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One sentence summary: Rare earth elements control the expression of alternative methanol dehydrogenases in the model methanotroph, Methylosinus
trichosporium OB3b, providing new strategies for the manipulation of methanotrophic activity for multiple applications.
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ABSTRACT

It is well known that Methylosinus trichosporium OB3b has two forms of methane monooxygenase (MMO) responsible for the
initial conversion of methane to methanol, a cytoplasmic (soluble) methane monooxygenase and a membrane-associated
(particulate) methane monooxygenase, and that copper strongly regulates expression of these alternative forms of MMO.
More recently, it has been discovered that M. trichosporium OB3b has multiple types of the methanol dehydrogenase (MeDH),
i.e. the Mxa-type MeDH (Mxa-MeDH) and Xox-type MeDH (Xox-MeDH), and the expression of these two forms is regulated
by the availability of the rare earth element (REE), cerium. Here, we extend these studies and show that lanthanum,
praseodymium, neodymium and samarium also regulate expression of alternative forms of MeDH. The effect of these REEs
on MeDH expression, however, was only observed in the absence of copper. Further, a mutant of M. trichosporium OB3b,
where the Mxa-MeDH was knocked out, was able to grow in the presence of lanthanum, praseodymium and neodymium,
but was not able to grow in the presence of samarium. Collectively, these data suggest that multiple levels of gene
regulation by metals exist in M. trichosporium OB3b, but that copper overrides the effect of other metals by an as yet
unknown mechanism.
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INTRODUCTION ever, an alternative PQQ-MeDH that contains a rare earth ele-
ment (REE) in its active site also exists (Xox-MeDH), and this
form may actually be catalytically superior to Mxa-MeDH (Hibi
et al. 2011; Keltjens et al. 2014; Pol et al. 2014; Wu et al. 2015).
Early data suggested that expression of the alternative forms of
MeDH was not regulated by the (un)availability of REEs (Naka-
gawa et al. 2012), but it has been shown that in the presence
of cerium, expression of xoxF, encoding for the single subunit

In methanotrophs and methylotrophs, microbes that utilize
methane and/or methanol for growth, it was initially assumed
that methanol oxidation was performed in these microbes by
a calcium-containing pyrroloquinoline quinone (PQQ)-linked
methanol dehydrogenase (MeDH), or Mxa-MeDH (Williams et al.
2005). Recent genomic and biochemical evidence indicates, how-
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of Xox-MeDH increased in the «-Proteobacterium, Methylosinus
trichosporium OB3b, while expression of mxaF and mxal, encod-
ing for the large and small subunits of Mxa-MeDH, respectively,
goes down (Farhan Ul Haque et al. 2015). Subsequently, it was
shown that cerium and other REEs (lanthanum, praseodymium
and neodymium) exhibited a similar effect on MeDH expression
in the methylotroph, Methylobacterium extorquens AM1 (Vu et al.
2016). It was also later shown that cerium and lanthanum up-
regulate expression of xox genes, while repressing mxa genes
in the y-Proteobacterium, Methylomicrobium buryatense (Chu and
Lidstrom 2016).

One interesting finding was that although cerium controlled
expression of alternative forms of MeDH in methanotrophs
and methylotrophs, such regulation appears to be over-ridden
by the ‘copper-switch’ in methanotrophs (Farhan Ul Haque
et al. 2015). That is, some methanotrophs can express either a
cytoplasmic (soluble) methane monooxygenase (sMMO) or a
membrane-bound (particulate) methane monooxygenase
(pPMMO). Expression of these two forms is controlled by the
availability of copper, with sMMO only expressed when copper
is deficient, while pMMO expression increases with increasing
copper (Semrau, DiSpirito and Yoon 2010). In M. trichosporium
OB3b, expression of xoxF increased in the presence of cerium
regardless of the concentration of copper. In the absence of
copper, expression of mxaF and mxal, decreased, but cerium had
little effect on expression of these genes in the presence of cop-
per. Here, we extend these initial findings to determine if other
REEs also serve to regulate expression of alternative forms of
the MeDH, and if such regulation is also over-ridden by copper.

MATERIALS AND METHODS

Growth conditions

Wild-type M. trichosporium OB3b and the mxaF:Gm’' mutant
(where the gene encoding for the large subunit of the Mxa-MeDH
was disrupted via marker-exchange mutagenesis) were grown in
nitrate mineral salt (NMS) medium (Whittenbury, Phillips and
Wilkinson 1970) with methane as the only substrate as previ-
ously described (Farhan Ul Haque et al. 2016). The mxaF::GmF*
mutant was maintained with addition of 2.5 ug ml-! gentam-
icin and 25 M cerium (as CeCls). To test the effect of copper and
other lanthanides on gene expression, 10 uM copper (as CuCly)
and 25 uM lanthanides (i.e. lanthanum as LaCls, praseodymium
as Pr(NOs)3, neodymium as NdCl; and samarium as Sm(NOs3)3)
were supplemented to NMS medium when desired. The fol-
lowing metal salts were purchased from Fisher Scientific: CuCl,
(Catalog #C79-500), CeCl3*7H,0 (Catalog #AC211820250), LaCls
(Catalog #AC315230100), Pr(NO3);® 5H,0 (Catalog #AC194590500)
and Sm(NOs);*6H,0 (Catalog #AC316150250), while NdCl;®6H,0
was purchased from Sigma Aldrich (Catalog #289183). Cultures
were grown in triplicate and to late exponential phase before
harvesting for analysis of gene expression and metal distribu-
tion. All glassware for culturing experiments was acid-washed
overnight in 3 M nitric acid before use.

Metal measurements

After grown to late exponential phase, 20 ml cultures were har-
vested for metal analysis as described previously (Farhan Ul
Haque et al. 2015, 2016). Briefly, cells were centrifuged and cell
pellets were washed once in 10 ml fresh NMS medium before
being re-suspended in 1 ml of fresh NMS medium for storage at
-80°C. To analyze metal concentration associated with biomass,

samples were thawed at room temperature and 1 ml of 70%
(vol/vol) HNO; was added to cell suspension and digested for
2 h at 95°C with inversion every 15 min. Digested cell suspen-
sions were diluted with fresh NMS medium and nitric acid to
achieve a final concentration of 2% nitric acid and loaded to an
inductively coupled plasma mass spectrometry (ICP-MS 7900;
Agilent Technologies, Santa Clara, CA) for metal measurements.
The ICP standards of copper (Catalog #5C194), praseodymium
(Catalog #PPR1KN), neodymium (Catalog #PND1KN-100) and
samarium (Catalog #PSM1KN-100) were purchased from Fisher
Scientific. The standard of lanthanum was purchased from
Sigma Aldrich (Catalog #11523). The 1000 ppm stocks of stan-
dards were serially diluted to create standard curves at desired
range with correlation coefficient of >0.99. Protein concentra-
tions were converted from cell densities (as ODggo) measured
by Genesys 20 Visible spectrophotometer (Spectronic Unicam,
Waltham, MA). The correlation was obtained using Bradford as-
say (Bio-Rad Laboratories) as descried previously (Semrau et al.
2013). The background levels of copper and lanthanides in the
growth medium were measured and found to be: copper =8.0 &
0.6 nM, lanthanum = 4 + 2 nM, praseodymium = 2.3 + 0.07 nM,
neodymium 2.4 + 0.2 nM, samarium = 2.3 & 0.07 nM.

Nucleic acid extraction and cDNA synthesis

Actively growing cultures of M. trichosporium OB3b wild type un-
der different conditions were harvested at the late exponential
phase for Total DNA and RNA extractions. Total DNA was ex-
tracted using DNeasy Blood & Tissue Kit (Qiagen, Valencia, CA)
from cell pellets of 10 ml culture centrifuged at 5000 x g for
10 min, according to manufacturer’s instruction. Total RNA was
extracted following an already described protocol (Semrau et al.
2013). Briefly, cultures (9 ml) were harvested by adding 1 ml of
stop solution (5% buffer equilibrated phenol [pH 7.3] in ethanol)
and centrifugation at 5000 x g for 10 min at 4°C. Cell pellets
were re-suspended in 0.75 ml of extraction buffer. The samples
were transferred to 2-ml screw caped plastic tubes already con-
taining: 0.5 g of 0.1-mm zirconia-silica beads (Biospec Products),
35 ul of 20% sodium dodecyl sulfate and 35 ul of 20% sarkosyl.
The samples were homogenized in a mini-bead beater (1 min
at 4800 rpm). Total RNA was recovered from the samples and
subjected to DNase treatments as described previously (Semrau
et al. 2013). The RNA samples were further purified using RNA
Clean & Concentrator-5 (Zymo Reseach, Irvine, CA) according to
manufacturer’s instructions. PCR amplification of the 16S rRNA
gene was performed to check for any contamination of DNA and
further DNase treatments were performed until RNA was free of
any DNA contamination. Quantities of purified RNA were mea-
sured using a NanoDrop ND1000 spectrophotometer (NanoDrop
Technologies, Inc., Wilmington, DE). RNA samples were stored at
-80°C and used for cDNA synthesis within 2 days of purification.
First strand cDNAs were synthesized from DNA-free total RNAs
(500 ng) using Superscript III reverse transcriptase (Invitrogen,
Carlsbad, CA) according to the manufacturer’s instructions.

Quantitative PCR analyses

Quantitative PCR (qPCR) and reverse transcription-quantitative
PCR analyses were performed to quantify the expression of var-
ious genes in M. trichosporium OB3b wild-type cultures grown
under different concentrations of copper and REEs. Already de-
signed and tested gene-specific primers (Farhan Ul Haque et al.
2015) were used for gPCR amplifications. gPCR reactions were
performed in 96-well reaction PCR plates in a volume of 20 ul
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Table 1. Rare earth element (REE) uptake by M. trichosporium O3b wild type and mxaF::Gm" mutant as a function of the growth concentration of
copper and REE. Values presented are mean =+ standard deviation of triplicate cultures.

Strain Growth condition nmole REE ¢ (mg protein)~? % REE uptake
wild type 0 uM Cu 0 M REE 0.2+ 0.3 -
25 uMLa 80.9 + 4.7 9.1+14
25 uM Pr 94.6 +10.3 95.6 £ 1.7
25 uM Nd 94.2 +16.3 98.4 + 0.4
25 uM Sm 92.3+14.8 93.0£3.6
10 uM Cu 0 uM REE 0.1 +0.021* -
25 uM La 60.6 £ 6.5 91.9+0.7
25 uM Pr 783 +94 94.6 £ 6.4
25 uM Nd 87.4+59 983+14
25 uM Sm 84.6 £ 16.1 97.6 £0.9
mxaF::Gm" 0 uM Cu 0 xM REE NG -
25 uMLa 76.4 + 3.8 91.8 £0.2
25 uM Pr 78.0+£5.7 89.0+14
25 uM Nd 89.7 £ 9.7 96.5+ 1.6
25 uM Sm NG -
10 1M Cu 0 XM REE NG -
25 uM La 519+ 14 64.7 £0.7
25 uM Pr 59.4+3.0 81.2+1.0
25 uM Nd 67.0+£9.3 848+ 1.2
25 M Sm NG -
NG: no growth.

*Measured as the sum of La, Pr, Nd and Sm.

containing 0.8 11 cDNA/DNA, 1 x iTaq Universal SYBR Green Su-
permix (Bio-Rad), 0.5 uM of each of forward and reverse primers
and nuclease-free sterile water (Fisher Scientific, Pittsburgh, PA).
CFX Connect Real Time PCR Detection System (Bio-Rad, Her-
cules, CA) was used to run a three step qPCR program consist-
ing of an initial denaturation at 95°C for 3 min and 40 cycles of
denaturation (95°C for 20 s), annealing (58°C for 20 s) and ex-
tension (68°C for 30 s). To confirm the specificity, gPCR products
were subjected to melting curve analysis with temperature rang-
ing from 65°C to 95°C after the completion of amplification cy-
cles. The threshold amplification cycle (CT) values were then im-
ported from CFX Manager Software (Bio-Rad, Hercules, CA) into
Microsoft Excel to quantify the expression of different genes.
Calibration curves based on plasmid preparations with known
copy numbers for each gene were used to calculate the gene
transcripts per ng RNA and copy numbers per ng of DNA. The
average ratios of transcript number to copy number determined
from the RNA and DNA extracted from the same culture at the
same growth point, were represented as a measure of expres-
sion levels.

RESULTS

Methylosinus trichosporium OB3b wild type grew in the presence of
every tested REE (lanthanum, praseodymium, neodymium and
samarium) both in the presence and absence of copper (data not
shown). More than 90% of the added REE was found to be as-
sociated with biomass (Table 1), indicating that methanotrophs
appear to have a mechanism (as yet uncharacterized) for the
uptake of these metals. The mxaF::Gm" mutant of M. trichospo-
rium OB3b, able only to express Xox-MeDH, also was able to grow
in the presence of lanthanum, praseodymium, neodymium, but
not samarium (data not shown), and again, most of the added
REE was cell-associated (Table 1).

Quantitative PCR was then used to determine if the ‘copper-
switch’ was still operative under these conditions, and if, as

found earlier for cerium, expression of mxaF and mxal was not
affected by the presence of other REEs in the presence of cop-
per. As can be seen in Fig. 1, expression of pmoA and mmoX in
M. trichosporium OB3b wild type was not affected by the pres-
ence of any REE either in the absence or presence of copper, but
the ‘copper-switch’ was readily apparent, i.e. pmoA expression
increased in the presence of copper while mmoX expression de-
creased. Expression of mxaF and mxal, however, was significantly
reduced (P < 0.05) in the absence of copper when an REE was also
present (Fig. 2). In the presence of copper, expression of mxaF
and mxal was not affected by the presence of any REE. Finally,
expression of xoxF1 and xoxF2 increased in the presence of most
REEs regardless of the presence or absence of copper; the only
exception was expression of xoxF2 in the presence of samarium

(Fig. 3).

DISCUSSION

Here, we extend an earlier finding that cerium serves to reg-
ulate expression of alternative methanol dehydrogenases in
M. trichosporium OB3b (Farhan Ul Haque et al. 2015) and show
that other REEs, ie. lanthanum, praseodymium, neodymium
and samarium, also induce expression of Xox-MeDH and re-
press expression of Mxa-MeDH. Further, as found for cerium,
such control was only evident in the absence of copper, i.e. the
‘copper-switch’ appears to be of primary importance in control-
ling expression of genes involved in the conversion of not only
methane to methanol, but also methanol to formaldehyde.
Although samarium did affect expression of mxaF and mxal
in the absence of copper in M. trichosporium OB3b wild type,
its impact was comparatively less than that of lanthanum,
praseodymium and neodymium (Fig. 2), and samarium also
caused the lowest increase in expression of xoxF1 and xoxF2
(Fig. 3). Further, the mxaF:Gm" mutant was unable to grow in
the presence of samarium. Similar findings have been reported
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Figure 1. Expression analyses of pmoA (A) and mmoX (B) in M. trichosporium OB3b wild type grown in the absence of any rare earth element (no REE) or in the presence
of 25 uM Lanthanum (La), Praseodymium (Pr), Neodymium (Nd) or Samarium (Sm) with either 0 uM or 10 uM copper. Errors bars represent the standard deviation of
triplicate cultures. The values for columns within each plot labeled by different letters are significantly different (P < 0.05).

in M. extorquens AM1, where samarium was found to have rel-
atively weaker effects on growth in Mxa-MeDH mutant strains
(Vu et al. 2016). It was suggested that the relatively greater ionic
radius of samarium versus other REEs may either limit uptake
of samarium and/or insertion into Xox-MeDH. The ionic radius
of an element, however, depends on a number of factors, in-
cluding oxidation state and coordination number, and the ionic
radii of the REEs have great overlap (Shannon 1976). Our finding
that samarium was effectively taken up by both M. trichosporium
OB3b wild type and mxaF::Gm" mutant suggests that reduced
effect of samarium compared to other REEs is not due to lim-
ited bioavailability, but rather a reduced ability to correctly insert
samarium into Xox-MeDH, i.e. poor coordination with residues
that stabilize its localization within Xox-MeDH as well as en-
sure its effective coordination with PQQ for electron transfer.
It is recommended that Xox-MeDH in more methanotrophs be
structurally characterized to better determine the nature of the
metal-binding site in Xox-MeDH; to date only the Xox-MeDH
from Methylacidiphilum fumariolicum SolV, an acidophilic methan-
otroph of the Verrucomicrobia, has been studied to any great ex-
tent (Pol et al. 2014).

Although it is now apparent that methanotrophs strongly re-
spond to the presence of REEs, nothing is known as to how these
metals are sensed, collected or regulate gene expression. A re-
view of the literature reveals that the question of uptake of REEs
is actually poorly understood, likely due to the fact it was ini-

tially believed that REEs were nonessential as they had no es-
tablished biological function (Nakamura, Tagamio and Uchida
2006). Early studies found that cerium uptake varies widely, with
some bacteria taking up >80% of added cerium (e.g. Escherichia
coli and Aerobacter aerogenes) while others take up <25% (e.g. Ser-
ratia marcescens and Pseudomonas vulgaris). In fact, uptake can
vary widely within specific genera, i.e. Streptomyces flavovirens
has been shown to take up >75% of added cerium while S. virid-
oflavus collects <25% (Johnson and Kyker 1961). It has been ar-
gued that such uptake is largely passive (Johnson and Kyker
1961), but others have found that microbes can actively oxidize
cerium (Moffett 1990). This result, coupled with the finding that
REEs control the expression and activity of MeDH in methan-
otrophs, and that most of the added REEs are associated with
biomass, however, suggest an uptake mechanism for REEs ex-
ists in at least some microbes.

Equally unknown is the basis by which REEs control gene
expression in methanotrophs. At this time, expression of only
four genes in M. trichosporium OB3b has been shown to be af-
fected by the presence of REEs, i.e. mxaF and mxal (which are co-
expressed on the same polycistronic transcript), and xoxF1 and
x0xF2 (which have different transcripts). Scanning of the pro-
moter regions of these genes indicates that there is one unique
sequence found in all: CGA(T/C)(G/A)TGACC. This sequence has
also been found in the promoter regions of over a dozen genes
in the genome of M. trichosporium OB3b. The majority of these
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Figure 2. Expression analyses of mxaF (A) and mxal (B) in the M. trichosporium OB3b wild type grown in the absence of any rare earth element (no REE) or in the presence
of 25 uM Lanthanum (La), Praseodymium (Pr), Neodymium (Nd) or Samarium (Sm) with either 0 xM or 10 uM copper. Errors bars represent the standard deviation of
triplicate cultures. Lower error bars are not visible for Pr with 0 M Cu for both mxaF and mxal and Sm with 10 xM Cu for mxaF as the standard deviation is larger than
the mean. The values for columns within each plot labeled by different letters are significantly different (P < 0.05).

encode for proteins of unknown function, but one is annotated
as a TonB-dependent transporter (data not shown). It is tempt-
ing to speculate that this sequence may serve as binding site
for some regulatory protein that differentially regulates expres-
sion of genes encoding for Mxa- versus Xox-MeDH (and perhaps
other proteins) in response to REEs, and the TonB-dependent
transporter may be involved in their uptake.

It should be stressed that although mxaF and mxal expres-
sion decreased in the presence of REEs, this was only in the ab-
sence of copper. In the presence of copper, mxaF and mxal ex-
pression was not reduced with the concurrent addition of an
REE, although xoxF1 and xoxF2 expression did increase. These
data indicate that the mxa operon is controlled by both REEs and
copper, but that copper is the primary regulator. Scanning of the
promoter regions of genes clearly shown to be upregulated with
respect to copper, e.g. pmoA, mxaF and mxal finds one consen-
sus sequence: TATT(G/T)CA(C/T)GT. Further, examination of the
entire genome of M. trichosporium OB3b indicates that this se-
quence is found in the promoter region of many genes encod-
ing for proteins of unknown function. It is tempting to specu-
late that this sequence is important for the copper regulation of

these genes. Itis also interesting to note that the mxa operon was
the only operon found to have both putative copper and cerium
regulatory sequences.

In conclusion, we demonstrate that a range of REEs af-
fect the expression of alternative methanol dehydrogenases
in M. trichosporium OB3b, but such control is only apparent in
the absence of copper. Further, growth of the mxaF::Gm" mu-
tant of M. trichosporium OB3b was not observed in the pres-
ence of samarium, but did occur in the in the presence of
lanthanum, praseodymium and neodymium, suggesting that
these metals enable Xox-MeDH to become active, but samarium
cannot.
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Figure 3. Expression analyses of xoxF1 (A) and xoxF2 (B) in the M. trichosporium OB3b wild type grown in the absence of any rare earth element (no REE) or in the presence
of 25 uM Lanthanum (La), Praseodymium (Pr), Neodymium (Nd) or Samarium (Sm) with either O M or 10 xM copper. Errors bars represent the standard deviation of
triplicate cultures. The values for columns within each plot labeled by different letters are significantly different (P < 0.05).
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