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effective means for rare earth element (REE) extraction and =M "
separation from complex feedstocks without the use of organic \L% % - & | =Lanm
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for a given metal ion mixture. In this paper, we employ the law of 2 Step Site-Agnostic (Klotz-type) Model 1-6tep She-Agnostic (Adalsype} Modl,

K A K,
Lo A ceete g
o+ “K.m A io00 Kix b

A\ “~

mass action to establish a theory of perfect cooperativity for LanM- | ¢+ AK:‘ o+ A 4+
REE complexation at the two highest-affinity binding sites. The “K“

theory is then used to derive an equation that explains the
nonintuitive REE binding behavior of LanM, where separation .
factors for binary pairs of ions vary widely based on the ratio of ions
in the aqueous phase, a phenomenon that is distinct from single-ion-binding chemical chelators. We then experimentally validate this
theory and perform the first quantitative characterization of LanM complexation with heterogeneous ion pairs using resin-
immobilized LanM. Importantly, the resulting homogeneous and heterogeneous constants enable accurate prediction of the
equilibrium state of LanM in the presence of mixtures of up to 10 REEs, confirming that the perfect cooperativity model is an
accurate mechanistic description of REE complexation by LanM. We further employ the model to simulate separation performance
over a range of homogeneous and heterogeneous binding constants, revealing important insights into how mixed binding
differentially impacts REE separations based on the relative positioning of the ion pairs within the lanthanide series. In addition to
informing REE separation process optimization, these results provide mathematical and experimental insight into competition
dynamics in other ubiquitous and medically relevant, cooperative binding proteins, such as calmodulin.
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their precise engineering for lanthanide selecthlty garnered
interest in their utility for REE extractions.”® However, LBTs
were limited by lack of tolerance to industrially relevant acidic
conditions, their low intra-REE selectivity from Sm through
Yb, and the difficulty of producing short peptides industri-
ally.”® The recent discovery of lanmodulin (LanM) from
Methylobacterium (Methylorubrum) extorquens and its orthologs
in other organisms has provided proteins with hlgh selectlwty
for REEs as well as useful intra-REE selectivity. ~'> Recent
work with LanM-functionalized agarose has demonstrated
successful separation of mixtures of Nd(III) and Dy(III)
present in rare earth magnets as well as Sc(III) and Y(III) from
more complex REE mixtures characteristic of ore leach-
ates.'’”'? However, immobilized LanM-based separations have

The lanthanides along with yttrium and scandium, collectively
known as rare earth elements (REEs), possess unique physical
properties that have made them critical to consumer electronic
devices, military technology, and clean energy technologies. As
the global economy becomes more reliant on renewable energy
sources, REE demand is expected to grow at a compound
annual growth rate of 8.3% between 2023 and 2027." Despite
their critical importance to modern life, REE recovery and
extraction is still dependent on solvent-based mixer-settler
processes established in the 1940s—1960s.” Mixer-settler
processes are capital intensive and pose significant environ-
mental and health hazards due to their reliance on organic
solvents.” To mitigate these risks and reduce the cost of REE
production, it is critical to develop new technologies for REE
extraction and purification.

In recent years, biomolecules have been increasingly
recognized for their potential as selective ligands for the
recovery and separation of REEs. Lanthanide binding tags
(LBTs)" were originally developed for the purpose of tagging
proteins with terbium luminescence for biomedical studies, but
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2-Step Site-Specific Reaction Network (Fundamental Model)
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Figure 1. Reaction networks of varying complexity describing lanthanide ions competing for binding sites on LanM. The full reaction network was
previously proposed by Malmendal et al. to explain calcium—magnesium competition in calmodulin.'® This work employs the Adair-type model to

characterize mixed binding of over 60 hetero-ion complexes with LanM.

so far been designed and optimized in a fully empirical manner,
which limits the potential for rigorous scale-up and process
optimization. A precise quantitative understanding of LanM,
especially in its immobilized form, is critical for developing a
predictive model for REE separations.

Prior work measuring LanM’s affinity for REEs has focused
on the free protein, using circular dichroism to measure LanM
folding in the presence of chelator-controlled, single REE ion
solutions. LanM was shown to have a 3:1 binding
stoichiometry at neutral pH. EF-hand 1 is substantially
weakened at pH 5 and lower, effectively reducing the
complexation stoichiometry to 2:1, with binding occurring to
the highest-affinity EF hands (EF2 and EF3).”"’ These studies
revealed that LanM’s complexation of the first two binding
equivalents is highly cooperative and favors light REEs,
especially Nd and Sm, compared to heavy REEs.”'*
Equilibration of immobilized LanM with equimolar mixtures
of REEs confirmed that the preference for these lanthanides is
conserved after immobilization.'””"* This preference has
proven particularly useful in column-based separations because
it allows LanM to synergize with the separation capabilities of
organic chelators, such as citrate, EDTA, and DTPA, which
typically favor heavy REEs.''*'® Immobilized LanM has been
shown to have a 2:1 binding stoichiometry, with binding
thought to occur within EF hands 2 and 3,"" on the basis of
solution studies."* Characterization of immobilized LanM has
been limited to binding of equimolar or feedstock-relevant
mixtures of many REEs.'” While this work has largely agreed
with the trends revealed by work on free LanM, it is difficult to
disentangle the interplay of mixed solutions of REEs
cooperatively binding to LanM.

The presence of multiple REE binding sites raises the
distinct possibility that LanM forms mixed REE complexes
(hereafter referred to as heterogeneous complexes), where
LanM’s aflinity for a particular ion is impacted by which other
ion(s) are bound to the same protein. Indeed, prior work
characterizing the ubiquitous EF-hand protein calmodulin has
shown that Ca binding is affected by Mg co-binding.'® A more
recent spectrophotometry study of LanM-REE complexes
suggested the formation of mixed complexes but did not
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further interrogate this phenomenon.'> We posit that rigorous
characterization of heterogeneous binding is critical for
developing an accurate process model for REE separations
and for better understanding the physiological role of LanM
inside the cell, where it is more likely to encounter
heterogeneous ion pairs rather than homogeneous ion pairs
given the geological co-occurrence of REEs. More broadly,
characterizing mixed binding in LanM presents a unique
opportunity to develop a mathematical and experimental
framework that could be employed to better understand
factors that influence heterogeneous ligand complexation in
other cooperative binding proteins, such as calmodulin.

In this work, we develop a mathematical model for
cooperative binding of heterogeneous REE pairs to LanM.
By quantitatively characterizing the REE binding of LanM and
its variants in mixed REE solutions, we determined the mixed
binding constants for all pairwise combinations of 10 REEs and
show that these constants enable the accurate prediction of
adsorption activity in complex mixtures of REEs. This work
reveals important insights into the origins of REE selectivity in
LanM and provides a critical step toward process modeling and
scale-up for a LanM-based REE separation process.

There are many empirical and theoretical models for
cooperative binding proteins in the literature, most notably
by Hill (1910), Adair (1925), and Klotz (1946)."”~"" The Hill
equation is of limited utility in theoretical models because the
binding constant and Hill coeflicient cannot be directly linked
to specific complexation events and instead represent the
aggregate effect of many binding events. By contrast, Adair’s
model is derived directly from the law of mass action, with
each constant representing the equilibrium constant for the
formation of each complex.'® The Klotz model is also derived
from the law of mass action. However, unlike Adair’s model,
Klotz described the reaction in stepwise binding events starting
with the formation of a single-ion complex and grogressing to
higher-order complexes, one ion at a time."” The model
presented here starts as a simplified version of the second-
order Adair model of cooperativity in which the stability of the
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single—ligand complex is assumed to be sufficiently less stable
than the two-ion complex that it can be neglected. An algebraic
derivation is then employed to expand the Adair model to
describe two ions competing to form homogeneous and
heterogeneous ion complexes with LanM. Similar to the Adair
model, this LanM model cannot account for single-ion or two-
ion complex stability. Instead, equilibrium constants reported
are the product of the single-ion and two-ion complex
equilibrium formation constants. Due to technical limitations
inherent in using mass balances to determine ion partitioning,
these data do not allow us to deconvolute the single-ion and
two-ion complexation steps like the Klotz model.

We begin our theoretical exploration of LanM’s lanthanide-
separation ability by defining a rigorous reaction network for
two competing ions, A and B, for EF-hand domains 2 and 3
(Figure 1). This reaction network includes individual
equilibrium constants for each EF-hand to sequentially form
single-ion and two-ion complexes in all possible configurations.
While theoretically sound, this reaction network presents a
near-insurmountable practical challenge: distinguishing be-
tween binding to either EF-hand 2 or 3 without low-
throughput experiments (e.g., X-ray crystallography, NMR).
The partial reaction network is a simplification that ignores
site-specificity by lumping both orientations of each complex
together while retaining the sequential path from single-ion
complex to two-ion complex. Here, LanM presents a particular
challenge for determining the single-ion complexation
dynamics: the two-ion complex is sufficiently stable that the
single-ion complex is too dilute to be accurately measured-a
limitation that must be accommodated in the modeling
approach. Finally, we arrive at the most simplified version of
the reaction network in which only the two-ion complexes are
present. While this reaction network yields constants that we
may determine experimentally, it is important to note that
these equilibrium constants are the product of several
intermediate reaction equilibrium constants. As such, these
equilibrium constants are not a direct measure of complex
stability; however, they are sufficient to accurately predict
equilibrium protein binding for a large variety of REE ion
mixtures consisting of two or more ions (vide infra).

In this work, we endeavor to validate the simple reaction
network model. This model assumes that immobilized LanM is
perfectly cooperative with a 2:1 stoichiometry, leading to a
system of four equations when two different REEs are
competing for binding sites. The reactions for ions A and B
binding to LanM, generalized as protein P, to generate protein-
ion complexes P*A,, P*B,, P*AB, and P*BA are presented as
follows

P + 2A = P*A,
P + 2B = P*B,
P+ A+B=PAB

P+ A+ B=PBA

While two configurations exist for the heterogeneous ion
complex, we are unable to differentiate them with our
experimental methods. For this reason, the formation of
P*AB and P*BA are combined into one reaction where P*AB
will be used to refer to both for simplicity. By applying the law
of mass action, we then convert this system of chemical
reactions into a system of algebraic equations where the K
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variables correspond to the equilibrium coefficients for the
formation of each respective proteinion complex.

[P*A,]

K, =

& [PlAP (1)
[P*B,]

K, =

5 [p)BP (2)
_ [P*AB]

™ [P][A][B] 3)

Equations 1—3, although theoretically valid, present a vexing
experimental challenge: it is difficult to accurately determine
the binding coeflicient of strong complexes like those formed
between LanM and REEs. In an experimental sense, it is
difficult to precisely determine the amount of free protein in
equilibrium with REE ions in excess. Fortunately, it is possible
to exclude the free protein concentration from calculations by
using ratios of equilibrium constants rather than the constants
themselves, resulting in eqs 4 and 5. A mass balance for the
protein is necessary to complete the system of equations. If
REE ions were not in excess of the protein, we would face a
similar challenge in determining the free ion concentration, so
we performed all experiments with 50-fold excess REEs. As a
result, we may assume that the free protein concentration is
zero for the mass balance (eq 6). This results in a system of
three algebraic equations

Kz  [P*B,][A]
Ry=—= "3
Ky, [P"A,][B] (4)
= K _ PABIA
mix I<A [P*Az] [B] (5)
[Pl = [P*Az] + [P*Bz] + [P¥AB] (6)

Once again, we are presented with unmeasurable quantities:
the concentrations of the three LanM complexes. However, we
can measure the total amount of each ion bound to the protein
by direct ion quantification after desorbing the bound ions.
This necessitates the inclusion of mass balances for each
protein-bound ion alongside the definition of separation factor

(SF)
_ m [B]protein

SE;/p =

" (B] [A]protein (7)
(Al = 2:[P*A,] + [P*AB] (8)
[B]protein = 2’[P*B2] + [P*AB] 9

By combining eqs 4—9, we obtain a system of six equations
with six unknown variables: SFy/s, Ry, Ry [P*A,], [P*B,]
and [P*AB]. These equations can be simplified to eq 10
through algebraic operations as shown in the Supporting
Information.

(B]
2RB<m> +R,,
8]
2+ Rm([A]) (10

With an equation that links Rz and R, to measurable
quantities, it is possible to proceed with experimental

SEy/a =
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Figure 3. Equilibrium constants normalized to La—La for all possible combinations of the 10 studied REEs. Error bars are derived from a sensitivity
analysis in which the heterogeneous constant was adjusted above and below the optimum value as necessary to double the sum of squared errors.
Full details on the sensitivity analysis are shown in the Supporting Information (Figure S12). The homogeneous ion equilibrium constants agree

well with the values measured for free LanM.’

validation. As this equation would suggest, it is possible to
determine the relative binding constants, Ry and R, by
determining the SF of immobilized LanM at various binary ion
ratios. As such, our experimental validation focuses on
characterizing the SF of the SS binary pairs comprising any
pair of the eight REEs—La, Ce, Pr, Nd, Sm, Gd, Dy, Er, Yb,
and Y—across a range of binary ion ratios. Additionally, all
adjacent pairs (e.g., Gd—Tb and Tb—Dy) as well as a few pairs
in the heavy REE range were characterized.
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To facilitate the characterization of LanM complexation with
heterogeneous ion pairs, we immobilized LanM onto agarose
as previously described.'' The use of immobilized LanM
provides a facile means of separating REEs bound to LanM
from the bulk REE solution, allowing SF determination.
Agarose-LanM was partitioned into 96-well plates and
equilibrium metal binding assays were conducted for 55
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binary pairs comprising any pair of 10 trivalent REEs—La, Ce,
Pr, Nd, Sm, Gd, Dy, Er, Yb, and Y—in eight concentration
ratios ranging from 1:24 to 27:1. Additionally, all adjacent pairs
(e.g, Gd—Tb and Tb—Dy) as well as a few pairs in the heavy
REE range (i.e, Tm—Lu) were characterized. SF for REE ion
pairs were determined after quantifying the concentration of
each REE bound to LanM using by inductively coupled plasma
mass spectrometry (ICP—MS) following a desorption step.
The experimental data and model fits for the representative
REE La are shown in Figure 2, while the data for the other
REEs are included in Figures S1—S10.

Although the SF plots for all binary pairs were unique, there
were certain common characteristics. In all cases, the SF for
each REE pair was dependent on the relative concentration
ratio, with the SF the highest when the ratio of strong/weak
binding ion was at its lowest. For example, the SFy, p,, was 3.0
when weaker binding ion Dy was in 30-fold excess of La, but
only 1.1 when the tighter-binding ion La was 30-fold excess. As
intuition would suggest, the SF was lower for ions that are
adjacent on the periodic table (e.g, La—Ce) while SF was
higher for more distant pairs (e.g,, La—Yb). Samarium was the
only ion that had a SF greater than unity with all competing
ions, indicating that it is the most preferred ion for
immobilized LanM, which is consistent with our prior data.'”
Interestingly, distant pairs of ions that bracket Sm presented
with a generally low SF (e.g, La—Dy) or even displayed
selectivity that inverted at a critical ion ratio (La—Gd, La—Tb).
Importantly, these diverse and counterintuitive behaviors could
all be captured by the model using the equilibrium constants
shown in Table S1 to calculate the ratios of equilibrium
constants Ry and R, for all pairs. The homogeneous binding
constants shown on the diagonal in Table S1 were each used to
fit several separate data sets, yielding an average error of less
than 4% between model and experiment across all 64 ion pairs.
This demonstrates that the model can coherently explain all
the binary equilibration data. An example of the difference
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between a global and individual fit and an example of the
sensitivity analysis are shown in Figures S11 and S12.

The model was then used to determine the equilibrium
binding constants for all homogeneous and heterogeneous
pairs (Figure 3). The trend in equilibrium constants for each
ion pair generally agrees with data for LanM in free solution.’
The Sm—Sm binding complex is the tightest binding
homogeneous pair. Heavier (e.g, Yb—Yb) or lighter ion
(e.g, La—La) pairs form less stable complexes. A key feature is
that the three tightest binding homocomplexes are Sm, Nd,
and Pr in descending order. Light elements La and Ce
preferentially bind Sm, followed by Nd, followed by Pr. Heavy
elements Er and Yb preferentially bind Pr, followed by Nd,
followed by Sm. Gadolinium and Dy present an intermediate
behavior in which they preferentially co-bind with Nd. This
trend seems to indicate that there is an optimum co-binding of
light and heavy ions that mimics the binding of tighter-binding
homogeneous pairs.

Interestingly, many heterogeneous ion pairs form complexes
more readily than homogeneous ion pairs—including Sm—Sm.
This is likely because these binding constants are the sum of
two equivalent binding complexes of the same ions in two
different configurations. In other words, the possibility for two
different ion configurations creates a statistical advantage for
the formation of heterogeneous complexes. This intrinsic
advantage for heterogeneous binding is unrelated to complex

stability.

The structural origins of LanM’s intra-lanthanide selectivity are
not yet fully understood, but likely involve a combination of
differences in the ionic radius (and relatedly, coordination
number), and underlying electronic structure.'’ Accordingly,
in Figure 4, we plotted the La-normalized K., for all
homogeneous and a subset of heterogeneous REE pairs
against the sum of ionic radii of the ions. The black line
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sites on LanM. (B) Mass balance showing how protein speciation, determined by solving a system of equations, is employed in a mass-balance to
predict protein-bound composition. (C) Equimolar Ce—Sm—Er equilibration experimental results with model fits shown as a stacked bar showing
how the protein speciation mass balance leads to the model prediction. Each segment of the stacked sum shows the fraction of the ion that is
cooperatively bound with the ion of its corresponding color in the legend. (D) Poly-ion model predictions and experimental results for several
common feedstocks (synthetic solutions). The gray bars depict the REE ion composition in the feedstock.

connects all homogeneous ion pairs, with heterogeneous
points falling above this line having a higher K, for a
corresponding sum of ionic radii, while those falling below the
line have a lower K, for a corresponding sum of ionic radii.
From this plot, it is readily apparent that there is an optimal
sum of jonic radii, similar to the parabolic selectivity curve of
LBTs.” Unlike LBTs, the selectivity strongly favors light
lanthanides similar to recent work on bis-lactam and
macrocyclic ligands.””*"

Overall, our results show that ionic radius is a good predictor
of complexation strength and reveal important insights into the
mixed binding preferences of LanM (Figure 4). First,
complexes with adjacent ions, labeled by the dashed black
line in Figure 4, appear to be nearly exactly 2-fold higher than
the linear interpolation between homogeneous binding
constants. This precise 2-fold increase serves as further
evidence of the statistical benefit of hetero-ion complexation.
Second, ion pairs with smaller size disparities appear closer to
the linear interpolation between homogeneous binding
constants than those with larger size disparities. For example,
complexes of highly dissimilar sized ion pairs, as shown by the
La-hetero and Yb-hetero (Yb—La through Yb—Nd) pairs
marked by the blue and magenta dashed lines, respectively, fall
below the homogeneous line. One possible explanation for this
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difference in behavior is that the ion complexes that have the
largest disparity in ion sizes favor one orientation over another
(i.e., P*AB vs P*BA). However, this explanation alone would
only explain the reduction of heterogeneous complexation to
be equivalent to that of a homogeneous ion complex.
Alternatively, a portion or the entirety of these differences
may result from variations in the relative stability of single-ion
complexes. It may be possible to account for this effect by
employing a partial cooperativity model in which the perfect
cooperativity stability constants are the product of two
sequential reactions to form the single-ion complex and two-
ion complex in series with two distinct stability constants (i.e.,
a Klotz-type binding model). Due to the nature of our ICP—
MS based experiments, it is not possible to deconvolve the
relative binding strength of different binding configurations
(i.e, P*AB vs P*BA). However, future work to characterize
homogeneous and heterogeneous LanM complexes by
crystallography, molecular dynamics modeling, or experimental
determination of complexation kinetics may allow for the
validation of a Klotz-type binding model that would address
these questions.

Y-hetero pairs (and the Y—Y homogeneous pair) fall well
below the homogeneous line. We attribute this to relative
weakness of Y complexation relative to lanthanides. While
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many of yttrium'’s physical properties such as ionic radius and
electronegativity are comparable to the lanthanides, Y notably
does not have any 4f electrons. Weaker binding of Y** relative
to lanthanides of similar ionic radius (Dy**, Ho®") has been
observed in LanM, as well as in other chelators.'"”'® Recent
research with small-molecule ligands suggests that such effects
may arise from greater covalency in metal—ligand bonds
involving lanthanide ions.””** However, this topic requires
further study.

Finally, Yb-Ln mixed complexes are stronger than would be
predicted when compared to other lanthanides. For example,
Yb—Sm, Yb—Gd, and Yb—Dy exhibit unexpectedly high K,
values, falling above the linear interpolation between adjacent
binding constants. This trend is observed to a lesser degree for
Er, but not for Dy. We speculate that this may be because Yb**
(and perhaps also Er**) binds with a lower CN, potentially
removing a water molecule from the binding pocket or even
decreasing the effective number of carboxylate groups
coordinating to the Yb** ion. This would, in theory, increase
the degrees of freedom for the other EF-hand to conform
around the lanthanide ion and enhance mixed binding. Indeed,
a recent quantum mechanics and molecular dynamics study
predicts a decrease in the coordination number from 9 to 8 for
LanM-bound lanthanides from Ho®* to Lu®*.”> Further
structural studies are needed to prove that LanM favors
heterogeneous ion pairs with unequal coordination numbers.

The cooperative binding of lanthanides and actinides to LanM
provides a useful test case for this model. Previously reported
separation data shows that the SF is enhanced at higher
concentrations of the stronger-binding ion (the actinide,
curium) relative to the weaker-binding ion (the lanthanide,
europium).”® Despite the differences between lanthanide and
actinide chemistry, the perfect cooperativity model could be fit
to these separation data with less than 5% error (Figure S13).
The resulting curve shape, which is opposite to the typical
lanthanide—lanthanide separation behavior, is the result of a
highly disfavored mixed binding complex (Rz = 19 and R,;,
4; Figure 4). LanM does not express such a wide disparity
between Ry and R_; until much higher Ry values in
lanthanide—lanthanide separations. Interestingly, a variant of
LanM containing an aspartate to aspara§ine substitution at
position nine of EF hands 1-3 (3DyN”°) disfavors mixed
binding between Cm and Eu to an even greater degree (R =
60 and R, = S5.8), consistent with its higher Cm vs Eu SF.

Accounting for LanM’s nonintuitive separation properties
grows into an infinite task when trying to design capital
projects for the widely varied REE composition in ore
leachates and e-waste streams. As such, the goal of this
model is to predict how immobilized LanM differentially binds
REE ions from complex mixtures. The system of equations
used to describe the binary separation was expanded to include
up to ten ions as shown in the Supporting Information. The
system of equations was then solved for various combinations
of all eight REE ions and compared to experimental results for
the same ion mixtures. Critically, despite being built from data
generated with only binary REE pairs, the model was able to
accurately predict the adsorption of ions in various equimolar
solutions of three, four, and five REE ions (Figures S14—S16).
Moreover, the bulk ion binding prediction was derived from a
mass balance on the protein complex speciation which cannot
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be directly determined through experiment. This shows that
the model is capable of providing insights that are inaccessible
with experiment alone. Most importantly, as shown in Figure 5,
the model was also able to accurately predict the adsorption of
ions in various synthetic solutions mimicking the REE
composition of real-world feedstocks, including acid mine
drainage, bastnaesite, lignite coal, and E-waste leachates.””*°
Where applicable, the test solutions modeled Sc-depleted
feedstocks because there are existing methods to selectively
remove Sc from solution.”’ These results demonstrate that the
perfect cooperativity model is capable of predicting separation
for a wide variety of ion mixtures. Beyond its application to
industrial separations, the accuracy of poly-ion separation
predictions demonstrates that the perfect cooperativity model
is an accurate mechanistic description of how LanM complexes
with lanthanides.

Being a protein, LanM stands in contrast to industrial REE
chelators. It is much larger in size and consists of flexible and
structured regions that work in tandem to form stable
complexes with REE ions. It also possesses multiple REE
binding sites. This structural complexity results in cooperative
binding.”'* While LanM’s cooperative binding characteristic is
unprecedented in small-molecule chelators, many biomolecules
possess cooperative binding characteristics, including its well-
known homologue, calmodulin, for Ca(II), and the archetypal
cooperative binding protein, hemoglobin, for O,. Calmodulin
(CaM), binds four calcium ions per molecule with two sets of
two EF-hands that each bind Ca(II) ions in a highly
cooperative manner.”> While CaM is known to bind metal
ions other than Ca(II), to the best of our knowledge, there is
only one example in the literature for quantifying mixed
binding of two ions, Mg(Il) and Ca(II), simultaneously.'®
Indeed, Malmendal et al. based their calculations on a reduced-
complexity version of the same full reaction network we
present in Figure 1, although they allow for 2-step complex-
ation of homo-ion complexes while resorting to a 1-step
complexation simplification only for the hetero-ion complex."®
Meanwhile, a structural study of the Na(I)—Ca(II) exchanger,
another EF-hand protein, confirmed that mixed binding of
Ca(II) and Mg(Il) in a specific orientation was the
thermodynamically preferred state for the protein.® LanM
presents an additional layer of complexity because it strongly
binds many different ions possessing similar physical proper-
ties. Unlike prior work characterizing the mixed binding of a
single pair of ions to EF-hand proteins, our study quantified
LanM’s affinity for 64 heterogeneous ion pairs. As such, this
study may provide clues to help elucidate competition
dynamics in other cooperative binding proteins such as
hemoglobin, and a variety of ligand-mediated ion channels
such as the muscarinic acetylcholine receptor.”*

The results of this analysis yield several nonintuitive results
that are captured by the thermodynamic model. For all ion
pairs, separation is hindered when the tighter-binding ion is
more abundant than the weaker-binding ion based on the
homogeneous binding constant (Figure 2). A particularly
pronounced example of this effect is the Dy—La pair that has
little to no separation at high La/Dy ratios, compared to a SF >
3 at high Dy/La ratios. The La—Tb pair demonstrates the
more unusual behavior that LanM selectivity reverses to favor
the ion that is less abundant in the mobile phase. This effect is
driven by the relatively high heterogeneous La—Tb equilibrium
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Figure 6. Hypothetical scenarios for LanM’s separation performance. (A) Plot showing how mixed binding affects separation when homogeneous
binding constants are equal. (B) Plot showing how mixed binding affects separation when homogeneous binding constants differ by a factor of 3.
(C) Plot showing how separation varies when R, = Ry + 1. (D) Plot showing how mixed binding affects separation, especially at low B/A ratios,

when mixed binding constants are separated by a factor of 1000.

constant which is over four times greater than either of the two
homogeneous binding constants. Consequently, LanM serves
to actively mix La with heavy REEs like Gd, Tb, and Dy rather
than separate them. To overcome LanM’s propensity to mix
light and heavy REEs, complementary separation modalities
are necessary. While such a complementary separation
technique may take the form of a separate unit operation,
such as a mixer-settler step or a column with different REE
selectivity, it is also possible to employ chelators in a “ligand
tug-of-war strategy” similar to what has been recently
demonstrated.” Dong et al. demonstrated what may be
described as a protein—ligand tug-of-war when the selectivity
of citrate for heavy REEs was used synergistically with
immobilized LanM to enhance the separation of Nd and
Dy."" More recently, this approach was extended for La and
Dy separation.'’

To conceptionally demonstrate how mixed binding affects
binary metal ion separations, we used our model to explore
several hypothetical scenarios with different binding constants
for homogeneous and heterogeneous pairs of competing ions
(Figure 6). Scenario A shows how mixed binding affects
separation when the two homogeneous binding constants are
identical, a scenario similar to La and Tb (Figure 6A). When
the mixed binding constant (R;,) is twice the homogeneous
binding constants, there is no separation. This is a reasonable
result because it shows that if there is no preference between
any of four possible protein complexes, there will be no
separation. When the mixed binding constant is either
increased or decreased relative to the homogeneous binding
constants (i.e, R, > 2 or R, < 2), separation becomes
possible, but reverses preference on either side of a 1:1 ion
ratio.

Scenario B shows how mixed binding alters separation when
two ions have moderately different homogeneous equilibrium
constants (R = Ky/K, = 2) (Figure 6B). This is intended to
explore the role of mixed binding in generating the
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counterintuitive SF inversion effect that occurs for some ion
pairs that are on opposite sides of Sm in the lanthanide series
(i.e., light vs heavy REEs). These hypothetical scenarios align
with and extrapolate beyond the real examples of ion pairs with
greater heterogeneous binding constants than either of the
respective homogeneous binding constants (Gd—La, Ce—Gd,
etc.). Moreover, these ion pairs show a pattern of moving
closer by a single ion (e.g, La—Dy — Ce—Gd) on either side
of a center point between Nd and Sm. This result suggests that
Nd and Sm are bracketing the true optimally binding ion, Pm.
Furthermore, we hypothesize that the tightest binding ion pair
would be the combination of Pm and Sm. Indeed, recent work
characterizing the complexes of Pm with a diglycolamide
ligand confirms that Pm complexation geometry and energetics
fits predictably into the wider lanthanide series, providing
additional support for this theory.*®

Scenario C shows what happens when the difference in
homogeneous binding constants for two ions is progressively
increased while the mixed binding constant is defined as the
sum of the two homogeneous binding constants (Figure 6C).
When this condition, K;, = K, + K, is normalized by dividing
both sides by K, it can be found that R, = Rz + 1. This is a
common scenario in our results when two ions are in proximity
to one another in the lanthanide series and are not on
opposing sides of Sm. This scenario shows that the SF hits a
ceiling at 3 when the tighter-binding ion is in excess of the
weaker-binding ion regardless of how great the difference is
between homogeneous SF. While there is a benefit to
separation at low ratios of strong/weak binding ions, this
shows that mixed binding, as it currently manifests for LanM,
imposes a strong separation performance limitation for both
adjacent and closely spaced REE ions. This separation
dampening effect can be observed even for moderately distant
pairs such as Nd/Gd (Ry = 5.3 and R, = 5.6), where the SF is
2 at an equimolar concentration of ions despite the S-fold
difference in homogeneous binding constants. As such, a

https://doi.org/10.1021/jacsau.4c00628
JACS Au 2024, 4, 4273—-4284


https://pubs.acs.org/doi/10.1021/jacsau.4c00628?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00628?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00628?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00628?fig=fig6&ref=pdf
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.4c00628?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

comparison of homogeneous binding constants alone will
overestimate the separation potential for a particular REE pair.

In contrast to the scenario for closely spaced ions, mixed
binding is disfavored in the most distantly spaced ions, with a
prime example being the Nd—Dy pair with Ry = 31.7 and R,
= 12.5. As expected, the Nd—Dy pair breaks the SF ceiling of 3,
and instead plateaus just over S for high Nd—Dy ratios (Figure
6C). This suggests that when the difference in homogeneous
binding constants is increased beyond a certain threshold,
mixed binding becomes less pronounced (ie, is no longer
proportional). As such, there exists the possibility for nonlinear
gains in separation performance if sufficiently large Ry can be
achieved or if mixed binding can be further disfavored at a
fixed Rg. This latter scenario could perhaps be achieved by
strengthening the intraprotein interactions at the EF hand 2/3
interface to increase the rigidity of the EF hand domains.
Indeed, highly rigid chelators built around a bis-lactam
phenanthroline core have been employed to better discrim-
inate between similarly sized REEs.””*” Ultimately, it remains
to be seen whether engineering of LanM would allow for
separation of closely related ions with performance similar to
the Nd—Dy pair.

Scenario D explores the effect of mixed binding when one
ion is favored over another by a factor of 1000, particularly
when the weaker-binding ion is highly in excess of the
stronger-binding ion (Figure 6D). This is intended to explore
how LanM or a less REE-selective ancestor performs its natural
cellular role, as lanthanides are up to 10000-fold less abundant
in the environment compared to other abundant competitors
(e.g, Ca).”® While intuition would suggest that mixed binding,
for example La—Ca, is detrimental to lanthanide recovery, this
result shows that the opposite may be true. At very high excess
of the nonlanthanide, strong mixed binding is predicted to
improve the performance of LanM or its ancestral homologues,
which might have had a physiological benefit in the host
microbe’s natural environment. Furthermore, the perfect
cooperativity model implies LanM may have never faced
evolutionary pressure to disfavor mixed binding between
lanthanides as methylobacteria can utilize multiple lanthanide
ions.

Regardless of the source of selective pressure, it appears
likely that selectivity against Ca and heavy lanthanides are
coupled. This is likely because Ca binds to ligands with a
coordination number of 6 to 8, with recent computational
work showing that Ca binds to CaM EF-hands with a
coordination number of 7.* Similarly, heavy lanthanides are
expected to bind to LanM with a lower coordination number
than light lanthanides due to steric restraints around the
smaller ion. Indeed, we show that a LanM variant (proline to
alanine at position two of each EF hand; 4P,A) with 100-fold
lower Ln/Ca selectivity exhibits a marked shift in selectivity
toward heavier REEs with a pronounced reduction in
selectivity for La, consistent with but extending prior data
(Figure Sl7).9

When considering the physiological implications of the
selectivity trends determined herein, it is important to caveat
that our data do not include contributions from EF-hand 1, the
weaker EF-hand domain that is active in free LanM but not in
the immobilized protein. The contributions of this domain
could be determined in subsequent work by expanding the
modeling approach to include equations that predict the
behavior of EF-hand 1 and collecting SF data for the free
protein using spin filter assays.’® Nevertheless, we have
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accurately characterized the selectivity of the highest-affinity
EF-hands, which we expect to be generally transferable to the
free protein.

We are left searching for an explanation for why LanM
preferentially binds Sm (or perhaps more accurately, Pm), an
element that is less abundant in nature compared to La, Ce,
and Nd and does not have a clear biological function (at least
in methanol oxidation) in M. extorquens. Indeed, there is
evidence showing that the kinetic efficiency of XoxF-type
methanol dehydrogenase enzymes decreases markedly from La
through Nd,**~* with a clear reduction in growth efficiency on
lanthanides evident for Nd and beyond.* Thus, the selectivity
of LanM within the LREEs (La < Ce < Pr < Nd < Sm) is the
inverse of the usability by XoxF. We thus speculate that LanM
may play a role in sequestering Nd/Sm"*, which co-occur in
the environment with the catalytically preferred lanthanides La
and Ce, from XoxF. Indeed, a cellular mechanism for selective
metalation of XoxF with La over Nd is supported by work by
Nakagawa and co-workers showing that XoxF isolated from M.
extorquens cells grown on equimolar amounts of Nd and La
achieves a La/Nd loading ratio of 9:1.* Confirmation of this
role requires additional work, including the elucidation of its
cellular interacting partners. It will also be interesting to
determine whether the selectivity of orthologous LanM and
XoxF pairs exhibit an inverted selectivity trend. For example,
the recently characterized LanM from Hansschlegelia quercus
(H. quercus) achieves a selectivity profile shifted even further to
the light REEs (peak at Pr'’), raising the possibility that the
corresponding XoxF may be more finely tuned for the lightest
REEs, perhaps reflecting a different ecological niche.

The perfect cooperativity model of immobilized M. extorquens
LanM has allowed for the determination of binding coefficients
for heterogeneous ion pairs based on binary ion adsorption
experiments. These constants then allowed for the accurate
prediction of selective adsorption of REE ions from more
complex mixtures. While the trend in binding constants
initially showed that most ion pairs follow a simple trend of
optimum binding for a certain sum of ionic radii,
heterogeneous ion pairs with large differences in ionic radii
formed less stable complexes than pairs closer in size. Future
work to characterize hetero-ion complexes by molecular
dynamics simulations and crystallography may help resolve
more details about the structure—function relationship of
LanM and enable rational engineering of more selective
variants. Similarly, complementary analytical methods may
enable the validation of a more mechanistically thorough
model including separate equilibrium constants for single-ion
complexation and single-to-double ion complexation. It will
also be important to extend the thermodynamic character-
ization to natural orthologs and synthetic variants beyond the
archetypal LanM, such as H. quercus LanM, which exhibits
lanthanide-dependent dimerization and a substantially en-
hanced selectivity between LREEs and HREEs, the thermody-
namic basis for which remains incompletely understood.

Purification and immobilization of M. extorquens LanM was
performed using a thiol-maleimide conjugation reaction as previously
reported."’
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Approximately 30 yL of agarose-LanM was distributed into each well
of a 96-well filter plate. The agarose-LanM was first equilibrated with
10 mM MES buffer at pH 6 and then each well was repeatedly
incubated with binary mixtures of REEs at concentration ratios
ranging from 1:24 to 27:1 with a total concentration of 10 mM. After
incubation the immobilized protein was thoroughly washed with
water to remove any unbound ions. Finally, the LanM-bound REEs
were desorbed by addition of 100 mM HCL The desorbed REE
composition was then analyzed by ICP—MS.

The aqueous compositions tested included binary pairs from all 45
possible binary combinations of ten representative REEs tested (as
well as binary pairs selected from outside this set of ten ions) in eight
ratios ranging from 1:24 to 27:1. Data analysis was performed using
MATLAB to plot the SF function against experimental data. The
function was fitted to data by modifying the constants Ry and R,
Fits for all binary pairs including La are shown in Figure 2. Plots for all
binary pair fits are included in the Supporting Information. To ensure
that the model was not overfitted to the data, relative equilibrium
constants for homogeneous ion pairs were used as shared fitting
parameters across all experiments.

Metal concentrations were determined ICP—MS using an Agilent
ICP—MS 7850 system in helium mode. ICP—MS samples of the
metals were prepared by dilution to a final 2% HNO; solution
prepared from deionized Milli-Q water and ultrapure HNO; Optima
(Fisher Chemical: S020101TFIF01). Metal calibration curves were
created using gravimetrically prepared REE standards (Sigma-Aldrich:
67349) at 0, 0.0305, 0.122, 0.488, 1.953, 7.812, 31.25, 125, and 500
ppb (seven 1:4 dilutions of SO0 ppb, with a 0 ppb blank prepared
using the same matrix). Rhenium was used as an internal standard
(Inorganic Ventures: CGRE1), a 1 ppb Tuning Solution was used for
tuning (Agilent: $185—5959), and 0.2 um filtered Milli-Q water was
used for probe washing. All sample measurements were corrected
automatically for variation in the internal standard signal in the ICP—
MS MassHunter software.

ICP—MS data was first processed in excel to convert ppm
concentrations to molarity and determine the SF at each aqueous
ion ratio. The processed data was then imported in MATLAB and
fitting constants Ry and R,;, were optimized to minimize the sum of
squared error relative to the average of duplicate results using the
fminsearch function. All adjacent pairs (La—Ce, Ce—Nd, Nd—Sm,
etc.) of ions were analyzed first because their lower SF were expected
to be more precisely determined. The Ry values from these fits were
then used to determine the K, for all homogeneous ion pairs relative
to the La—La complex. These K, values were then used to calculate
Ry values for all other ion pairs, and the R ;, value was optimized to
minimize error. R, values for all pairs were then used to determine
K., values normalized against the La—La complex. The resulting K.
values for all homogeneous and heterogeneous ion pairs were then
aggregated in the matrix shown in Table SI.

Many equimolar 3-, 4-, and S-ion solutions were prepared at pH 5.0 to
include many possible combinations of ions (Figures S14—S16).
These solutions were then incubated with LanM agarose in the same
manner as the binary solutions. Both the HCl LanM desorbate and
the residual solutions were analyzed by ICP—MS. The residual
solution concentrations and the desorbate concentrations were
imported into MATLAB as individual arrays for each result. The
matrix of relative K, values was imported into MATLAB as a matrix.
MATLAB functions were written to introduce K4 values into systems
of equations describing 3-, 4-, and S-ion solutions binding to LanM.
The system of equations was then solved using fsolve, resulting in the
predicted composition of the LanM-metal complexes. The total
protein-adsorbed fraction of each metal was determined by mass
balance from the calculated LanM metal complexes. The results were
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then plotted alongside experimental results without any additional
modification or fitting steps.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacsau.4c00628.
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