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A novel in-silico model explores LanM
homologs among Hyphomicrobium spp
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James J. Valdés ® 204, Daniel A. Petrash ®3#0< & Kurt O. Konhauser ®°

Investigating microorganisms in metal-enriched environments holds the potential to revolutionize the
sustainable recovery of critical metals such as lanthanides (Ln*"). We observe Hyphomicrobium spp.
as part of a Fe*'/Mn?"-oxidizing consortia native to the ferruginous bottom waters of a Ln*"-enriched
lake in Czechia. Notably, one species shows similarities to recently discovered bacteria expressing
proteins with picomolar Ln®" affinity. This finding was substantiated by developing an in-silico ionic
competition model and recombinant expression of a homolog protein (Hm-LanM) from
Hyphomicrobium methylovorum. Biochemical assays validate Hm-LanM preference for lighter Ln®"
ions (from lanthanum to gadolinium). This is comparable to established prototypes. Bioinformatics
analyses further uncover additional H. methylovorum metabolic biomolecules in genomic proximity to
Hm-LanM analogously dependent on Ln*", including an outer membrane receptor that binds Ln*"-
chelating siderophores. These combined observations underscore the remarkable strategy of
Hyphomicrobium spp. for thriving in relatively Ln*" enriched zones of metal-polluted environments.

Emerging clean technologies are driving the global demand for Ln**, also
known as rare earth elements (REEs). Within the next decade, demand for
Ln*" is expected to increase ninefold, potentially surpassing known
resources in 2035'. Currently, the separation, concentration, and pur-
ification of Ln’" involve resource-intensive, energy-demanding metallur-
gical processes with significant environmental impact. China dominates the
production and consumption of Ln**, supplying over 80% of the world’s
demand and controlling ~75% of the global market’. As the value of Ln**
increases, so will their environmental impacts and possibility to fuel inter-
national conflicts*’. Therefore, implementing innovative, eco-friendlier,
and cost-effective alternatives for the extraction and recovery of Ln** is
crucial to curb environmental degradation, ease geopolitical tensions, and
secure a sustainable supply of these critical metals.

Biotechnological advances in the recovery of Ln*" is foreshadowed by
lanmodulin (LanM)®™®, a periplasmic protein expressed by the Alphapro-
teobacteria Methylobacterium extorquens (Mex-LanM). Mex-LanM has a
high affinity for Ln** at picomolar concentrations’, demonstrating its strong
lanthanophilic nature. LanM homologs have been identified among the
nitrogen-fixing Alphaproteobacteria genus, Bradyrhizobium’, and in the
methylotroph Beijerinckiaceae, strain RH AL1'". Three physicochemical
properties attributed to the apparent uniqueness of Mex-LanM’ involve
residues at specific EF-hand (EF1 - EF4) motif positions that stabilize
binding (Supplementary Figs. S1 and S2 and Supplementary Table S1)"' or

contribute to the high selectivity of Ln*" over calcium (Ca**)” — Ca** being
the native ion for most proteins with EF-hands'’. Mutating these residues
decreases the selectivity of Ln*" over Ca***'". A fourth distinguishing
property of Mex-LanM is the reduced number of intra-residues between EF-
hands (~12 residues) compared to most proteins with EF-hands’. Guten-
thaler et al. found that isolated Mex-LanM EF-hand peptides are capable of
binding Ln** over Ca’, albeit at micromolar concentrations due to a lack of
motif residues fully coordinating Ln’*'". Therefore, the intra-residues
between Mex-LanM EF-hands are considered critical for the affinity of Ln’*.
A recently discovered distant Mex-LanM homolog from Hansschlegelia
quercus (Hans-LanM) forms dimers during the binding process of dis-
tinct Ln** "%,

The Ln’*" utilization and transport (luf) cluster refer to exclusive bio-
molecules involved in microbial metabolism of Ln** '°. LanM is a genome
marker for proximal genes encoded within the lut-cluster, such as the
intracellular transport and/or trafficking of Ln** '. While microbes usually
produce extracellular siderophores as iron scavengers, a select group of
siderophores can potentially function as chelators Ln**, known as
lanthanophores™“"®. Recently discovered is the methylolanthanin (mll)
cluster of Methylobacterium aquaticum responsible for biosynthesizing a
lanthanophore for the complexation of Ln*" . Other studies have postu-
lated on the sbn gene cluster in Methylorubrum spp. biosynthesizing an
analog of the Fe-chelating, o-hydroxycarboxylate siderophore,
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staphyloferrin B". At the front-line in Methylorubrum trafficking of Ln’" is
the outer membrane TonB-dependent transporter (TBDT). Bioinformatics
and experimental analyses have identified the sbn-cluster as responsible for
Methylorubrum TBDT-mediated Ln’" trafficking"”.

The presence of REEs triggers a “Ln’" switch” in some microbes
that possess both Ln’"- and Ca**-dependent proteins leading to an
overexpression of the periplasmic dehydrogenase XoxF. The “Ln**
switch” is mediated by TBDT, LanM, ABC transporters, and histidine
kinases™'****'. Microbial methanol oxidation via XoxF activation
relies on Ln**-bound pyrroloquinoline quinone (PQQ)'. Addition-
ally, in Pseudomonas putida KT2440, the “Ln’* switch™ involves two
distinct pathways regulated by two PQQ-dependent (alcohol/
methanol) dehydrogenases whose expression inversely responds to
the presence or absence of Ln** *'. Both sbn siderophore and PQQ are
independently known to stimulate microbial growth'””* and solubi-
lize Ln’" complexes'”*. However, not all microbes require lantha-
nophores if environmentally available Ln’* are in dissolved form that
can be passively absorbed or transported, such as through ion
channels. For instance, the extremophilic Methylacidiphilum fumar-
iolicum SolV, which inhabits volcanic mudpots with highly solubi-
lized (ionic) concentrations of Ln*", most likely do not require the
active acquisition of lanthanophores in TBDT-mediated Ln’"
trafficking'***.

Only 126 microbes, mainly gram-negative bacteria, are known to
possess the five genes (encoding PqqA, PqqB, PqqC, PqgD, and PqqE)
required for PQQ biosynthesis”. More than two decades ago, a Hyphomi-
crobium sp. was discovered that produces a high yield of extracellular
PQQ™. As facultative methylotrophs, Hyphomicrobium spp. oxidize
methanol to formaldehyde via a PQQ-dependent methanol dehydrogenase.
They exhibit metabolic flexibility, thriving on a variety of carbon and energy
sources, particularly methylated compounds. Hyphomicrobium spp. are
capable of both aerobic and nitrate-driven organic respiration (deni-
trification). Some Hyphomicrobium spp. are putative Mn-oxidizers” since
their distribution spans a range of subsurface, typically manganous habitats
(Supplementary Table S2). Nonetheless, this metabolic capability remains to
be proven.

The ferruginous bottom waters of the post-mining Lake Medard, NW
Bohemia (Sokolov, Czechia) contain up to 31 uM of Fe’* and Mn** *. This
feature is due to an anoxic (O,-depleted) groundwater influx carrying
metals sourced from the weathered lake bedrock. This bedrock also includes
a mined Ln*"-enriched lignite seam”. Near the sediment-water interface,
the solubility of Ln*" is governed by complexation with Fe** and Mn®"*"
oxyhydroxide nanoparticles”. These nanoparticles cluster with organic
matter at the oxic-anoxic boundary zone of the water column, forming
aggregates above the lake’s redoxcline. Bacteria below this redoxcline
interact with the reactive organomineral aggregates through reductive dis-
solution and electron exchange. In addition to aggregate reactivity, micro-
bial lanthanophore trafficking mechanisms may enhance the solubility of
Ln’" in the water column.

While the role of Hyphomicrobium spp. as Mn*" oxidizers remain
unproven under the aforementioned conditions, their diverse metabolic
capabilities, particularly in environments rich in methylated compounds,
underline their ecological significance. These bacteria thrive in various
habitats where methylotrophy is prevalent (Supplementary Table S2),
highlighting their adaptability and potential important role in biogeo-
chemical cycles involving carbon and transition metal respiration’*’". The
environmental availability of Ln** enhances specific microbial metabolisms,
in particular methylotrophy”*. Incidentally, similar to M. extorquens,
some Hyphomicrobium spp. express the gene cluster responsible for
methanol oxidation®. Herein, our novel in-silico competition model for
ionic binding reveals homologous Hyphomicrobium LanM proteins. Inte-
grating the hydrochemistry and geomicrobiology of Lake Medard, our
findings suggest that discrete Hyphomicrobium spp. possess an adaptable
Iut-cluster suited for environments enriched in Ln**.

Results

Hyphomicrobium spp. across the redoxcline

Building upon the biogeochemical features of Lake Medard bottom waters
(Fig. 1A-D), the distribution of Hyphomicrobium spp. aligns with the
unique redox gradients and dynamics of Ln*" resulting from interactions
between the redox-stratified water column, the planktonic microbiome
inhabiting it, and the sediment-water interface. Within the microbial niche,
a pronounced co-location of Hyphomicrobium spp. is observed in the
microaerophilic zone above the redoxcline (Fig. 1E), where they constitute a
substantial portion (0.9%) of the normalized microbiome. However, the
relative abundance of Hyphomicrobium spp. sharply declines within this
microaerophilic zone (<0.2%), with a complete absence below 52 m of
depth (Fig. 1E).

The distribution pattern of Hyphomicrobium spp. at Lake Medard
corresponds with biologically mediated respiration processes that control
the precipitation, mineralogical transformation, and dissolution of Fe(III)
and Mn(IILIV) oxyhydroxides within the lake water column®*%".
Complexation of Ln*" (Supplementary Fig. S3) with insoluble iron oxy-
hydroxides formed in the chemocline may exert selective environmental
pressure, particularly in microbial communities engaging in methylotrophy,
driving microbial adaptation towards more efficient lanthanide uptake
strategies'™*". A comprehensive analysis of the microbial amplicon dataset of
Lake Medard” revealed 11 out of 12 unassigned/uncharacterized Hypho-
microbium spp. within this zone (Supplementary Figs. S4). Their phyloge-
netic placement forms distinct clades separate from well-characterized
species. Notably, one Hyphomicrobium sp. (NCBI accession: MN664022)
predominantly exists at 52 m, where Fe’*- and Mn*"-reduction becomes
more prevalent (Fig. 1B). This distinct species is closely related to H. album
and clusters with H. methylovorum, H. denitrificans, and H. facile (Fig. 1F,
and Supplementary Fig. S4), which also inhabit sites enriched with Ln**
(Supplementary Table S2). Below 52 m, marking a notable shift in the lake’s
geochemical environment (ie., the hypolimnion-monimolimnion inter-
face), peak dissolved concentrations of Ln** (Z[REE] = 711 pM) are
recorded within the anoxic waters (Fig. 1C, and Supplementary Table S3).

A collection of putative Hyphomicrobium LanM proteins

Recent bioinformatics by Cotruvo and co-workers revealed 696 Mex-LanM
homologs—a sub-group contained remote homologs, including Hans-
LanM". Herein, a protein PHI-BLAST*’ against the entire non-redundant
NCBI database, solely based on the EF-hand Ln** binding motif (Supple-
mentary Fig. S1), resulted in 298 protein sequences with high similarity to
Mex-LanM (49-70%). After selecting proteins that express a signal peptide
and removing duplicates (>90% identical), 52 sequences predominantly of
Alphaproteobacteria origin were retained (Supplementary Table S4). The
most represented Alphaproteobacteria families (genera) include Nitro-
bacteraceae (Bradyrhizobium, Tardiphaga, and Rhodopseudomonas) and
Hyphomicrobiaceae (Hyphomicrobium, Methyloligella). Streptomyces pur-
purogeneiscleroticus, a member of the Actinomycetia class (family Strepto-
mycetaceae), was also identified. Bacterial genera such as Hyphomicrobium,
Beijerinckia, Methylocystis and Streptomyces (Supplementary Table S4)
particularly thrive in the bottom-water column of Lake Medard (Fig. 1F and
Supplementary Fig. $4)"*"".

All 52 proteobacterial LanM homologs we identified feature four EF-
hands (Fig. 2A), with short intra-residues and one to three D;-N; sub-
stitution(s) at the first motif position (Fig. 2A). These are among the attri-
butes that contribute to the unique Ln** binding properties of LanM’.
Although motif positions D3 and E;, are highly conserved in all 52 LanM
homologs, approximately half of the homologs vary in motif residue com-
position. Specifically, the homologs contain residue substitutions at posi-
tions Dy, Py, Ds, T; and Dy (Fig. 2A). These substitutions, specifically at
motif positions Dy, P,, and Dy, are attributed to a higher preference for light
rather than heavy REEs (LREEs vs. HREEs)—as in the remote LanM
homolog from H. quercus (Hans-LanM). The prototypal Mex-LanM
(Supplementary Fig. S1) preference for REEs is not specific*'"".
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Fig. 1 | The hydrochemistry of the bottom-water column of Lake Medard. A The
strongly redox stratified water column is characterized by circumneutral pH. The
redoxcline (i.e., inflection point in the Eh curve) is shown. B In the O,-depleted water
column, dissolved Mn>" and Fe’" concentrations vary with depth®, while light
(LREE: lanthanum (La) through Europium, Eu) and heavy REE (HREE: gadolinium
(Gd) through lutetium (Lu)) concentrations follows the trend imposed by particu-
late Fe’* and Mn*" dissolution. C The sum of dissolved LREEs and HREEs con-
centrations sourced from the lake bedrock, coal post-mining spoils, and underlying
Miocene rift lake sediments. D The molar ratio of Dy’" and Nd**, as a proxies for

MN647626 Hyphomicrobium album
= yp

———— NRO025082 Hyphomicrobium sulfonivorans
NRO74189 Hyphomicrobium denitrificans
NR025048 Hyphomicrobium chloromethanicum
NRO027611 Hyphomicrobium facile

8 NR113655 Hyphomicrobium methylovorum

0.020

LREE:HREE partitioning, respectively, in the O,-depleted Lake Medard water col-
umn. E The normalized abundance of Hyphomicrobium spp. (y-axis) indigenous to
the Lake Medard (LM) bottom-water column (x-axis). Data was collated from the
LM microbial amplicon dataset”. F A clade from the Hyphomicrobium-based 16S
rRNA neighbor-joining phylogenetic tree, with outgroup (Supplementary Fig. $4),
showing the top 4 classified Hyphomicrobium spp. possessing LanM homologs
(Fig. 2, and Supplementary Figs. S5) and the Lake Medard-dwelling Hyphomicro-
bium spp. (NCBI accession number only) related to H. album. The scale bar (bottom
right corner) and bootstrap values >50% are shown.

A protein-based phylogram based on the EF-hand motifs represents
homologs among Beijerinckia, Hyphomicrobium Methyloligella, Methylo-
cystis and Streptomyces clustering with LanM, with Hyphomicrobium (11
species) being the predominant genus (Fig. 2B and Supplementary Fig. S5).
Accordingly, the primary and tertiary structures of four classified Hypho-
microbium spp. were compared to Mex-LanM (Supplementary Fig. S6).
Mex-LanM EF-hand primary sequence conservation ranges, in descending
order, as EF2 > EF3 > EF4 > EF1. Among these homologs, the H. facile
sequence reveal four EF-hand motifs without the D;-N; substitution. All
four Hyphomicrobium-predicted tertiary structures are strikingly similar to
Mex-LanM (Fig. 2C).

The Hyphomicrobium lut-cluster for metabolizing REEs
Phylogenetically relevant to the Hyphomicrobium sp. at 52 m depth in Lake
Medard (Fig. 1F) and other model sites (Supplementary Table S2), the NCBI
genomes of H. album and H. methylovorum were analyzed. The methanol/
ethanol PQQ-dependent dehydrogenase genes are located 2.5 kbp down-
stream and 11.3 kbp upstream to their respective LanM encoding genes
(Fig. 3). The predicted structures of these Hyphomicrobium PQQ-
dependent (alcohol/methanol) dehydrogenase are comparable to the
resolved XoxF, a Ln’"-dependent PQQ-dependent (alcohol/methanol)
dehydrogenase found in the periplasmic space of Methylomicrobium
buryatense, with an a-carbon backbone deviation of ~1.2 A (Supple-
mentary Fig. S6). H. album has a single Asp-Ala substitution within the
dehydrogenase active site (Supplementary Fig. S6), which may reduce PQQ
binding efficiency”. However, these Hyphomicrobium PQQ-dependent
(alcohol/methanol) dehydrogenases are part of the gene cluster encoding
dehydrogenases moxJ and moxG that are dependent on Ca*', unlike the
XoxF-type, REE-dependent counterparts™.

Upon detailed inspection of both genomes, H. methylovorum encodes
an moxF-xoxF gene 5.8 kbp downstream of its LanM gene, which is absent
in H. album (Fig. 3). The closest homolog found during protein structure
prediction of the H. methylovorum moxF-xoxF gene product (HmXoxF)
was the XoxF1-type methanol dehydrogenase, bound to PQQ complexed
with the REE neodymium, from Methylacidimicrobium sp. AP8*. HmXoxF
exhibits 62% sequence similarity to XoxF1, and the predicted structure of
HmXoxF shows an a-carbon backbone deviation of 0.4 A compared to
XoxF1 (Fig. 3, inset). The active site of XoxF1, complexed with PQQ-
neodymium, is highly conserved in HmXoxF (Fig. 3, inset).

BLAST analysis confirms that M. extorquens possess the sbnA — sbnH
encoding genes responsible for synthesizing siderophore analogs of sta-
phyloferrin B (SE8)"". On the one hand, H. album and H. methylovorum
sbnH were identified, while sbnD (H. methylovorum) and sbnA (H. album)
are also present. On the other hand, these Hyphomicrobium spp. are
equipped with the obligatory encoding genes for extracellular PQQ pro-
duction. The percent sequence conservation for these findings are indicated
(Supplementary Tables S5 and S6). Notably, the sbnH gene product
homologs in Hyphomicrobium are diaminopimelate decarboxylases, which
are required for microbial hydroxamate siderophore biosynthesis, such as
ferrioxamines'”*’, and may be transported by TBDTs.

The genomes of M. extorquens, H. methylovorum, and H. album
encode 22-24 TBDT genes. Of these TBDTS, 15 from M. extorquens, 9 from
H. album, and 8 from H. methylovorum are >600 amino acids long and
contain a signal peptide. In contrast to the gene encoding the M. extorquens
TBDT (MeTBDT), which is adjacent to the Mex-LanM gene'’, the H.
methylovorum and H. album TBDT genes are slightly farther from their
respective LanM protein-encoding gene (Fig. 3). The H. methylovorum
TBDT is 19.7 kbp downstream of its LanM gene, with the H. album being
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Fig. 2 | LanM homologs. A Web-logo™ generated graph-based on the EF-hand
loops of the Mex-LanM homologs (1 = 52). The conserved D; and E,, of each EF-
hand loop are labeled; * = position 9. The Roman numerals distinguish whether the
homologs express one, two, three or four EF-hand loops with a conserved motif
position D;. B Neighbor-joining phylogram based on the EF-hand loop sequences of
the 52 identified proteobacteria homologues that describe similarities with LanM
(red outline). The Mex-LanM sub-clade is the shaded region. Hyphomicrobium spp.
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That were additionally computationally analyzed are underlined in green. The
branch length scale bar is 0.05 and bootstrap values above 50% are shown. C, above
The primary sequences of each Hyphomicrobium EF-hand with percent similarity
(parenthesis) compared to Mex-LanM indicated. The asterisks denote conserved
residues. C, below The Hyphomicrobium tertiary structures color-traced from the
amine-terminus (red) to the carboxy-terminus (purple) structurally aligned with
Mex-LanM (grey). The EF-hands are labeled.

flanked by two TBDTs, 12.6 kbp upstream and 19.7 kbp downstream (Fig. 3
and Supplementary Fig. S7).

In-silico MeTBDT and H. methylovorum TBDT (HmTBDT) side-
rophore binding was investigated using a-hydroxycarboxylates, catecho-
lates, and hydroxamates (Supplementary Results and Supplementary
Figs. S8-S11). Siderophore binding with H. album TBDTs were unde-
termined due to its in-silico structural instability (Supplementary Results
and Supplementary Figs. S7 and S8). The MeTBDT siderophore binding
and MD simulations corroborate the lanthanophore analog experiments
regarding Methylobacterium sbn (Supplementary Results and Supplemen-
tary Figs. S8 and $9)". Ferrioxamine G (FOG) was the top hydroxamate
siderophore for HmTBDT, with favorable binding scores and active site
conformations (Supplementary Results and Supplementary Fig. S10). A
simulation of 500-ns MD on HmTBDT-FOG presents the active site
interacting residues that are conserved upon TBDT-siderophore binding
(Supplementary Results and Supplementary Figs. S10 and S11).

Mex-LanM vs. select Hyphomicrobium LanM structures during
ionic competition

Molecular dynamics (MD) simulations can model nano-events pertaining
to LanM binding using recently established trivalent metal (i.e., Ln’") force
fields, allowing for the estimation of atomic distances and free energies
consistent with experimental results***. The nuclear magnetic resonance
(NMR) structures of Mex-LanM (Fig. 4A)"" and calbindin from Rattus
norvegicus” serve as MD benchmarks for the in-silico ionic competition
model (Supplementary Results and Supplementary Figs. S12-S14), pre-
ceding the assessment of Hyphomicrobium LanM homologs (Fig. 2C).
Substitution at the first motif position (D;-N; ) of EF4 in Mex-LanM causes a
lower Ln’" binding affinity, shifting from picomolar to micromolar
concentrations™"'. This lower affinity for Ln** results in the absence of a
fourth ion in the Mex-LanM resolved structure (Fig. 4A and Supplementary

Fig. S1). Despite this, the EF4-Ln’" affinity remains higher than the LanM-
Ca’* binding affinity, which is in the millimolar range™"'. Four Mex-LanM
replicates illustrate ionic preference for Ln*" over Ca’*, maintaining EF4
distances 5-9 A throughout the simulated competition (Supplementary
Fig. S12A, S12B). The ion positions for each replicate were swapped and
these subsequent simulations reveal that 11 replicates (out of 12) show high
preference for Ln®" over Ca’*, confirming the validity of our in-silico
competition model (Supplementary Fig. S12C-S12D). The MD simulations
show Ln’* occupying the EF4 site, while Ca** remains exposed to the
solvent, away from the Mex-LanM structure (Supplementary Fig. S13).

Calbindin EF1 shows the highest affinity for Ln*" among its EF-hands,
while EF2 and EF6 lack ion binding capability'*”. Therefore, calbindin EF1
and EF5 serve as additional qualitative positive controls, and their adjacent
loops, EF2 and EF6, as negative controls (Supplementary Fig. S14) for
benchmarking our in-silico ionic competition model. As in the Mex-LanM
EF4 jonic competition (Supplementary Fig. S12), only 1/3 of replicates show
Ln’* approximating the lower affinity calbindin EF5 (Supplementary
Fig. S14). By contrast, the higher affinity EF1 of calbindin binds Ln**, instead
of Ca’*, in 1/2 of the replicates. Additionally, there was only a 15% margin of
error for binding the negative control EF-hands, EF2 and EF6 (Supple-
mentary Fig. S14), that were apparent artifacts during the MD simulations
(Supplementary Results).

Yttrium (Y*"), a chemically similar REE, was used to exclusively test
Mex-LanM EF4 binding in the in-silico model. Three 20-ns MD replicates
were simulated for Mex-LanM EF4-Y** binding using the lowest energy
NMR conformation (Fig. 4A, B)'". In all three replicates, the Y>* ion initially
approaches 5~70 A from the Mex-LanM EF4 until forming monodentate
contacts with residue E119 (E;,) in within 10 ns (Fig. 4B). Additional Y**
contacts form with EF4 residue D110 (Ds), while contacts with E119 begin
alternating in denticity, mainly forming bidentate bonds at ~2.8 A (Sup-
plementary Table S7). The replicates were then simulated to complete 1-ps
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Fig. 3 | The Hyphomicrobium lut-cluster. The regional genomic schematic gen-
erated using the R-based genoPlotR package® represents the H. methylovorum
(NZ_QHJE00000000.1) bidirectional genes within 20 kbp of the LanM protein
encoding gene (EF). The matrix depicts the parallel, genomic relationship with H.
album (NZ_WMBQ00000000.1). H. methylovorum lut-cluster are in cyan lettering.

HmXoxF
XoxF1

The scale bar (left-middle) indicates the level of gene homology. (Inset) The struc-
tural alignment is based on the predicted HmXoxF (green) and XoxF1 PQQ-
dependent (alcohol/methanol) dehydrogenase structures (grey; PDB: 706Z). The
active site (left inset) depicts the conserved XoxF1 residues coordinating
neodymium-PQQ.

MD (Supplementary Results) for EF4 to fully coordinate Y** (Fig. 4C).
While fully coordinated, each EF-hand maintains the P,-D; hydrogen bond
that stabilizes the binding of Ln’" (Supplementary Fig. S1) with average
distances of ~2.5 A (Supplementary Table S8). Interactions between the
Mex-LanM N-terminus and the loop EF4, which influence motif residue
coordination and water occupancy (Supplementary Figs. S13 and S15),
accounts for its lower affinity™ "',

During ionic competition, Hyphomicrobium EF1-EF3 maintained
bound Y** ions, with an additional Y>* and Ca** positioned equidistant from
the EF4 (~15 A), similar to the Mex-LanM MD simulations (Supplementary
Fig. $12). Among the Mex-LanM homologs, those from H. methylovorum
and H. album performed best, with 4 out of 5 replicates showing a preference
for Y’* binding over Ca’" at EF4 (Fig. 4D). The Y*" distances for these
Hyphomicrobium LanM proteins (Fig. 4D), specifically H. methylovorum,
approximate <5 A toward EF4. Comparatively, the distances for Mex-LanM
during ionic competition are higher (>5 A; Supplementary Fig. S12). The
two remaining Hyphomicrobium LanM homologs maintain further EF4-Y>*
distances, but still mostly outperforming Ca** (Fig. 4D).

The lanthophilic protein of H. methylovorum shows high pre-
ference for LREEs

The lanthophilic protein of H. methylovorum, designated Hm-LanM,
exhibits higher homology to Mex-LanM (58%) compared to Hans-LanM
(33%). This suggests that Hm-LanM could be highly crucial in Ln**
metabolism'® at relevant environmental sites (Figs. 1 and 2, and Supple-
mentary Table S2). We hypothesize that Hm-LanM exhibits a high pre-
ference for REEs over Ca’*. To test this, the Hm-LanM gene was expressed
in Escherichia coli Rosetta (DE3) cells and protein binding was examined
with La**, europium (Eu’*), and ytterbium (Yb**) as respective repre-
sentatives of more reactive LREE (i.e., have no paired electrons in their 4f
orbitals, and with atomic numbers 57 to 64), middle REE (MREE, Sm to Ho
which exhibit intermediate electron configurations), and HREE (Gd to Lu),
which have paired 4f electrons, and are less reactive than LREEs. Circular
dichroism (CD) spectral analyses indicate that the recombinant Hm-LanM
undergoes distinct conformational shifts at 222 nm under subsaturated
concentrations of REEs. Interactions with MREE and LREE form a-helical
structures, while interaction with HREE results in a less defined helix
(Fig. 5A).

The molecular weight (MW) of the unbound Hm-LanM apo-structure
is 11.5 kDa (Supplementary Fig. S16), with an estimated isoelectric point of
4.7—both properties similar to Mex-LanM’. The REE-bound Mex-LanM is
strictly a monomer ata MW ~ 15 kDa”"*. We used an 0.05% sodium lauroyl
sarcosinate (sarkosyl) SDS-PAGE as a time-efficient and cost-effective
method to detect dimer formation’'. Gel electrophoresis determines that
Hm-LanM approximates a higher MW upon REE exposure. Incubating
Hm-LanM with LREE results in a formation at 27.5 kDa, while an additional
lower MW band occurs in the presence of MREE and HREE (Supple-
mentary Fig. S17). Treatment with Ca*" strictly produces this lower MW
band determined at 22.1 kDa. Considering that chelators compete for metal
binding, high concentrations of EDTA with Hm-LanM also produces a
prominent lower MW form.

Hm-LanM (8.7 uM), when saturated with LREE (1 mM), shows
exceptional resilience and stability by maintaining the 27.5 kDa structure
(Supplementary Fig. S17) despite extreme urea concentrations (920:1 urea
to protein ratio), which often causes protein denaturation (Fig. 5B). Con-
sidering that chelators compete for metal binding, high concentrations of
EDTA (10:1 EDTA:LREE) partially degraded the Hm-LanM complexed
with LREE as evidenced by both MW forms being present (Fig. 5B). A
decrease in MW was triggered only by combining EDTA and urea (Fig. 5B),
indicating that LREE incorporation enhances the structural integrity of Hm-
LanM. The band formation at 22.1 kDa, caused by EDTA, thus corresponds
to the Hm-LanM apoprotein, while the 27.5 kDa MW is an REE-bound,
monomer structure (Fig. 5B and Supplementary Fig. S17).

At lower REE concentrations, Hm-LanM (8.7 uM) forms a 27.5 kDa
structure at ~5 equivalents (equiv.) of LREE (Fig. 5C and Supplementary
Fig. $17). Indeed, the larger Hm-LanM form appears to occur with higher
MREE concentrations (23 equiv.), but not with HREE. Consistent exposure
to Ca’" results in the formation of the apoprotein version of Hm-LanM
(Fig. 5C and Supplementary Fig. S17). These prevalent protein complexa-
tion patterns reinforce the natural binding preference of Hm-LanM, with
LREE > MREE > HREE over Ca®".

Discussion

Our study demonstrates that trivalent MD force fields*™ are effective
for simulating ionic preference between Ca*" or Ln** for LanM proteins
(Fig. 4, and Supplementary Figs. S12-S15). Conventional MD protocols

46-48

Communications Biology | (2024)7:1539


www.nature.com/commsbio

https://doi.org/10.1038/s42003-024-07258-3

Article

Lanmoduling,e
B Lanmodulin,g,

EF4

C

—Rep1 —Rep2 —Rep3

D116 (D)

T114 (T)

1‘0 1I5 2‘0 D112 (Ds) D110 (D3)
Time (ns)
H. methylovorum H. album

%**%

8

8

3

i ] * | Ca*

e

H. denitrificans

H. facile

N
&

Distance to EF4 (A)

8

8

H

n,

m Y

IS
8

8

a :
\

°

) | om0 oano
5 3

141

Fig. 4 | Mex-LanM EF4 binding and Hyphomicrobium ionic competition. A The
superimposed Mex-LanM starting pose (grey) and end conformation (red) after 20-
ns MD. The amine-terminus (N-term) and carboxy-terminus (C-term), EF-hands
and E119 are labeled. The grey-cyan Y** spheres are MD starting-end positions,

respectively. Dashed arrows mimic each Y** approach to EF4 (replicate spheres are

numbered). B The distance for each Y** replicate (Rep) to EF4 (y-axis) during 20-ns
MD (x-axis). C Birdseye snapshot of Mex-LanM EF4 motif residues (labeled)
coordinating Y** after 1-us MD. D Boxplots representing the ionic competition
replicates (x-axis) for each Hyphomicrobium spp. during 20-ns MD.

have yet to explore ionic competition in this context. Furthermore, we
hypothesize that the increased distances of Y** from EF4-N108 and EF4-
T114 explains the lower affinity for Ln** compared to other LanM EF-
hands (Supplementary Results and Supplementary Table S7)”'". This
lower affinity for EF4 binding is potentially dependent on Mex-LanM
N-terminal contacts for Ln**, with simulations maintaining a hydration
of 2-6 water molecules (Supplementary Results, and Supplementary
Figs. S13 and S15), similar to observations in low-affinity Mex-LanM EF-
hand peptides'’. Our benchmarked ionic competition model and REE
binding experiments also indicates that Hm-LanM produces a MW
similar to the Hans-LanM dimer under LREE treatment with a moderate
MREE and lower HREE preference (Figs. 4 and 5 and Supplementary
Figs. S16). This data provides a compelling foundation to further
investigate the structural dynamics and REE-binding properties of Hm-
LanM as a robust tool for biotechnology, capable of withstanding
complex biochemical conditions (Fig. 5). Additionally, as a member of
consortia in REE-enriched environments (Supplementary Table S2), H.
methylovorum has a sufficient lut-cluster for trafficking Ln*", evidenced
by possessing key homologs in proximity to the Hm-LanM encoding
gene, such as TBDT and XoxF (Fig. 5, and Supplementary
Figs. S5 and S16).

In-silico analyses of bacterial receptor binding combined with active
site residues using MD have significantly advanced our understanding of
microbial resistance to environmental pressures™. The homologous FoxA
binding properties of MeTBDT, which coordinate initial electrostatic
interactions and pi-stacking, are essential for TBDT-siderophore
scavenging”. Although most Hyphomicrobium siderophore-binding
results remain unresolved (Supplementary Figs. S8-510), they do indicate
that HmTBDT is capable of coordinating ferrioxamine, FOG (Supple-
mentary Figs. S10 and S11). Likewise, Hyphomicrobium spp. are equipped
with sbnH (Supplementary Tables S5 and S6) that is required for microbial

ferrioxamine biosynthesis'”**. Chemical analyses indicate that ferriox-
amines can also function as lanthanophores, forming stable complexes to
enhance trivalent ionic mobility by increasing Ln** solubility™.

The solubility of Ln** is low at the dysoxic portion of the Lake Medard
bottom-water column because of various factors, including pH, the presence
of reactive ionic species such as (bi)carbonate and sulfate, Fe, and humic and
fulvic acids®. These species can complex with Ln*" to influence their
solubility and mobility in aqueous solution (Fig. 1B-F, and Supplementary
Figs. $3 and $4). The concentrations of Ln’" in Lake Medard are comparable
to those found in deep seawater™, and the sediments exhibit Ln’* within the
range observed in deep-sea sediments”. The organomineral aggregates at
Lake Medard, comprised of oxyhydroxide nanoparticles and microbial
cells®, influence the speciation of Ln** and other metals in solution™. These
aggregates have a small electronegative surface area which confers them
with a high sorption capacity toward Ln’* at circumneutral pH™. The
aggregates encompass a niche suitable for microbes capable of efficiently
respiring particulate Mn and Fe stocks under anoxic conditions™”, with
Hyphomicrobium spp. being particularly well-suited for this niche (Fig. 1,
and Supplementary Figs. S3 and S4 and Table S2).

Microbial siderophore secretion for Fe-scavenging might offer an
evolutionary advantage™. For example, microbes secreting high-affinity
siderophores under Fe-limited settings will outcompete those with low-
affinity siderophores. This competitive advantage is heightened for
microbes that can scavenge and biosynthesize a diverse range of side-
rophores, dominating those that secrete fewer analogs. Cumulative research
implicates this evolutionary arms race as a driving force for specific heavy-
metal resistant microbes capable of thriving in highly polluted
environments™. Our data unequivocally establishes that the Hyphomicro-
bium lut-cluster enables these microbes to effectively counteract a scarcity of
Ln’" at ferruginous redox interfaces (Figs. 1-4, Supplementary Figs. $3-S16,
and Supplementary Tables S2-S8). The distribution of Hyphomicrobium
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spp. at the study site, as in other Mn-enriched chemically stratified settings
(Supplementary Table S2), likely reflects their adaption to Mn-oxyhydr-
oxides, which are primary carriers of Ln’"¥. Consequently, aqueous
environments where these phases are present create a chemical gradient
associated with reduction processes that solubilize Ln**. This possibly
enhances the ability of Hyphomicrobium to conduct methylotrophy using
their robust Jut-cluster, leading to their common interpretation as bacteria
linked to the deposition of iron and manganese oxides®.

Extending this study to other lanthanide-enriched environments
(Supplementary Table S2), including additional post-mining lakes, can
provide a broader understanding of convergent evolutionary trends in
the respiration of metals and methylated-compounds at aqueous redox
interfaces These future analyses could further support our findings and
strengthen the hypothesis that Hyphomicrobium spp. utilize Ln**
without necessarily involving an active Mn** or Fe’™ oxidation
functioning.

Methods

Lake Medard hydrochemistry

For the Lake Medard hydrochemistry, a water quality monitoring and
profiling probe (YSI 6600 V2-2) was used for measuring O, concentrations,
pH and Eh in the stratified portion of the Lake Medard bottom-water
column. Bottom-water sampling was implemented by using a Ruttner
sampler. Dissolved cations concentrations were determined in filtered
(0.45 pM cutoft), acidified water sample aliquots using a Thermo Element 2,
high-resolution inductively coupled plasma mass spectrometer (HR-ICP-
MS). For equilibrium modeling anion concentrations were also determined
in filtered un-acidified aliquots analyzed by high-pressure liquid chroma-
tography (HP-LC). The concentration data were calibrated against multi-
element standards at variable concentrations that were repeatedly measured
throughout the analytical session™.

Sequence alignment and phylogenetic analysis

Alignments were created and edited by truncating flanking sequences using
the MEGA software®". The evolutionary history was inferred using the
Neighbor-Joining (NJ)** and Maximum Likelihood method (ML) methods.
The percentage of replicate trees associated with sequences clustered toge-
ther in the bootstrap test (1000 replicates)*’. The distances were computed
using the Kimura 2-parameter method® with the number of substitutions
per site as units. For ML, the initial tree(s) for heuristic search were also
obtained automatically by applying NJ and BioNJ algorithms to pairwise
distance matrices estimated using the Maximum Composite Likelihood
(MCL) approach, then selecting the topology with superior log likelihood
value®.

Protein structures and preparation

All NMR conformations of Mex-LanM (PDB: 6MI5) and calbindin (PDB:
2F33) served as representative replicates. The calbindin structures were
truncated to single-out loops EF1-EF2 (residues 16-85) and EF5-EF6
(residues 191-259). The Y*"/Tb*" and Ca®" ions were placed 12~15 A from
the protein surface of the loops under examination. To complete the Mex-
LanM NMR structures, the amine-terminus alanine residues were added
(first residue position) and the carboxyl-terminus polyhistidine-tags were
removed. Hydrogen atoms were replaced and both termini capped with an
acetyl group (amine-terminus) and an N-methyl amide group (carboxyl-
terminus). The hydrogen-bond networks were optimized using the Protein
Preparation Wizard” at pH 7. Several global minimizations by the Maestro
software package (Schrodinger 2021-4) were carried out at default settings
to remove steric clashes. As the lowest energy structure'’, the first NMR
conformation of Mex-LanM (PDB: 6MI5) was used as triplicates for MD
simulations solely based on EF4-Y** binding.

MD simulation setup

Prepared structures were solvated in a 12 A’ orthorhombic box with a
TIP3P water model®*”, neutralized and salted with 0.15 M KCL. The total
dimensions approximate 75 x 55 x 65 A. The Amber-14SB force field™ was
used to parameterize the protein structures. The recently developed force
field was applied to parameterize trivalent ions (ie., Y>*/Tb’")*. The pre-
vious parameters developed by Li et al. were used for monovalent (i.e., K/
Na*/Cl)® and divalent (i.e., Ca’*) ions”. The 12-6 Lennard—Jones para-
meter set from the force fields***”° conforms with experiments in terms of
coordination number for mono-, di- and trivalent ions*”*. These ionic
parameter sets from Li et al. “**”* were also distinguished to compensate
hydration free energy (HFE) while reproducing ion-oxygen distances
(IOD). The parameter set under HFE were used for monovalent ions” and
those under IOD for di- and trivalent ions"”’.

General MD protocol

All MD simulations were performed using a GPU-accelerated workstation
implementing the Desmond software’". The parameterized systems were
first equilibrated with Desmond default protocols. After equilibration, the
final MD stage was conducted under isotropic conditions with an NPT
ensemble coupled with a Nose-Hoover thermostat’”” and Martyna-Tobias-
Klein barostat”’. The temperature (300 K) was set with a RESPA™ integrator
at an inner time step of 2-fs. Trajectories were analyzed using the Visual
Molecular Dynamics (VMD) software” and images captured using VMD or
the Maestro software package (Schrodinger 2021-4). The VMD plugin,
Hbonds, was used to calculate the first shell water coordination number of
Y** or Ca’* during the MD simulations. The H-bond threshold cutoffs were
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set at 3.5 A distance and 180° angle. Results were divided by two to achieve
the O, coordination number since the Hbonds plugin calculates hydrogen
distances.

lonic competition MD protocol

The Desmond default relaxation protocol was supplemented for in-silico
ionic competition with six equilibration steps. Steps 1-5 include an NVT
ensemble  with restraints on heavy solute atoms (force
constant = 30 kcal mol™ A™') at a temperature of 10K for 100-ps each
(steps). Step 6 then initiates an annealing simulation at 10 K-300 K for
1000-ps. The last equilibration steps originate from the Desmond default
protocol. The final MD production stage was then performed as described in
the General MD protocol.

LanM homolog sequence identification

A PHI-BLAST® using the Mex-LanM sequence (PDB: 6MI5) and its EF-
hand loop motif, D;-P,-D3-x-Ds-x(3)-Dg-x(2)-E;,, was performed against
the NCBI non-redundant database that excluded the family of M. extor-
quens, i.e., Methylobacteriaceae. Note that the T, position was left as a PHI-
BLAST" wildcard due to its high variance in proteins with EF-hand motifs.
Firstly, sequences were removed that did not express a signal peptide, ana-
lyzed via the SignalP” server, and/or with 100 < x < 160 residues. Secondly,
duplicates were removed that were 90% similar to each other, as interpreted
by the CD-hit software”. Lastly, sequences that created gaps when aligned,
see next section, with Mex-LanM were deleted (total = 52 sequence).

Homolog structural prediction

The Phyre2” server under ‘Intensive mode’ was used to predict LanM
proteins, PQQ-dependent (alcohol/methanol) dehydrogenase, and
TBDT tertiary structures. The Phyre2 performs a multiple sequence
alignment built from remote homologs respective of the query’. The
predicted tertiary structures were prepared, and the hydrogen-bond
network was optimized as aforementioned (Protein structures and pre-
paration). The Asp/Glu and Lys/Asn residue sidechains for all homolog
tertiary structures maintained their respective negative and positive
charges. The His residues were set in cationic protonated states. The
predicted Hyphomicrobium LanM protein structures were refined with 5
X 50-ns runs using the General MD protocol, above. The final frame of
the final MD refinement for each LanM protein was used as replicates for
subsequent MD simulations (i.e., ionic competition). The TBDT
refinement protocol is described below.

In-silico TBDT-siderophore binding and system set-up

The default settings in the SwissDock™ server was used. The siderophores
for in-silico binding were automatically uploaded by providing the server
with a corresponding ZINC database® accession number. The siderophore
conformations within the TBDT cavity, i.e., within 14 A of the FoxA-FOB
conformation™, with favorable binding scores (i.e., negative values) were
chosen for subsequent MD simulations. Since the focus was on initial
siderophore binding, the amine-terminus, TBDT TonB-boxes were trun-
cated to reduce computational expenditure. Note that the Fe’* bound
siderophore was used for MD preparation and simulations (e.g., ferriox-
amine, not desferrioxamine). The siderophore structures were prepared
from the PDB, i.e., SE8 (PDB: 3MWF) and manually adjusted FOB (PDB:
6197) for the FOG analog, followed by superimposing them onto the docked
structures. The prepared TBDT bound structures were then solvated in a
12 A® orthorhombic box (total dimensions = 85 x 85 x 130 A) with a TIP3P
water model*®”, neutralized, salted with 0.5 M MgCl,, and embedded in a
phosphatidylcholine (POPC) bilayer. The CHARMM36 force field" was
used to parameterize the TBDT-siderophore bound complexes and POPC
membranes. The recently developed force fields from Li et al. “***” were
used to parameterize monovalent, divalent, and trivalent ions. Lastly, the
SwissParam server® was used to build siderophore topology and force field
parameters.

TBDT-membrane system refinement and MD

The POPC embedded, siderophore-bound, TBDT structures were refined
by 10 X 5-ns MD simulations. The refinement steps included the Desmond
default membrane relaxation protocol, followed by a subsequent General
MD protocol, and finalized with a 500-ns MD production stage. Residue
interactions were inspected using the H-bond contacts plugin from VMD”".
The distance cutoff was set at 3.5 A with a 90° angle threshold. The centroid
of interacting aromatic residues were calculated and the distances measured
using a mt-t stacking Tl script™.

Hm-LanM vector construction and expression

All chemical reagents regarding Hm-LanM expression, purification, and
experimentation were purchased from Sigma-Aldrich, Millipore, BioRad,
Invitrogen and/or Fisher Scientific/Bioreagent. The gBlocks Gene fragment,
encoding the mature protein of Hm-LanM (GenBank accession:
WP_181335629, 60-136), and the primers for DNA PCR fragments were
purchased from Integrated DNA Technologies. The primer set for gen-
erating the recombinant protein with Hisx6 tag (Hm-LanM_His) was sense
5'- ACT TCCACC GGATCCTTA CTCCACAAGAAGCAGGAATGA
CTT C-3//antisense 5'- CTC TAG AAT CGA AGG TCG TGC ATC CGC
TTC GCT GA-3'. The gBlock Gene fragments were a template for inserting
the DNA into Nde-I/BamH-I or Xba-I/BamH-I sites of pT7.JLH plasmid
implementing the Gibson assembly master mix (New England BioLab). E.
coli Rosetta (DE3) cells (Novagen) were transformed with the Hm-
LanM_His expression vector followed by inoculation onto LB agar plates
containing supplement 1 (0.5mM CaCl,, 0.5 mM MgCl, and 100 pug/ml
ampicillin). A single selected colony was cultured in 5 ml LB broth with
supplement 1 at 0.1 mM CaCl,. This starter culture was added into a 500 mL
LB broth with supplement 1, then agitated at 200 rpm, and incubated at
37°C until A600 was 0.8. Protein expression was induced with 0.5 mM
IPTG. The E. coli cells were pelleted by centrifugation, the supernatant
discarded, and the pellet stored at —20 °C until subsequent analyses.

Hm-LanM protein purification

All buffers were prepared using ultrapure water treated with Chelex 100 and
incubated at 4 °C. Cell lysis was performed using sonication in 20 mL of
buffer A (50 mM Tris, 10 mM EDTA, 7.5 mg/mL lysozymes, and 1 mM
PMSF, pH 8) and then sonicated using a W-385 heat system. After soni-
cation, insoluble pellets were removed by centrifugation at 20,000 x g
(30 min). The supernatant was transferred into a snakeskin 3500MWCO
tubing and dialyzed against 2 L of buffer B (20 mM Tris, 5 mM imidazole,
0.5 M NaCl, pH 8). The dialyzed E. coli lysate was pelleted as before and the
cleared lysate containing Hm-LanM_His was purified using a HisPur Ni-
NTA Resin column (1.5 x 2 cm; ThermoFisher) equilibrated with buffer B.
The protein bound to the column was washed and eluted with buffer B at
50 mM Tris. The purified Hm-LanM_His was transferred into a snakeskin
tubing and dialyzed against 1 L buffer C (10 mM EDTA, 20 mM Tris, pH 8)
to remove any protein-bound metal traces. The purified Hm-LanM_His
(10 mg) was then dialyzed against 1 L of Factor Xa (100 pg) digestion in
buffer D (20 mM Tris, 0.1 M NaCl, 2 mM CaCl,, pH 8).

Hm-LanM bpurification after Hisx6-tag removal

The mature Hm-LanM was filtered through a Ni-NTA column (1.5 x 1 cm),
equilibrated with buffer D without 2 mM CaCl,, to remove Hisx6-tag and
undigested protein. The flow-through fractions were collected and Factor
Xa was excised by passing the mature protein through an Amicon Ultra-4
30kDa MWCO filter. The filtrate was transferred into a snakeskin
3500MWCO tubing and dialyzed against 1 L of buffer C to remove leached
nickel from Ni-NTA purification. After Ni-removal, the mature Hm-LanM
was dialyzed against experimentation buffers: buffer E, pH 7 (10 mM
MOPS, 0.1 M KCl) for CD analysis; or buffer F (50 mM Tris, pH 8) for
electrophoresis analysis. After the final dialysis, the mature Hm-LanM for
each experimentation buffer was concentrated with an Amicon Ultra-4
10 kDa MWCO filter.
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CD spectral analysis

The spectra analyses of Hm-LanM (230 ug/mL) were collected using the Olis
DSM 17 Circular Dichroism spectrometer with a 1 mm cell for a 400 pL
sample to scan wavelengths 260 to 195 nm. The Hm-LanM spectra was
collected using buffer E in the presence of ~0.05 metal equivalent or 1 uM
LaCl;, YbCl;, or EuCl; per Hm-LanM.

Gel electrophoresis experiments

The Hm-LanM protein (100 ug/mL) was incubated in buffer F with the
specified concentrations of REEs or Ca’**. The band mobility shifts were
observed by electrophoresis using a 15% acrylamide gel and/or containing
0.05% Sarkosyl and stained with CBB R-250. For MW determination under
REEs or Ca®" treatment, the SDS in precision plus protein standards was
removed by methanol-chloroform precipitation and reconstituted with
Sarkosyl gel loading buffer. Gel images were captured with the ImageQuant
300 (GE Healthcare Biosciences).

Statistics and reproducibility

Formal statistical analyses were not applied given the exploratory nature
of the datasets. Visualization techniques such as normalized distribu-
tions, boxplots, scatter plots, and line graphs were used to illustrate
means, outliers, trends and variations. For hydrochemistry, during
environmental DNA (eDNA) sampling and for establishing baseline
geochemical profiles across the lake water column, water samples were
collected at eight depths (47, 48, 48.5, 49, 50, 52, 54, and 55 m). To assess
consistency across measurements, replicates were taken at four depths
(47, 48.5, 50, and 54 m). Cation analyses (i.e., dissolved Fe, Mn, and Ln)
were conducted using ICP-MS on sample aliquots, with error of the
measurements determined using the replicates at 48.5m. A blank
sample, obtained from the fourth rinse of the sampling apparatus,
consistently returned values below the detection limit (<D/L) for all
elements, validating sample integrity and precision. For MD simula-
tions, NMR structural conformations served as replicates for the indi-
cated time frames. Replicates for predicted structures were generated
from the last frame of several MD refinement simulations. For molecular
biology, the protein was isolated to assess secondary structures via CD
spectra and visualized in gel mobility shift assays.

Data availability

The microbial amplicon dataset of Lake Medard™ can be found EMBL-EBI
under the European Nucleotide Project number, PRJEB47217. The struc-
tures for MD analysis, and the sequences for phylogenetic analyses and
structure predictions were derived from publicly available databases (i.e.,
PDB and NCBI). Siderophores for in-silico TBDT binding are available in
the ZINC database®. The sequence used for Hm-LanM vector construction
and protein expression for subsequent protein isolation, purification, CD
spectra, and gel mobility shift analyses is also publicly available under NCBI
GenBank accession number, WP_181335629. Source data provided for
Hm-LanM CD spectra analysis (Fig. 5A) can be found in Supplementary
Data 1. All other data supporting this study are available in the main text and
Supplementary Information.

Code availability

The Desmond software’" under the academic version of the Maestro plat-
form (Schrodinger 2021-4) was used for MD simulations. The Tcl code for
n-1t stacking centroid calculation of TBDT interacting aromatic residues
(https://doi.org/10.5281/zen0d0.6408973)* and the R-based genoPlotR
package (https://genoplotr.r-forge.r-project.org/)* for comparative geno-
mics are publicly available. All other software and web-services are detailed
in the main text and Supplementary Information.
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