.
Because the protein contains no Cys residues (which could be oxidized
to disulfides in the periplasm), we have found that higher protein yields
are achievable via cytosolic expression of a construct with Ala22 as the first
amino acid coded after the N-terminal Met. In our initial reports of LanM
we used constructs that had a Hisg-tag appended to either the N-terminus or
C-terminus of the protein, which both yielded ~20 mg/L culture. Protocols
for purification of those constructs can be found in Cotruvo et al. (2018).



Purification of lanthanome proteins 141

However, we noticed that our yields were being limited by poor binding to
the Ni-NTA column. Furthermore, and more importantly, we noted that
the Ln""-LanM Kj values for the C-terminally tagged protein were twofold
higher than for the N-terminally tagged or untagged [produced by cleavage
of the tag by tobacco etch virus (TEV) protease] proteins, an observation
explained by the NMR structure (Cook et al., 2019). Therefore, we sought
to develop a purification protocol for the wild-type protein, with no
affinity tag.

Here, we introduce a purification protocol for wild-type LanM, with
markedly improved yield (70-85mg/L culture) relative to our initial
reports. We also describe a simple method to determine metal-binding stoi-
chiometry for lanthanide-binding proteins.

5.1 Materials

For purification:

*  Reagents for cell growth and protein expression (see Section 3.1). All
solid and liquid growth media contain 50 pg/mL kanamycin (Km)

* Protease inhibitor cocktail (e.g., Roche Complete Mini tablets)

* DNase I

* Phenylmethanesulfonyl fluoride (PMSF, 100 mM stock in isopropanol)

*  Q-Sepharose Fast Flow

* FPLC instrument with S75 column (120mlL)

e Buffer M1: 50mM Tris, 10mM NaCl, 1mM EDTA, 5% glycerol,
pH 8.0

¢ Buffer M2: 50mM Tris, 1 M NaCl, 1mM EDTA, 5% glycerol, pH 8.0

¢ Buffer M3: 30mM MOPS, 100mM KCl, 5% glycerol, pH 7.0

For xylenol orange competition assay:

*  Buffer M4: 20mM MES, 20 mM acetate, 100mM KCI, pH 6.1, stirred
with 10g/L Chelex-100 for 1h followed by re-adjustment to pH 6.1

+  Stock solution of 1.25mM Ln"" of interest in Buffer M4

*  Xylenol orange (XO), ~5mM in water

*  Quartz microcuvette

5.2 Expression and purification of LanM

5.2.1 Protein expression

1. Transform chemically competent E. coli BL21(DE3) cells with pET24a-
LanM [this plasmid is analogous to those constructed to express the cyto-
solic LanM proteins initially described by Cotruvo et al., but without the
Hisg-tag] and grow at 37°C overnight on LB-agar-Km plates. Use a
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single colony to inoculate 100 mL LB-Km and shake at 200rpm over-
night (~16h) at 37°C.

2. Use this culture to inoculate one 2-L culture (in a 6-L flask) at 50 X dilu-
tion. Shake cultures at 200 rpm (37 °C) and monitor the ODgggpy, peri-
odically. At ODgoonm ~ 0.6, induce LanM expression by adding IPTG to
a concentration of 0.2mM.

3. After 3h of induction, harvest cells by centrifugation (7 min, 7000 X g,
4°C) and transfer to pre-weighed 50-mL conical tubes. Typical yield
is ~2-3 g per L culture. Flash freeze cell paste in liquid nitrogen and store
at —80°C.

5.2.2 Protein purification

1. On ice, resuspend the cell pellet in 5mL of Buffer M1 per g of cell paste.
Buffer M1 should be supplemented with 1 protease tablet per 10mL,
DNase (2U/mL), and PMSF (0.25 mM).

2. Lyse cells by sonication and pellet insoluble material by centrifugation at
40,000 X g, 45min, 4°C.

3. The following step can be done at room temperature or in a cold room at
4°C, as desired. Pre-equilibrate a 20mL (2.5 x 4 cm) Q-Sepharose Fast
Flow column in Buffer M1. Load the lysate to the column slowly, at
~2mL/min. Wash column slowly with 1 CV Bufter M1.

Note: We find it easiest to run the Q-Sepharose step using a gravity-
flow column, but the protocol can, of course, be adapted to an FPLC
nstrument.

4. Fill a gradient mixer (e.g., CBS Scientific GM-200) with 80 mL solutions
of Buffer M1 and Buffer M2. Start the gradient and elute the protein
from the Q-Sepharose column at the same flow rate as above. Collect
2mL fractions in microcentrifuge tubes. It is only necessary to collect
fractions for the first half (~80mL) of the gradient, as LanM elutes with
relatively high purity close to the beginning, at ~100-200mM NaCl.
Fractions can be screened by SDS-PAGE (16% Tris-Glycine). See
Fig. 4A for a representative gel.

Note: LanM runs on the gel as a major band just above 10kDa, in
addition to several lower molecular weight bands [see fig. S7 in
Cotruvo et al. (2018)]. Based on mass spectrometry analysis, these addi-
tional bands do not correspond to proteolysis; instead, they seem to be
the result of multiple protein conformations, perhaps induced by adven-
titious trace metal binding.
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Fig. 4 Purification of wild-type LanM. (A) SDS-PAGE analysis of the Q-Sepharose column
step, as follows: Lane 1, MW ladder; Lane 2, flowthrough; Lanes 3—5, wash fractions 1-3
(5-6 mL each); Lanes 6—13, elution fractions 1, 5, 10, 15, 20, 30, 35 (2mL each). LanM is

the strong band just above the 10kDa marker, in lanes 8—10. (B) Chromatogram for the
Superdex 75 pg step, displaying the broad elution of LanM. Fractions containing pure

LanM are indicated.

5. Pool desired fractions and concentrate by centrifugal filtration (Amicon
Ultra 10kDa MWCO) to <2mL.

6. Inorder to remove DNA and minor contaminating proteins, load protein
solution onto a HiLoad Superdex 75 pg 16/600 column pre-equilibrated
with Buffer M3 and load the protein using a 2mL capillary loop.
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Rinse the loop with 2mL Buffer M3 and elute with 1 CV of the same
buffer at 0.75mL/min. Follow elution at 280 and 260nm. Collect
2mlL fractions.

Note: The elution profile will be a broad peak between ~60 and
85mL on the 120mL Superdex 75 pg column (Fig. 4B). This result is
presumably associated with intrinsic disorder of the apoprotein as well
as, perhaps, weak binding of trace metals in the buffer.

7. Pool LanM-containing fractions based on SDS-PAGE analysis and con-
centrate to the desired volume (e.g., 2mL) by centrifugal filtration
(10kDa MWCO). Add 5g Chelex-100 to 500 mL Buffer M3 and stir
in a beaker at room temperature. Add LanM to a dialysis cassette
(e.g., Slide-A-Lyzer MWCO 3500) or dialysis tubing and dialyze over-
night at room temperature.

8. Determine the protein concentration using 8275,1]“:14001\/171 cm”!

(Cotruvo et al., 2018). M. extorquens LanM possesses one tyrosine, no

tryptophans, and three phenylalanines; the fine structure below 275 nm

associated with Phe absorption should be visible if the protein prepara-
tion has high purity [fig. S8 in Cotruvo et al. (2018)]. Freeze protein in

liquid nitrogen at ~1 mM.

5.3 Determination of lanthanide-binding stoichiometry
using xylenol orange

A fast and simple method to determine the lanthanide-binding stoichiom-
etry of a newly isolated protein is an assay using xylenol orange (XO) as a
competitive colorimetric reagent. A solution (pH 6.1) contains the protein
of interest and XO, into which a solution of a lanthanide ion of interest is
titrated. The affinity of XO for Ln"" ions under these conditions is in the
1-10 M range (Munshi & Dey, 1968; Tonosaki & Otomo, 1962); there-
fore, if the protein has high-nanomolar affinity for Ln'" ions, or better, it
will preferentially bind the metal ions, and the spectrum of XO will remain
unchanged. Once the protein’s metal-binding site(s) is (are) saturated, the
metal will instead bind to the dye, leading to an increase in the absorbance
at ~575nm. From the volume of titrant added to reach the first increase of
XO absorption, the metal-binding stoichiometry of the protein can be cal-
culated. This method is a useful preliminary experiment before more time-
and protein-intensive methods to determine binding affinities are pursued,
such as isothermal titration calorimetry (Quinn, Carpenter, Croteau, &



Purification of lanthanome proteins 145

Wilcox, 2016) or the spectrophotometric methods described in chapters
“Spectrophotometric methods to probe the solution chemistry of lanthanide
complexes with macromolecules” by Deblonde and “Determination of
affinities of lanthanide-binding proteins using chelator-buffered titrations”
by Mattocks et al. of the accompanying volume, Volume 651.

For best results, we suggest ~10-20 pM metal-binding sites in solution.
In the method below, we use 5 pM LanM, because it binds 3 equiv. of Ln™
ions tightly—the average stoichiometry across all of the lanthanides deter-
mined using this method is 2.9£0.3 [see fig. S11 in Cotruvo et al. (2018].
When we applied this method to demonstrate that LanD (META1p1781
or LutD) binds 1equiv. of Ln"" ions, we used 10pM (Mattocks et al.,
2019). In the latter case, interestingly, the relative Kgs of XO and LanD
were such that the protein outcompeted XO for light Ln" ions (La-Gd)
but not heavy Ln" ions (roughly Ho-Lu) [see fig. S17 in Mattocks et al.
(2019)].

We note that there is a relatively narrow range of pH in which xylenol
orange is an effective colorimetric reagent for Ln™ ions (Lyle & Rahman,
1963); therefore, control of the pH is important during the experiment.
1. Blank the UV—visible spectrophotometer (240—-800nm) with a micro-

cuvette containing 500 pL of Bufter M4.

2. Add your protein of interest to the microcuvette to a concentration of
~5pM, and collect a spectrum over the 240-800nm region. Calculate
the protein concentration using a known extinction coefficient.

Note: An accurate starting protein concentration is important for
quantitative analysis of metal-binding stoichiometry.

Note: Because of the pH sensitivity of the assay, if the protein is stored
in a buffer at a different pH, it should either be quite concentrated (e.g.,
for LanM, ~1mM) or the protein should be exchanged into Buffer M4
before dilution for the assay.

3. Add XO to a final concentration of ~5 pM and collect a spectrum in the
240-800nm region.

4. Titrate 1.25mM LnCl; solution in 0.5 pL aliquots (0.25equiv. if 5pM
protein is present), mix, and acquire spectra between 240 and 800 nm
after each addition.

Note: To mix, either use a P200 pipettor or invert the cuvette with
parafilm on top. If you do the latter, use a different spot on the parafilm
each time mixing in order to avoid a color change before the actual end-
point of the titration.
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Fig. 5 Titration of xylenol orange with SmCl; in the presence and absence of LanM,

monitored at 575nm. The concentration of LanM in the experiment was 6.0puM. The
endpoint calculated by the method described in the text was at 19.4puM Sm", which
corresponds to 3.2 equiv. Adapted with permission from Cotruvo, J. A, Jr., Featherston, E. R,
Mattocks, J. A, Ho, J. V., & Laremore, T. N. (2018). Lanmodulin: A highly selective
lanthanide-binding protein from a lanthanide-utilizing bacterium. Journal of the
American Chemical Society, 140, 15056—15061. Copyright 2018 American Chemical Society.

5.

Continue the titration until there is no further change in the Ln""-XO
absorption feature at ~575nm (A, is dependent on Ln'™ ion in the
experiment).

Note: Commercially available XO is impure, as evidenced by lack of

precise isosbestic points during titrations. This fact does not aftect the
result of the titrations.
Correct the raw spectra for baseline drift and for volume change of the
solution upon each addition of metal stock. Plot the corrected absorption
at the A, of ~575nm for each titration point against the metal ion con-
centration (Fig. 5). The metal ion concentration at which A= A; ;5 +0.1
(Afinal — Ainidal), the point of 10% saturation of X O, is taken as an estimate
of the point at which the tight binding (<« pM) sites of the protein of inter-
est are saturated.

Note: XO adheres slightly to the microcuvette; after each experi-
ment, we suggest filling the cuvette with 6 M HCI and letting it sit
for 5-10min, followed by your typical cuvette washing procedure
(e.g., rinsing with water and acetone).
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6. PqqT

Decades of work, especially by Klinman and co-workers, has recently
resulted in elucidation of the mechanism of biosynthesis of the organic
cofactor of the ADHs, pyrroloquinoline quinone (PQQ) (Duine, 1999;
Koehn et al., 2019; Zhu & Klinman, 2020), which occurs in the cytosol.
However, less is known about PQQ trafficking once synthesized. The
enzymes that use the cofactor are periplasmic, and it is also known that
the cofactor is released into growth media by some of the bacteria that syn-
thesize it (van Kleef & Duine, 1989). Furthermore, not all organisms that
encode PQQ-dependent enzymes are able to make the cofactor, suggesting
that PQQ transfer between organisms is important in the biosphere, as is the
case for other cofactors such as cobalamins (Shelton et al., 2019).

Interested in investigating this exchange of PQQ between organisms, we
hypothesized that a mechanism for PQQ uptake might exist. M. extorquens
AM1 META1p1737 was a putative SBP encoded, along with putative ABC
transporter subunits, by genes adjacent to xoxF. Like LanM, this protein is
one of the handful of proteins upregulated by the presence of lanthanides in
the growth medium of M. extorguens (Good et al., 2019; Ochsner et al.,
2019). Using spectrophotometry, spectrofluorometry, and isothermal titra-
tion calorimetry (ITC), we demonstrated that this SBP, which we named
PqqT, binds PQQ tightly (Ho & Cotruvo, 2019). We note that PQQ trans-
port activity of the full system (a putative “PqqTUV” system) has not yet
been demonstrated in cells, and the structure of protein has not yet been
reported. We proposed that the function of cytosolic PQQ uptake might
be to supplement the pool of the cofactor endogenously biosynthesized. It
may also suggest that, even though the cofactor is used in the periplasm,
that exogenous PQQ cannot equilibrate with the periplasmic pool used
for ADH activation, for reasons of regulation and/or proper cofactor
chaperoning.

As is its mechanism of biosynthess, the solution chemistry and spectros-
copy of PQQ are complex. In aqueous solution, PQQ exists in an equilibrium
between its hydrated and unhydrated forms (Scheme 2). This equilibrium is
also altered by the presence of nucleophiles and metal ions (Dekker, Duine,
Frank, Verweil, & Westerling, 1982; Lumpe & Daumann, 2019). However,
because these forms have different absorption and fluorescence properties,
they can be used in certain cases to study PQQ binding to proteins, as has been
done with the PQQ biosynthetic protein PqqC (Magnusson, RoseFigura,
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Scheme 2 Hydration equilibrium speciation for PQQ. Reproduced with permission from
Ho, J. V., & Cotruvo, J. A, Jr. (2019). A periplasmic binding protein for pyrroloquinoline
quinone. Biochemistry, 58, 2665—2669. Copyright 2019 American Chemical Society.

Toyama, Schwarzenbacher, & Klinman, 2007) and with PqqT (Ho &
Cotruvo, 2019). The affinities of these proteins for PQQ are 2nM for the for-
mer and 50nM for the latter.

Here we describe a new purification method for PqqT as well as provide
helpful information for investigation of PQQ binding. As discussed in our
original report, native PqqT possesses a Cys residue (C192) that is des-
ulfurated to Ala when exported to the periplasm in E. coli, a modification
that does not affect PQQ binding. Therefore, we will use a C192A variant,
cloned into pET?24a, that can be expressed in the cytosol (with Ala28 as the
first residue), which yields 5mg PqqT per L culture. A form with the Cys can
be studied, but it requires an anaerobic spectroscopy setup (see our paper for
a description). Further work is necessary to determine whether the Cys,
while dispensable for PQQ binding in vitro, is playing a functional role
in vivo. By discussing the case of PqqT here, we aim to provide guidance
for researchers who wish to use these methods to investigate PQQ-
binding proteins. Of course, PQQ will not necessarily undergo these same
changes upon protein binding in all cases, as these changes depend on affinity
and the structure of the binding site.

6.1 Materials

*  Reagents for cell growth and protein expression (see Section 3.1). All
solid and liquid growth media contain 50 pg/mL kanamycin (Km)

¢ Protease inhibitor cocktail (e.g., Roche Complete Mini tablets)

* DNasel

¢ Phenylmethanesulfonyl fluoride (PMSF, 100 mM stock in isopropanol)

*  Q-Sepharose Fast Flow

* FPLC instrument
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HilLoad Superdex 75 pg 16/600

Buffer T1: 50mM Tris, 10mM NaCl, 1mM EDTA, pH 8.0
Buffer T2: 50mM Tris, 300mM NaCl, 1mM EDTA, pH 8.0
Buffer T3: 30mM MOPS, 100mM KCI, pH 7.0

6.2 Expression and purification of PqqT
6.2.1 Protein expression

1.

Transform chemically competent E. coli BL21(DE3) cells with pET24a-
PqqT(C192A) and grow at 37 °C overnight on LB-agar-Km plates. Use
a single colony to inoculate 100 mL LB-Km and shake at 200 rpm over-
night (~16h) at 37°C.

Use this culture to inoculate one 2-L culture (in a 6-L flask) at 50 x dilu-
tion. Shake cultures at 200 rpm (37 °C) and monitor the OD g0y, peri-
odically. At ODgpppm~ 0.6, cool the flasks in a 4°C cold room for
15min and lower the temperature of the shaker to 18°C. Return flask
to the shaker and induce PqqT expression by adding IPTG to a concen-
tration of 0.2mM.

. Afterinduction overnight (~18h), harvest cells by centrifugation (7 min,

7000 x g, 4°C) and transfer to pre-weighed 50-mL conical tubes.
Typical yield is ~2.5¢g per L culture. Flash freeze cell paste in liquid
nitrogen and store at —80°C.

6.2.2 Protein purification

1.

On ice, resuspend the cell pellet in 5mL of Bufter T'1 per g of cell paste.
Buffer T1 should be supplemented with 1 protease tablet per 10mL,
DNase (2U/mL), and PMSF (0.25 mM).

Lyse cells by sonication and pellet insoluble material by centrifugation at
40,000 x g, 20min, 4 °C.

. Pre-equilibrate a 15mL (2.5 X 3cm) Q-Sepharose Fast Flow column

(gravity-flow) in Buffer T1. Load the lysate to the column slowly.
Wash column with 2 CV Buffer T1.

Fill a gradient mixer (e.g., CBS Scientific GM-200) with 70mL
solutions of Buffer T1 and Buffer T2. Start the gradient and elute
the protein from the Q-Sepharose column. Collect 1 mL fractions in
microcentrifuge tubes and screen by SDS-PAGE. PqqT (32kDa) elutes
at ~100—200 mM NaCl.

. Pool desired fractions and concentrate by centrifugal filtration (Amicon

Ultra 10kDa MWCO) to <2mL.
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6. Load protein solution onto a HiLoad Superdex 75pg 16/600 column
pre-equilibrated with Buffer T3 and load the protein using a 2mL cap-
illary loop. Rinse the loop with 2mL Bufter M3 and elute with 1 CV of
the same buffer at 0.75mL/min. Follow elution at 280 and 260nm.
Collect 1.5mL fractions. PqqT elutes at ~60—70mL.

7. Pool fractions based on SDS-PAGE analysis and concentrate to the
desired volume by centrifugal filtration (10kDa MWCO). Determine
the protein concentration using 8280“1:32.4me] cm™ !, estimated
using ExPASy (Gasteiger et al., 2005), and store at —80°C.

6.3 Spectroscopic methods to probe PQQ binding

As noted above, binding of PQQ to proteins may be amenable to several
spectroscopic approaches, taking advantage of spectral shifts in the PQQ/
hydrate equilibrium (Scheme 2) and possibly other interactions accompany-
ing protein binding. If observed, these shifts can be used to determine stoi-
chiometry and even affinity. Titrations may be carried out in either
direction; because it is the change in the PQQ spectrum associated with pro-
tein binding that is being monitored in these experiments, however, it is eas-
ier to start with PQQ in the cuvette and titrate protein into it.

For absorbance measurements, PQQ concentration is determined spec-
trophotometrically using €355, = 8963 M~ ' em ™!, which is an isosbestic
point between the two forms (Dekker et al., 1982). In our experiments,
we focused on binding stoichiometry, so the PQQ and PqqT concentrations
were >100-fold higher than the Ky to ensure full binding. Fig. 6A shows
that the UV—visible spectrum of PQQ is increasingly perturbed as PqqT
is titrated in; at the endpoint of the titration, the spectrum resembles that
of the unhydrated cofactor—suggesting that the protein specifically recog-
nizes it over the PQQ-hydrate.

The fluorescence spectrum of PQQ in aqueous solution (A, =375nm)
exhibits a broad emission centered at 488 nm. This spectrum was suggested
by early studies to be attributable largely to the PQQ-hydrate, with PQQ
itself having little or no fluorescence (Dekker et al., 1982). Prior titrations
of PQQ with PqqC showed a bathochromic shift of this emission to
Amax =442 1nm, accompanied by an enhancement of the fluorescence, upon
binding of PQQ to the enzyme (Magnusson et al., 2007). In the case of
PqqT, the fluorescence emission also exhibits a bathochromic shift in the
presence of the protein, but only to 470 nm, and the intensity of the resulting
signal decreases significantly compared to that of the cofactor in solution
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(Fig. 6B) (Ho & Cotruvo, 2019). We suggested that this might represent the
fluorescence spectrum of the unhydrated PQQ (which to the best of our
knowledge has not been definitively reported); however, the spectral shifts
of PQQQ accompanying binding to PqqT are not identical to those with
PqqC. Structural characterization of the PqqT-PQQ complex will help
to resolve this point.

Spectrofluorometric titrations can also be used to determine the
protein-PQQ Ky if the concentration of PQQ in the experiment is on a sim-
ilar order to the Ky. We refer the reader to Magnusson et al. (2007) for the
application of this approach to PqqC. Binding affinity can also be deter-
mined by ITC, which also provides other thermodynamic parameters such
as stoichiometry, enthalpy, and entropy change (Fig. 6C). For a practical
summary of the ITC technique, see Pierce, Raman, and Nall (1999); for
a more involved discussion of the theory, see Indyk and Fisher (1998).
A protocol for ITC study of PqqT is provided in Ho and Cotruvo (2019).

7. Summary

‘We have provided detailed protocols for expression, purification, and
characterization of proteins involved in lanthanide and PQQ utilization in
M. extorquens AM1. These proteins, the first representatives of the lan-
thanome to be characterized beyond the ADHs, illustrate the ability to use
the facile and ubiquitous E. coli expression platform to yield wild-type pro-
teins (without affinity tags) from either the cytosol or periplasm. With
defined protein expression and purification methods available and assay pro-
tocols developed, these methods can be easily applied to proteins from other
lanthanide-utilizing organisms to expand our knowledge of the biochemistry
of lanthanide and PQQ acquisition, trafficking, and utilization.
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