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1
PROTEIN SCAFFOLDS FOR SELECTIVE
ENRICHMENT OF METAL IONS

This application is a national phase application under 35
U.S.C. §371 of International Application No. PCT/US2013/
031039, filed Mar. 13, 2013, which claims the benefit of
priority to U.S. Provisional Patent Application Ser. No.
61/623,154 filed on Apr. 12,2012. The entire contents of each
of the above-referenced disclosures are specifically incorpo-
rated herein by reference without disclaimer.

The invention was made with government support under
Grant No. DE-FG02-07ER15865 awarded by the U.S.
Department of Energy. The government has certain rights in
the invention.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates generally to the field of
molecular biology and bioinorganic chemistry. More particu-
larly, it concerns protein scaffolds for selective recognition
and binding of metal ions and methods for using such scaf-
folds.

2. Description of Related Art

Precious metals are useful in a wide variety of applications.
However, they are usually found in very low concentrations in
uncommon minerals. Many of the world’s conventional
resources are controlled by a few countries, but the ocean
holds a vast opportunity for precious metal harvesting that has
yet to be fully realized.

The uranyl ion (UO,>*), the predominant aerobic form of
uranium, is present in the ocean at concentrations of 3.2 ppb
(13 nM). Unique structural and electronic qualities have
made selective binding of uranyl an attractive target for many
studies, yet competition by various metal ions and natural
ligands have limited the successful enrichment of uranyl from
the ocean.

SUMMARY OF THE INVENTION

In some embodiments isolated and recombinant polypep-
tides are provided that specifically bind to actinide and/or
lanthanide oxides, such as uranyl. Examples of such polypep-
tides include, without limitation, sequences at least about
80%, 85%, 90%, 95%, 96%, 97%, 98% or 99% identical to
the polypeptides of SEQ ID NO: 1, 3, 5, 7 or 9 or fragments of
such polypeptides having actinide oxide and/or lanthanide
oxide (e.g., uranyl) binding activity.

In one embodiment a recombinant polypeptide is provided
comprising an amino acid sequence at least 80%, 85%, 90%,
95%, 96%, 97%, 98% or 99% identical to SEQ ID NO: 1
(U09) wherein the amino acid sequence comprises one or
more of the following features (a) an amino acid with a
negatively charged side chain (e.g., Asp or Glu) at the position
corresponding to Asn 13 of SEQ ID NO: 1; (b) an amino acid
with a negatively charged side chain (e.g., Asp or Glu) at the
position corresponding to Glu 17 of SEQ ID NO: 1; (¢) an
amino acid with a negatively charged side chain (e.g., Asp or
Glu) at the position corresponding to Gln 64 of SEQ ID NO:
1; and/or (d) an amino acid with a polar side chain (e.g., Thr,
Ser, Asn or Gln) at the position corresponding to Leu 67 of
SEQ ID NO: 1. In further aspects, the amino acid sequence
comprises an amino acid with a negatively charged side chain
(e.g., Asp or Glu) at one or more of the position corresponding
to () Glu8 of SEQ ID NO: 1; (f) Glu 12 of SEQ IDNO: 15 (g)
Glu 35 of SEQ ID NO: 1; and/or (h) Asp 68 of SEQ ID NO:
1. In certain aspects, a polypeptide of the embodiments com-
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2

prises 2, 3, 4, 5, 6, 7 or 8 of features (a-h). For example, the
polypeptide can comprise an amino acid sequence at least
85%, 90%, 95%, 96%, 97%, 98% or 99% identical to SEQ ID
NO: 3 (U09"). In certain embodiments, a polypeptide accord-
ing to the embodiments comprises an Asp residue at the
position corresponding to Asn 13 of SEQ ID NO: 1; a Glu
residue at the position corresponding to Glu 17 of SEQ ID
NO: 1; a Glu residue at the position corresponding to Gln 64
of SEQ ID NO: 1 and/or a Thr residue at the position corre-
sponding to Leu 67 of SEQ ID NO: 1. In yet further aspects,
a polypeptide of the embodiments comprises the amino acid
sequence of SEQ ID NO: 1 or SEQ ID NO: 3.

In a further embodiment there is provided a recombinant
polypeptide comprising an amino acid sequence at least 80%,
85%, 90%, 95%, 96%, 97%, 98% or 99% identical to SEQ ID
NO: 5 (U02) wherein the amino acid sequence comprises one
or more of the following features: (a) an amino acid with a
positively charged side chain (e.g., Arg, His or Lys) at the
position corresponding to Glu 30 of SEQ ID NO: 5; (b) an
amino acid with a polar side chain (e.g., Thr, Ser, Asn or Gln)
at the position corresponding to Val 17 of SEQ ID NO: 5; (¢)
an amino acid with a negatively charged side chain (e.g., Asp
or Glu) at the position corresponding to Gln 74 of SEQ ID
NO: 5; and/or (d) an amino acid with a negatively charged
side chain (e.g., Asp or Glu) at the position corresponding to
Gln 119 of SEQ ID NO: 5. In further aspects, the amino acid
sequence comprises an amino acid with a negatively charged
side chain (e.g., Asp or Glu) or polar side chain (e.g., Thr, Ser,
Asn or Gln) at one or more of the position corresponding to:
(e) Glu 72 of SEQ ID NO: 5; (f) Gln 74 of SEQ ID NO: 5; (g)
Gln 119 of SEQ ID NO: 5; or (h) Asp 121 of SEQ ID NO: 5.
In certain aspects, a polypeptide of the embodiments com-
prises 2,3, 4, 5, 6, 7 or 8 of features (a-h). In certain embodi-
ments, a polypeptide according to the embodiments com-
prises an Arg residue at the position corresponding to Glu 30
of SEQ ID NO: 5; a Thr residue at the position corresponding
to Val 52 of SEQ ID NO: 5; a Glu residue at the position
corresponding to Gln 74 of SEQ ID NO: 5 and/or a Glu
residue at the position corresponding to Gln 119 of SEQ ID
NO: 5. In yet further aspects, a polypeptide of the embodi-
ments comprises the amino acid sequence of SEQ ID NO: 5.

In yet a further embodiment there is provided a recombi-
nant polypeptide comprising an amino acid sequence at least
80%, 85%, 90%, 95% or 97% identical to SEQ ID NO: 7
(U04) wherein the amino acid sequence comprises (a) a Tyr
residue at the position corresponding to Phe 139 of SEQ ID
NO: 7. In further aspects, the amino acid sequence comprises
an amino acid with a negatively charged side chain (e.g., Asp
or Glu) at one or more of the position corresponding to: (b)
Asp 11 of SEQ IDNO: 7; (¢) Glu 72 of SEQ ID NO: 7; and/or
(d) Asp 156 of SEQ ID NO: 7. In certain aspects, a polypep-
tide of the embodiments comprises 2, 3, or 4 of features (a-d).
In yet further aspects, a polypeptide of the embodiments
comprises the amino acid sequence of SEQ ID NO: 7.

In still a further embodiment there is provided a recombi-
nant polypeptide comprising an amino acid sequence at least
80%, 85%, 90%, 95% or 97% identical to SEQ ID NO: 9
(U10) wherein the amino acid sequence comprises one or
more of the following features: (a) an amino acid with a polar
side chain (e.g., Thr, Ser, Asn or Gln) at the position corre-
sponding to Met 75 of SEQ ID NO: 9; and/or (b) an Asn
residue at the position corresponding to Ser 34 of SEQ ID
NO: 9. In further aspects, the amino acid sequence comprises
an amino acid with a negatively charged side chain (e.g., Asp
or Glu) at one or more of the position corresponding to: (c)
Asp 49 of SEQIDNO: 9; (d) Asp 53 of SEQ ID NO: 9; and/or
(e) Glu 27 of SEQ ID NO: 9. In certain aspects, a polypeptide
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of the embodiments comprises 2, 3, 4, or 5 of the features
(a-e). In certain embodiments, a polypeptide according to the
embodiments comprises (a) a Ser residue at the position cor-
responding to Met 75 of SEQ ID NO: 9; and/or an Asn residue
at the position corresponding to Ser 34 of SEQ ID NO: 9.

In some further embodiments there is provided a recombi-
nant polynucleotide molecule comprising a nucleic acid
sequence encoding a polypeptide of the embodiments. For
example, the encoded polypeptide can comprise a sequence at
least 80%, 85%, 90%, 95%, 96%, 97%, 98% or 99% identical
to the polypeptides of SEQ ID NO: 1, 3, 5, 7 or 9. In certain
aspects, the polynucleotide molecule is further defined as an
expression vector wherein the nucleic acid sequence encod-
ing a polypeptide of the embodiments is a operably linked to
an expression control sequence (e.g., an expression control
sequence comprising one or more element that is heterolo-
gous relative to the encoded polypeptide). An expression
control sequence can be, for example, an eukaryotic, archeal
or prokaryotic expression control sequence. An expression
control sequence can comprise, without limitation, a pro-
moter (e.g., an inducible promoter), an enhancer, a splice
donor site, a splice acceptor site, a transcription stop signal, a
polyadenylation signal, an internal ribosome entry site, or an
RNA stability element.

In yet further aspects a method of manufacturing a
polypeptide is provided comprising (a) expressing a poly-
nucleotide molecule encoding a polypeptide according to the
embodiments in a cell; and (b) purifying said cell and/or
polypeptide. In still further embodiments, a host cell is pro-
vided comprising an expression vector of the embodiments.
Examples of host cells include, without limitation, a bacterial
cell, a yeast cell, a plant cell, an insect cell, a mammalian cell
or a ciliate cell. In certain aspects, a polypeptide of the
embodiments is expressed on the surface of the cell. In still
further embodiments, the polypeptide is expressed in the
intracellular space or is secreted from the cell.

In yet a further embodiment a composition is provided
comprising a polypeptide of the embodiments (e.g., a
polypeptide comprising a sequence at least about 80% iden-
ticalto SEQ IDNO: 1,3, 5, 7 or 9) wherein the polypeptide is
immobilized on a support. For example, the polypeptide can
be covalently attached to a support (e.g., via a thioester bond)
or can be attached by a noncovalent association (e.g., a biotin-
avadin interaction). A support of the embodiments can
include, without limitation, a cell (e.g., a cell expressing the
polypeptide), a bead, a column or a filter matrix, such as in a
cartridge filter.

In a yet a further embodiment there is provided a method
for binding uranyl comprising: (a) contacting a solution com-
prising uranyl with a polypeptide of the embodiments,
thereby binding the uranyl to the polypeptide. In still further
embodiments a method can be defined as a method for puri-
fying or concentrating uranium comprising: (a) contacting a
solution comprising uranyl with a polypeptide of the embodi-
ments; and (b) purifying or concentrating the polypeptide
thereby purifying or concentrating uranium.

A skilled artisan will recognize that such methods can be
used to purify uranium (e.g., uranyl ion) as well as to reduce
the level of uranium in a solution (e.g., for environmental
remediation). Thus, in some embodiments, a method is pro-
vided for reducing the level of uranium in a solution compris-
ing: (a) contacting a solution comprising uranyl with a
polypeptide comprising an amino acid sequence at least 80%,
85%, 90%, 95%, 96%, 97%, 98%, 99% or more identical to
SEQIDNO: 1, 3, 5, 7 or 9, thereby binding the uranyl to the
polypeptide; and (b) purifying the polypeptide away from the
solution thereby reducing the level of uranium in the solution.
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For example, the polypeptide can be bound to a solid support,
such a filter matrix. In some aspects, a method of the embodi-
ments comprises pumping a solution past a polypeptide (e.g.,
through a filter matrix with a polypeptide bound thereto).

In certain aspects, a solution of the embodiments com-
prises uranyl having a >**U, 2*°U or ***U uranium isotope.
Examples of solutions for use according to the embodiments
include, without limitation, salt water (e.g., sea water), fresh
water (e.g., river water), treated or untreated sewage, mine
effluent (e.g., from tailing pools) and cooling water from
nuclear reactors and/or fuel rod cooling ponds. In certain
aspects, a solution of the embodiments comprises carbonate.

Certain aspects of the embodiments concern uranyl bind-
ing polypeptides of the embodiments and methods for bind-
ing uranyl with such polypeptides. For example, in certain
aspects a polypeptide of the embodiments binds to uranyl
with a K, of between about 100 nM and about 0.1 M,
between about 100 1M and about 0.1 fM or between about 1.8
nM and about 1.0 fM. In yet further aspects, the polypeptide
binds to uranyl with a K, ofless than 0.1 M such as a K, of
between about 0.1 M and 1,000, 100, 10 or 1 zeptomolar.

In still further aspects, a method of the embodiments fur-
ther comprises isolating or concentrating the polypeptide
bound to uranyl. For example, the polypeptide can be purified
by an affinity tag, by sedimentation (e.g., centrifugation) or
by immobilization on a support. In yet further aspects, pro-
vided methods comprise eluting uranyl from the polypeptide.
For example, the uranyl can be eluted by contacting the
polypeptide and bound uranyl with an elution solution (e.g., a
solution comprising carbonate), by heating the polypeptide,
by denaturing the polypeptide, or by cleavage of the polypep-
tide. In still further aspects, methods of the embodiments can
comprise use of a uranyl-binding polypeptide in two or more
cycles of uranyl binding and elution of uranyl. For example,
in some aspects, a method the embodiments comprises: (a)
contacting a solution comprising uranyl with a polypeptide of
the embodiments, thereby binding the uranyl to the polypep-
tide; (b) purifying the polypeptide away from the solution; (c)
eluting the uranyl from the polypeptide; and (d) repeating
steps (a)-(c) one or more times (e.g., 2,3,4,5,6,7,8,9 or 10
timers). In certain aspects, eluting the uranyl from the
polypeptide comprises denaturing the polypeptide. Accord-
ingly, in some aspects, methods of the embodiments comprise
renaturing (or refolding) a polypeptide of the embodiments,
such as by incubation of the polypeptide in an aqueous buffer,
at a neutral pH, and/or at approximately room temperature.

Asused herein the specification, “a” or “an” may mean one
or more. As used herein in the claim(s), when used in con-
junction with the word “comprising”, the words “a” or “an”
may mean one or more than one.

The use of the term “or” in the claims is used to mean
“and/or” unless explicitly indicated to refer to alternatives
only or the alternatives are mutually exclusive, although the
disclosure supports a definition that refers to only alternatives
and “and/or.”” As used herein “another” may mean at least a
second or more.

Throughout this application, the term “about” is used to
indicate that a value includes the inherent variation of error
for the device, the method being employed to determine the
value, or the variation that exists among the study subjects.

Other objects, features and advantages of the present
invention will become apparent from the following detailed
description. It should be understood, however, that the
detailed description and the specific examples, while indicat-
ing preferred embodiments of the invention, are given by way
of illustration only, since various changes and modifications
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within the spirit and scope of the invention will become
apparent to those skilled in the art from this detailed descrip-
tion.

BRIEF DESCRIPTION OF THE DRAWINGS

The following drawings form part of the present specifica-
tion and are included to further demonstrate certain aspects of
the present invention. The invention may be better understood
by reference to one or more of these drawings in combination
with the detailed description of specific embodiments pre-
sented herein.

FIG. 1. Schematic shows the binding motifs for several
uranyl selective metalloproteins along with their K,,. U09
was selected for elaboration due to probable structural stabil-
ity and accessibility of beneficial mutations.

FIG. 2. Graph shows the results of a carbonate competition
assay for U09".

FIG. 3. Graph shows calculated uranyl binding for U09" in
pH 8.15 seawater with 2.0 mM carbonate. The x-axis refers to
the concentration of U09" in solution. The y-axis refers to the
fraction of total uranium that has speciated a given way—
either to UO,(CO,),*" or to UO,-U09". As protein concen-
tration increases, U09" is capable of enriching most uranyl
from sea water. For example, at U09" concentrations of 60
UM or greater, over 90% of uranium speciates to the protein.

FIG. 4. Representation of a U09" crystal structure. 2% v/v
Tacsimate 4.0 0.1M, Sodium acetate trihydrate pH 4.6, 16%
w/v Polyethylene glycol 3,350. D68, E17, and water provide
the equatorial ligand sphere in this structure. Uranyl oxo
ligand is stabilized by hydrogen-bond donation from R71.

FIG. 5. Graph demonstrates that U09" has a high thermal
stability, with a Tm of 64.5° C.

FIG. 6. Graph shows results of a U09' carbonate competi-
tion assay. The peak is broader than would be expected,
indicating potential multiple unique binding events.

FIG. 7. Schematic shows the second binding site identified
at protein interfaces in the crystal structure, explaining the
multiple binding events indicated for the protein.

FIG. 8. Protein titration with uranyl vs. diglycolic acid
(DGA). Until protein and uranyl are at a 1:1 ratio, the amount
of'uranyl bound by the DGA goes up slowly. Once protein and
uranyl are equimolar, much more uranium is bound by the
DGA and measured, indicating a 1:1 binding ratio.

FIG. 9. Graph shows the molar selectivity of U09" for
uranium. The shaded bars correspond with the molar excess
orderth of a given ion compared with uranium. The ivory bars
correspond with the selectivity of U09" over a given metal.
The line at 2x10° corresponds to the limit of detection for
selectivity. Any metal having selectivity reported as 2x10°
should be understood to have selectivity greater than or equal
to 2x10°.

FIG. 10. Graph shows data fit to a uranyl carbonate model
vs. a uranyl model. The data fits suggest models that the
protein can bind one uranyl, one uranyl mono-carbonate (1:1:
1), or both uranyl (1:1) and uranyl mono-carbonate (1:1:1).

FIG. 11. Schematic shows a strategy for cell surface dis-
play of protein. U09" is fixed to a truncated OmpA with a
membrane localization tag. The truncation is located so that
U09" is displayed outside the cell. The amino acid linker
between OmpA and U09"shown in the figure is provided as
SEQ ID NO: 3.

FIG. 12. Graph shows enrichment using cell surface dis-
played protein. The first column is the pBAD cell line con-
taining the OmpA-fusion protein without induction. The sec-
ond column is the same line with overnight induction. The
final column is the concentration of uranyl in the solution with
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cells. While cells not induced are not able to enrich uranium,
induced cells are able to enrich half of the uranium from a pH
9 solution with 20 mM carbonate, indicating a free uranyl
concentration and K, of around 1.7x107° M when immobi-
lized on the cell surface.

DESCRIPTION OF ILLUSTRATIVE
EMBODIMENTS

1. The Present Invention

Through billions of years of evolution nature has produced
strategies to recognize beneficial or toxic metal ions with high
sensitivity and selectivity. Such evolved proteins are promis-
ing candidates for selective binding of trace metals for selec-
tive concentration or removal of such metals. However, even
highly evolved proteins typically lack sufficient stability,
affinity and selectivity to be employed in industrial scale
metal purification or remediation.

Proteins disclosed herein provide for the first time highly
stable and selective platforms for actinide or lanthanide oxide
binding. In particular, proteins detailed here show exquisite
selectivity for uranyl ion. The engineered proteins form a
well-folded protein scatfold and, with the assistance of sec-
ond sphere interactions, metal ions such as uranyl can be
recognized well into the femtomolar (107*°) range with
extremely high selectivity. Such affinities and selectivities are
sufficient for mining uranium and other elements from sea-
water economically or for remediation from polluted envi-
ronmental sites. Additionally, proteins may be displayed on
the surfaces or expressed inside of living organisms, thus
allowing regeneration of these systems biologically for
enrichment or remediation purposes.

II. Polypeptides

Embodiments of the invention provide isolated and recom-
binant polypeptides that specifically bind to actinide and/or
lanthanide oxides. In particular polypeptides are provided
that specifically bind uranyl. The engineered polypeptides
provided herein are representative of a wide array of modified
coding sequence that can be generated while maintain or even
optimizing uranyl binding.

Thus, in some embodiments, a polypeptide of the embodi-
ments comprises a sequence at least about 80%, 85%, 90%,
95%, 96%, 97%, 98% or 99% identical to the polypeptides of
SEQIDNO: 1,3, 5, 7 or 9 having uranyl binding activity. For
example, a polypeptide can comprise 1,2,3,4,5,6,7,8,9, 10,
11,12, 13, 14, 15, or more variant amino acids within at least,
oratmost3,4,5,6,7,8,9,10, 11, 12, 13, 14, 15, 16, 17, 18,
19,20,21,22,23,24,25,26,27,28,29,30,31,32, 33,34, 35,
36,37,38,39,40,41,42,43,44,45,46,47,48,49, 50, 51, 52,
53,54,55,56,57,58,59,60, 61, 62,63, 64,65, 66, 67, 68, 69,
70,71,72,73,74,75,76,77,78,79, 80, 81, 82, 83, 84, 85, 86,
87,88, 89,90, 91,92, 93,94, 95,96, 97,98, 99, 100, 101, 102,
103, 104, 105, 106, 107, 108, 109, 110, 111, 112, 113, 114,
115, 116, 117, 118, 119, 120, 121, 122, 123, 124, 125, 126,
127, 128, 129, 130, 131, 132, 133, 134, 135, 136, 137, 138,
139, 140, 141, 142, 143, 144, 145, 146, 147, 148, 149, 150,
151, 152, 153, 154, 155, 156, 157, 158, 159, 160, 161, 162,
163, 164, 165, 166, 167, 168, 169, 170, 171, 172, 173, 174,
175,176,177,178,179, 180, 181, 182, 183, 184, 185 or 186
contiguous amino acids, or any range derivable therein, of
SEQID NOs: 1, 3,5,7 or 9.

Likewise, aspects of the embodiments concern fragments
of SEQ ID NO: 1, 3, 5, 7 or 9, such as fragments having
actinide oxide and/or lanthanide oxide (e.g., uranyl) binding
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activity. For example, a polypeptide of the embodiments can
comprise 1, 2, 3, 4, 5, 6, or more segments of 12, 13, 14, 15,
16,17,18,19,20,21,22,23,24,25,26,27,28,29,30,31, 32,
33,34,35,36,37,38,39,40,41,42,43,44,45,46,47,48, 49,
50,51,52,53,54,55,56,57,58,59,60,61,62,63, 64,65, 66,
67,68,69,70,71,72,73,74,75,76,77,78,79, 80, 81, 82, 83,
84, 85, 86, 87, 88, 89, 90, 91, 92, 93, 94, 95, 96, 97, 98, 99,
100, 101, 102, 103, 104, 105, 106, 107, 108, 109, 110, 111,
112, 113, 114, 115, 116, 117, 118, 119, 120, 121, 122, 123,
124, 125, 126, 127, 128, 129, 130, 131, 132, 133, 134, 135,
136, 137, 138, 139, 140, 141, 142, 143, 144, 145, 146, 147,
148, 149, 150, 151, 152, 153, 154, 155, 156, 157, 158, 159,
160, 161, 162, 163, 164, 165, 166, 167, 168, 169, 170, 171,
172, 173, 174, 175, 176, 177, 178, 179, 180, 181, 182, 183,
184, 185 or 186 amino acids of SEQ ID NOs: 1, 3, 5, 7 or 9.
In some embodiments, a polypeptide of the embodiments
comprise 1, 2, 3, 4, 5 or more repeated sequences each of
which have individual uranyl binding activity.

Methods for making deletions or substitutions in polypep-
tide while maintaining function (e.g., uranyl binding affinity)
of the polypeptide are well known in the art. For example,
amino acid substitutions can be made at one or more positions
wherein the substitution is for an amino acid having a similar
hydrophilicity. The importance of the hydropathic amino acid
index in conferring interactive biologic function on a protein
is generally understood in the art (Kyte & Doolittle, 1982). It
is accepted that the relative hydropathic character of the
amino acid contributes to the secondary structure of the
resultant protein, which in turn defines the interaction of the
protein with other molecules, for example, enzymes, sub-
strates, receptors, DNA, antibodies, antigens, and the like.
Thus such conservative substitution can be made in a uranyl
binding protein such as those provided by SEQ ID NOs: 1, 3,
5, 7 or 9 and will likely only have minor effects on their
binding affinity. As detailed in U.S. Pat. No. 4,554,101, incor-
porated herein by reference, the following hydrophilicity val-
ues have been assigned to amino acid residues: arginine
(+3.0); lysine (+3.0); aspartate (+3.0+1); glutamate (+3.0x1);
serine (+0.3); asparagine (+0.2); glutamine (+0.2); glycine
(0); threonine (=0.4); proline (-0.5x1); alanine (0.5); histi-
dine -0.5); cysteine (-1.0); methionine (-1.3); valine (-1.5);
leucine (-1.8); isoleucine (-1.8); tyrosine (2.3); phenylala-
nine (-2.5); tryptophan (-3.4). These values can be used as a
guide and thus substitution of amino acids whose hydrophi-
licity values are within +2 are preferred, those that are within
=1 are particularly preferred, and those within +0.5 are even
more particularly preferred. Thus, any of the uranyl binding
polypeptides described herein may be modified by the sub-
stitution of an amino acid, for different, but homologous
amino acid with a similar hydrophilicity value. Amino acids
with hydrophilicities within +/-1.0, or +/-0.5 points are con-
sidered homologous.

Further guidance as to deletions or substitutions for
polypeptides of the embodiments can be provided by their
structure. Thus, changes can be made that would be predicted
to have little or no effect on the structure of the folded
polypeptide of SEQID NOs: 1,3, 5,7 or 9 (see, e.g., FIG. 1).

For example, in the case of a uranyl binding protein with an
alpha-helical base structure such as U09 (SEQ ID NO: 1) and
U09"(SEQ ID NO: 3). Uranyl-binding residues (Asp and
Glu) are positioned by alpha helices or alpha helix bundles.
Alpha helix bundles form from 3 or more alpha helices that
have i and i+4 residues as hydrophobic residues to help pack-
ing and stabilization of the bundle between different helices.
Thus, well positioned Asp or Glu can be designed to bind
uranyl at the equatorial plane in order to provide a pentagonal
bipyramidal or hexagonal bipyramidal coordination geom-
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etry to chelate the central uranyl (the axial ligands are two oxo
of uranyl), see e.g., FIGS. 4 and 7. 4-6 ligands on the equa-
torial plane can come from Asp or Glu well positioned in the
polypeptide. Furthermore, residues such as Lys, Arg, Asn, or
Gln can be designed to form hydrogen bonds to the two oxo
ligands of uranyl to enhance binding sensitivity and selectiv-
ity.

Further rational design of proteins has focused on the
design of helical bundles (3) and coiled coils (4-6). Although
many of the early applications were to mimic existing pro-
teins, entirely new activity can be introduced into protein
scaffolds as well (7-10). Coordination chemistry of a metal
with organic ligands as detailed above can inform the design
when biological ligand data is absent (11-12). Selective metal
binding sites may also be designed by screening naturally
occurring folds in structurally defined proteins for the appro-
priate ligation geometries (13-14).

Where a protein is mentioned herein, it is preferably a
reference to a native or recombinant protein. The protein may
be isolated directly from the organism of its origin or pro-
duced by recombinant DNA techniques, as outlined below.

II1. Polypeptide Production

The present embodiments describe polypeptides and frag-
ments thereof having uranyl binding activity. Recombinant
DNA technology may be employed wherein a nucleotide
sequence which encodes a polypeptide of the embodiments is
inserted into an expression vector, transformed or transfected
into an appropriate host cell and cultivated under conditions
suitable for expression.

One embodiment of the invention includes the use of gene
transfer to cells, including microorganisms, for the produc-
tion and/or presentation of polypeptides. The gene for the
polypeptide or peptide of interest may be transferred into
appropriate host cells followed by culture of cells under the
appropriate conditions. The generation of recombinant
expression vectors, and the elements included therein, are
well known in the art and briefly discussed herein. Alterna-
tively, the protein to be produced may be an endogenous
protein normally synthesized by the cell that is isolated and
purified.

Host cells for expression of polypeptides can be chose
from, for example, eukaryotic, bacterial or archeal host cells.
In general host cells are chosen based on their cost and protein
production capacity. However, in some instance, the host cell
may is self be used in uranyl purification and/or bioremedia-
tion activity. In such aspects, cells may be chosen based on the
environmental conditions that are requisite for their growth.
Additionally, a host cell may be chosen that modulates the
expression of the inserted sequences, or that modifies and
processes the gene product in the manner desired. Such modi-
fications (e.g., glycosylation) and processing (e.g., cleavage)
of protein products may be important for the function of the
protein or proper display of the polypeptide. Different host
cells have characteristic and specific mechanisms for the
post-translational processing and modification of proteins.
Thus, appropriate cell lines or host systems can be chosen to
ensure the correct modification and processing of the foreign
protein expressed.

In specific embodiments, all or part of the proteins of the
invention can also be synthesized in solution or on a solid
support in accordance with conventional techniques. Various
automatic synthesizers are commercially available and can be
used in accordance with known protocols. See, for example,



US 9,255,019 B2

9

Stewart and Young, (1984); Tam et al., (1983); Merrifield,
(1986); and Barany and Merrifield (1979), each incorporated
herein by reference.

IV. Nucleic Acids

In certain embodiments, the present invention concerns
recombinant polynucleotides encoding the polypeptides of
the embodiments. As used in this application, the term “poly-
nucleotide” refers to a nucleic acid molecule that either is
recombinant or has been isolated free of total genomic
nucleic acid. Included within the term “polynucleotide” are
oligonucleotides (nucleic acids of 100 residues or less in
length), recombinant vectors, including, for example, plas-
mids, cosmids, phage, viruses, and the like. Polynucleotides
include, in certain aspects, regulatory sequences, isolated
substantially away from their naturally occurring genes or
protein encoding sequences. Polynucleotides may be single-
stranded (coding or antisense) or double-stranded, and may
be RNA, DNA (genomic, cDNA or synthetic), analogs
thereof, or a combination thereof. Additional coding or non-
coding sequences may, but need not, be present within a
polynucleotide.

In this respect, the term “gene,” “polynucleotide,” or
“nucleic acid” is used to refer to a nucleic acid that encodes a
protein, polypeptide, or peptide (including any sequences
required for proper transcription, post-translational modifi-
cation, or localization). As will be understood by those in the
art, this term encompasses genomic sequences, expression
cassettes, cDNA sequences, and smaller engineered nucleic
acid segments that express, or may be adapted to express,
proteins, polypeptides, domains, peptides, fusion proteins,
and mutants. A nucleic acid encoding all or part of a polypep-
tide may contain a contiguous nucleic acid sequence of: 30,
40, 50, 60, 70, 80, 90, 100, 110, 120, 130, 140, 150, 160, 170,
180, 190, 200, 210, 220, 230, 240, 250, 260, 270, 280, 290,
300, 310, 320, 330, 340, 350, 360, 370, 380, 390, 400, 410,
420, 430, 440, 441, 450, 460, 470, 480, 490, 500, 510, 520,
530, 540, 550, or more nucleotides, nucleosides, or base
pairs, including all values and ranges therebetween, of a
polynucleotide encoding one or more amino acid sequence
described or referenced herein (e.g., SEQID NOs: 2,4, 6,8 or
10). It also is contemplated that a particular polypeptide may
be encoded by nucleic acids containing variations having
slightly different nucleic acid sequences but, nonetheless,
encode the same or substantially similar protein.

In particular embodiments, isolated nucleic acid segments
and recombinant vectors are provided incorporating nucleic
acid sequences that encode a variant uranyl binding protein.
The term “recombinant” may be used in conjunction with a
polynucleotide or polypeptide and generally refers to a
polypeptide or polynucleotide produced and/or manipulated
in vitro or that is a replication product of such a molecule.

The nucleic acid segments used in the present embodi-
ments can be combined with other nucleic acid sequences,
such as promoters, polyadenylation signals, additional
restriction enzyme sites, multiple cloning sites, other coding
segments, and the like, such that their overall length may vary
considerably. It is therefore contemplated that a nucleic acid
fragment of almost any length may be employed, with the
total length preferably being limited by the ease of prepara-
tion and use in the intended recombinant nucleic acid proto-
col. In some cases, a nucleic acid sequence may encode a
polypeptide sequence with additional heterologous coding
sequences, for example to allow for purification of the
polypeptide, transport, secretion, post-translational modifi-
cation, or for therapeutic benefits such as targeting or efficacy.

LTY3
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As discussed above, a tag or other heterologous polypeptide
may be added to the modified polypeptide-encoding
sequence, wherein “heterologous” refers to a polypeptide that
is not the same as the modified polypeptide.

A. Vectors

Polypeptides of the invention may be encoded by a nucleic
acid molecule comprised in a vector. The term “vector” is
used to refer to a carrier nucleic acid molecule into which a
heterologous nucleic acid sequence can be inserted for intro-
duction into a cell where it can be replicated and expressed. A
nucleic acid sequence can be “heterologous,” which means
that it is in a context foreign to the cell in which the vector is
being introduced or to the nucleic acid in which is incorpo-
rated, which includes a sequence homologous to a sequence
in the cell or nucleic acid but in a position within the host cell
or nucleic acid where it is ordinarily not found. Vectors
include DNAs, RNAs, plasmids, cosmids, viruses (bacte-
riophage, animal viruses, and plant viruses), and artificial
chromosomes (e.g., YACs). One of skill in the art would be
well equipped to construct a vector through standard recom-
binant techniques (for example Sambrook et al., 2001;
Ausubel et al., 1996, both incorporated herein by reference).
In addition to encoding a variant SpA polypeptide the vector
can encode other polypeptide sequences such as a one or more
other bacterial peptide, a tag, or an immunogenicity enhanc-
ing peptide. Useful vectors encoding such fusion proteins
include pIN vectors (Inouye et al., 1985), vectors encoding a
stretch of histidines, and pGEX vectors, for use in generating
glutathione S-transferase (GST) soluble fusion proteins for
later purification and separation or cleavage.

The term “expression vector” refers to a vector containing
a nucleic acid sequence coding for at least part of a gene
product capable of being transcribed. In some cases, RNA
molecules are then translated into a protein, polypeptide, or
peptide. Expression vectors can contain a variety of “control
sequences,” which refer to nucleic acid sequences necessary
for the transcription and possibly translation of an operably
linked coding sequence in a particular host organism. In addi-
tion to control sequences that govern transcription and trans-
lation, vectors and expression vectors may contain nucleic
acid sequences that serve other functions as well and are
described herein.

1. Promoters and Enhancers

A “promoter” is a control sequence. The promoter is typi-
cally a region of a nucleic acid sequence at which initiation
and rate of transcription are controlled. It may contain genetic
elements at which regulatory proteins and molecules may
bind such as RNA polymerase and other transcription factors.
The phrases “operatively positioned,” “operatively linked,”
“under control.” and “under transcriptional control” mean
that a promoter is in a correct functional location and/or
orientation in relation to a nucleic acid sequence to control
transcriptional initiation and expression of that sequence. A
promoter may or may not be used in conjunction with an
“enhancer,” which refers to a cis-acting regulatory sequence
involved in the transcriptional activation of a nucleic acid
sequence.

Naturally, it may be important to employ a promoter and/or
enhancer that effectively directs the expression of the DNA
segment in the cell type or organism chosen for expression.
Those of skill in the art of molecular biology generally know
the use of promoters, enhancers, and cell type combinations
for protein expression (see Sambrook et al., 2001, incorpo-
rated herein by reference). The promoters employed may be
constitutive, tissue-specific, or inducible and in certain
embodiments may direct high level expression of the intro-
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duced DNA segment under specified conditions, such as
large-scale production of recombinant proteins or peptides.

The particular promoter that is employed to control the
expression of peptide or protein encoding polynucleotide of
the invention is not believed to be critical, so long as it is
capable of expressing the polynucleotide in a targeted cell,
such as a bacterial cell.

2. Selectable and Screenable Markers

In certain embodiments of the invention, cells containing a
nucleic acid construct of the present invention may be iden-
tified in vitro or in vive by encoding a screenable or selectable
marker in the expression vector. When transcribed and trans-
lated, a marker confers an identifiable change to the cell
permitting easy identification of cells containing the expres-
sion vector. Generally, a selectable marker is one that confers
a property that allows for selection. A positive selectable
marker is one in which the presence of the marker allows for
its selection, while a negative selectable marker is one in
which its presence prevents its selection. An example of a
positive selectable marker is a drug resistance marker.

B. Host Cells

As used herein, the terms “cell,” “cell line,” and “cell
culture” may be used interchangeably. All of these terms also
include their progeny, which is any and all subsequent gen-
erations. It is understood that all progeny may not be identical
due to deliberate or inadvertent mutations. In the context of
expressing a heterologous nucleic acid sequence, “host cell”
refers to a prokaryotic or eukaryotic cell, and it includes any
transformable organism that is capable of replicating a vector
orexpressing a heterologous gene encoded by a vector. A host
cell can, and has been, used as a recipient for vectors or
viruses. A host cell may be “transfected” or “transformed,”
which refers to a process by which exogenous nucleic acid,
such as a recombinant protein-encoding sequence, is trans-
ferred or introduced into the host cell. A transformed cell
includes the primary subject cell and its progeny.

Host cells may be derived from prokaryotes or eukaryotes,
including bacteria, yeast cells, insect cells, plant cells, algae
cells, ciliates and mammalian cells for replication of the
vector or expression of part or all of the nucleic acid
sequence(s). Numerous cell lines and cultures are available
for use as a host cell, and they can be obtained through the
American Type Culture Collection (ATCC), which is an orga-
nization that serves as an archive for living cultures and
genetic materials (see the world wide web at atcc.org).

C. Expression Systems

Numerous expression systems exist that comprise at least a
part or all of the compositions discussed above. Prokaryote-
and/or eukaryote-based systems can be employed for use
with the present invention to produce nucleic acid sequences,
or their cognate polypeptides, proteins and peptides. Many
such systems are commercially and widely available.

The insect cell/baculovirus system can produce a high level
of'protein expression of a heterologous nucleic acid segment,
such as described in U.S. Pat. Nos. 5,871,986, 4,879,236,
both herein incorporated by reference, and which can be
bought, for example, under the name MAXBAC® 2.0 from
INVITROGEN® and BACPACK™ BACULOVIRUS
EXPRESSION SYSTEM FROM CLONTECH®.

In addition to the disclosed expression systems of the
invention, other examples of expression systems include
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STRATAGENE®’s COMPLETE CONTROL™ Inducible
Mammalian Expression System, which involves a synthetic
ecdysone-inducible receptor, or its pET Expression System,
an E. coli expression system. Another example of an induc-
ible expression system is available from INVITROGEN®,
which carries the T-REX™ (tetracycline-regulated expres-
sion) System, an inducible mammalian expression system
that uses the full-length CMV promoter. INVITROGEN®
also provides a yeast expression system called the Pichia
methanolica Expression System, which is designed for high-
level production of recombinant proteins in the methy-
lotrophic yeast Pichia methanolica. One of skill in the art
would know how to express a vector, such as an expression
construct, to produce a nucleic acid sequence or its cognate
polypeptide, protein, or peptide.

V. Uranyl Binding

Embodiments of the invention also provide a method and
apparatus for the removal of uranyl from water. In certain
embodiments, such an apparatus (method) may comprise fil-
ters packed with a polypeptide of the embodiments. In some
cases, filters may be removable cassettes that could be easily
replaced when uranyl binding capacity of the filter matrix is
exhausted. For example, polypeptides of the embodiments
could be used as the filter matrix in a variety filter types such
as those described in U.S. Pat. Nos. 6,843,912, 6,841,066,
6,779,411, 6,328,777, D501,912, or D451,602, all incorpo-
rated herein by reference.

In certain further embodiments, water may be passed
through other types of filters either before or after uranyl
removal to reduce or purify other solutes or contaminates in
the water, for example other filter matrices can be used for
purification of metal ions, such as rare earth metals. Some
examples of filters for removal of biological contaminants are
found in U.S. Pat. Nos. 6,872,303 and 6,852,224, incorpo-
rated herein by reference.

V1. Examples

The following examples are included to demonstrate pre-
ferred embodiments of the invention. It should be appreciated
by those of'skill in the art that the techniques disclosed in the
examples which follow represent techniques discovered by
the inventor to function well in the practice of the invention,
and thus can be considered to constitute preferred modes for
its practice. However, those of skill in the art should, in light
of'the present disclosure, appreciate that many changes can be
made in the specific embodiments which are disclosed and
still obtain a like or similar result without departing from the
spirit and scope of the invention.

Example 1

Screen Identifying Protein Scaffolds for the Uranyl
Ion

Uranyl binding motifs are well known and offer distinctive
handholds for rational design of proteins. Uranium is aunique
metal among the lanthanides and actinides, preferring to oxi-
dize to +6 while many of the other metals remain in the +3
oxidation state. Uranium in the +6 oxidation state recruits two
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axial oxo ligands, forming a linear triatomic ion with an
overall charge of +2 (uranyl). The ability to afford five or six
equatorial ligands in pentagonal or hexagonal bipyramidal
geometries separates uranyl from most of the alkali, alkaline,
and transition metals. The presence of the oxo ligands distin-
guishes uranyl from most known lanthanide and actinide
species in the environment (15, 16). Although some uranyl
binding motifs have been discovered in organic ligands, in
DNA, and in proteins (17-19) none have been able to cross the
affinity threshold to compete with carbonate (2.2 mM in
ocean) and the selectivity requirement over other metals in
seawater. The distinctiveness of the uranyl ion, the utility of
uranium, and the lack of an economic approach make uranyl
an ideal proof of concept for rational design of selective-
binding proteins.

To identify candidate uranyl binding polypeptides the pro-
tein databank (PDB) was screened for pockets that could
accommodate the hexagonal bipyramid or pentagonal bipyra-
mid uranyl binding geometries, either natively or through
mutation of potential ligand residues to aspartate or
glutamate. From this initial screen thousands of hits were
identified and were narrowed down to ten selected candidates,
each was cloned, expressed, purified, and tested for uranyl
binding. Of the nine proteins that expressed well, four had
K s (dissociation constant) in the range of 100 nM and below
(see e.g., FIG. 1).

Example 2
Elaboration of Thermophile Hit U09

One of the hits stood out above the others in its potential
stability and utility. This small unnamed protein is from
Methanobacterium thermoautotrophicum, an anaerobe iso-
lated from sewage sledge in Urbana, I1l. This protein consists
of three a-helices in a tight bundle (PDB accession 2PMR)
and thermally stable at room and elevated temperatures.
Based on the reported structure, mutations of Lys13Asn and
Asnl7Glu were introduced in the initial in silico screen. The
mutant protein was cloned, expressed and purified, which
exhibited a modest binding affinity to uranyl with a K, of 77
nM (U09). After crystallizing this construct, mutations were
designed that may increase the binding affinity of U09. While
a modest increase in binding affinity was achieved (K,=1.8
nM) by mutating a nearby leucine to threonine (Leu67Thr) to
further stabilized the structure, further mutations of a nearby
glutamine to glutamate (Gln64Glu. U09'") and Asnl3 (origi-
nally Leul3) to aspartate (Asnl3Asp) lead to an increase in
K, of almost 10° fold to 5.8 fM (5.8x107**> M, FIG. 2).

Example 3
Characterization of U09"

The new construct comprising Asnl3Asp/Gln64Glu/
Leu67Thr mutations was named U09". The affinity of U09"
(K, 5.8 M) is high enough to remove much of the uranium
from sea water at moderate concentrations (FIG. 3). Based on
data fitting analysis, at 20 uM U09" should extract 80% of the
total uranyl from sea water and 60 uM U09" should extract
over 90%. The structure of U09" with bound uranyl was
solved (FIG. 4). As initially designed, E17 and D68 serve as
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axial ligands, while R71 donates a hydrogen bond to the
uranyl oxo ligand. Although the L67T was designed to intro-
duce a hydrogen bond to the other uranyl oxo ligand, instead
it simply served to further stabilize the structure. Similarly,
N13D and Q64E mutations were intended to introduce
another bidentate ligand to the uranyl equatorial field, but
seem to also stabilize the structure through indirect interac-
tions. It is possible that at high pH one or both of the carboxy-
lates would interact directly with the uranyl, but new crystal-
lization conditions must be found at higher pH to elucidate all
interactions. In addition to very high affinity, U09" has an
excellent thermostability with a Tm of 64.5° C. (FIG. 6).
U09" can also be incubated overnight in 1M HCl and recovers
activity when washed with a neutral or basic buffer.

Example 4

A Second Binding Site in at the Interface of U0Y'

It is further noted that the U09-based proteins can have a
second uranyl-binding site. When uranyl binding of the origi-
nal U09' construct was tested using competition with the
carbonate ligand, it was noted that the peak was broad (FIG.
6), indicating multiple unique binding events. The protein
was crystallized and it was found that, in addition to the
designed site, the uranyl cation also occupied a second site
defined by equatorial E8, E12, and E35 from three monomers
(FIG. 7). The site was also defined by two hydrogen bond
donations to one uranyl-oxo ligand by R4 and N39.

Each equatorial ligand of the interface site (E8, E12, E35)
was mutated to alanine and glutamine and each mutant tested
to determine its K, (Table 1). An equatorial carboxylate
ligand of the designed site (D68) was also mutated to alanine
and the corresponding amine and each mutant tested to deter-
mine K,. Each mutation to the corresponding ligand resulted
in drastic decreases in the uranyl binding efficiency of the
protein, indicating that even with the relatively mild
glutamate to glutamine mutations, some amount of global
change to the protein structure decreases the efficacy of both
sites. Each interface site ligand was then mutated to aspartate,
assuming the change in polarity in the other mutants must
have caused global structure changes that aftected both sites.
These new mutants had binding efficiencies similar to U09',
supporting the designed site as responsible for the high bind-
ing efficiency.

TABLE 1

Neither the interface nor design site mutations yield proteins with
similar dissociation constants, suggesting global structure
change affecting both sites for each mutation.

Mutation Affinity
ESA 3.2nM
E12A 2.3nM
E35A 4.0 nM
E8Q 4.6 1M
E12Q 3.1nM
E35Q 6.7 1M
D68A 3.1nM
oy 6.9 pM
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To verify that the designed binding site was responsible for
the high binding affinity 10 uM protein was mixed with 10 uM
DGA and titrated in increasing amounts of uranyl (FIG. 8).
Below 10 uM of uranyl, very little uranyl is speciated to the
DGA. Above 10 uM, much more uranyl is bound by the DGA
indicating a 1:1 binding ratio and suggesting the designed site
is the source of the high affinity binding.

16

binds one equivalent ofa 1:1 uranyl-carbonate complex (FIG.
10), as suggested by data fitting. Binding the uranyl-carbon-
ate complex or a mixture of uranyl and uranyl-carbonate
would decrease the affinity necessary for sea water enrich-
ment. This may present a different strategy to enrich uranyl
from seawater: binding uranyl-monocarbonate with protein.

Example 5 Example 7
Resin Based Fnrichment with Designed Protein 10 Cell-Based Enrichment with Designed Protein U09"
uoo"
In addition to resin based enrichment, methods were devel-
Since U09" exhibits a high binding affinity to uranyl, its oped for cell surface display to develop cell-based enrichment
selectivity of uranyl over other metal ions was examined and strategies. An OmpA-U09" fusion protein was cloned into a
uranyl enrichment from seawater was tested using this pro- 15 pBAD vector under control of and arabinose induced pro-
tein. The protein was immobilized on a resin. Eighteen metal moter region (FIG. 11). Each time protein was grown to
ions relevant to extraction from seawater and competition OD,0=0.4-0.8 and induced with arabinose. It was found that
with uranyl were competed against uranyl for protein binding overnight induction at 37° C. with 2% m/v arabinose induc-
(FIG. 9). The Arsenazo III method (21) was used to detect tion to gave the best results for expression. Cells were har-
uranyl. For these tests a maximum ratio of 2.0x10° metal ions 20 vested the next morning by centrifugation at 3000 rpm for 10
to 1 uranyl ion was used. If no uranyl was detected, the minutes. Cells were normalized to 1 mL of ODg,,=5 solu-
competition was tested again with metal diluted ten-fold and tions and tested by mixing cells with 20 mM carbonate in 10
repeated until uranyl was detected. Most ions were not able to mM pH 9.0 Tris buffer with 300 mM NaCl. Controls of cells
out-compete uranyl, even at 2.0x10° fold excess. Of those not induced and concentration without cells were performed
ions that did compete, none competed at low enough levels to » (FIG. 12). While cells not induced were not able to enrich
interfere with binding to uranyl in seawater. For instance, uranium, induced cells are able to enrich half of the uranium
calcium(I) is present at 10 mM in seawater, but U09" showed from a pH 9 solution with 20 mM carbonate, indicating a free
a 2.0x10°%-fold selectivity to uranyl over calcium(II). Such a uranyl concentration (and therefore K,) of around 1.7x1072°
high selectivity for uranyl across such a wide range of metals when immobilized on the cell surface. Preliminary result
appears to be unprecedented for proteins. 30 indicate that the majority of uranyl from synthetic seawater
can be enriched with this construct.
Example 6
Example 8
U09" May Bind One Equivalent of Uranyl or 1:1
Uranyl-Carbonate 33 Materials and Methods
Although the protein was initially designed to bind one Mutation, Expression and Purification of Protein
equivalent of uranyl, the possibility remains that U09" instead U09 gene was synthesized by GeneScript as shown below:
L Db ¢ R E R T E K D L E N L E K E L M E
CTG GAT TGC CGT GAA CGC ATT GAA AAA GAC CTG GAA AAC CTG GAA AAA GAA CTG ATG GAA 20
M kK $ I K L s D D E E A VvV VvV E R A L N Y
ATG AAA AGC ATC AAA CTG TCT GAT GAC GAA GAA GCG GTG GTT GAA CGT GCC CTG AAT TAT 40
R D D S VvV Y Y L E X G D H I T S F G ¢ I
CGC GAT GAC ACT GTC TAT TAC CTG GAA AAA GGC GAT CAT ATT ACC TCC TTT GGT TGT ATC 60
T Y A @ ¢ L L D S$§ L R M L H R I I E &
ACG TAC GCG CAG GGC CTG CTG GAT AGC CTG CGT ATG CTG CAC CGC ATT ATC GAA GGT 79
50
Certain positions that were identified as having a role in
uranyl binding a indicated in bold underline [SEQ ID NO:1
(protein); SEQ ID NO: 2 (polynucleotide)].
U09" gene after transformations:
L Db ¢ R E R I E K D L E D L E K E L M F
CTG GAT TGC CGT GAA CGC ATT GAA AAA GAC CTG GAA GAC CTG GAA AAA GAA CTG ATG GAA 20
M kK $ I K L s D D E E A Vv VvV E R A L N Y
ATG AAA AGC ATC AAA CTG TCT GAT GAC GAA GAA GCG GTG GTT GAA CGT GCC CTG AAT TAT 40
R D D S VvV Y Y L E X G D H I T S F G ¢ I
CGC GAT GAC AGT GTC TAT TAC CTG GAA AAA GGC GAT CAT ATT ACC TCC TTT GGT TGT ATC 60
T Y A E ¢ L T D S$S L R M L H R I I E &
ACG TAC GCG GAG GGC CTG ACG GAT AGC CTG CGT ATG CTG CAC CGC ATT ATC GAA GGT 79
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[SEQ ID NO:3 (protein); SEQ ID NO: 4 (polynucleotide)]

Mutations were performed using Pfu Ultra II polymerase
from Agilent. U09 and all mutations were cloned and
expressed in pMCSG19 vector for expression in PRK1037 E.
coli as previously described (1). All plasmid DNA was puri-
fied using a spin mini-prep kit, eluted into Type A water.
Protein was induced at OD=0.6 with 1 mM IPTG and cells
were grown overnight at room temperature before harvesting.
Cells were lysed by sonication in the presence of 100 uM
PMSF as serine protease inhibitor. Supernatant was separated
by centrifugation and filtration through 0.45 um PVDF. Ni-
NTA columns were run using 10 mM Tris pH 7.4 with 300
mM NaCl and imidizole ramping from 0 to 500 mM. Ni-NTA
column chromatography gave pure protein in good yields.
Protein samples were concentrated using 10 kDa cutoff cen-
trifuge filters and desalted into appropriate buffers. All crys-
tallization samples were further purified by gel filtration. Gel
filtrations were run in 10 mM Tris pH 7.4 with 100 mM NaCl.

Arsenazo 111 Determination of Uranyl

A modification Arsenazo 11l method (23) was employed to
determine uranyl concentrations unless otherwise indicated.
50 pulL of 80 uM Arsenazo III at pH 1 was titrated with equal
volume of uranyl solutions ranging from 0 to 10 uM, and the
absorbance at 652 nm was monitored. Absorbance at 652 nm
increase linearly in this range, and can be converted to uranyl
concentrations. For high DGA or carbonate concentrations
HCl was added to final Arsenazo solution to compensate for
buffering activity of carboxylates.

DGA Competition Assays

DGA competition assays were performed at pH 8.0 in 10
mM Tris buffer with 300 mM NaCl. Standard solutions of 100
uM protein and 100 uM UQ,>* were prepared and diluted 10

Uo2

SGGGGEHQHG EEMMAAVPAP

QPSKEEADCH IEAQIHANEA

DGPHYGANVK FEEGLGTYKV

KGPQW

fold with the appropriately scaled DGA buffer to give final
concentrations as shown. Solution was mixed and filtered
through 10 kDa cutoff centrifuge filters. Flow-through was
tested for uranyl concentration.

Uo4

ADTLLILGDS DSAGYRMSAS
HQPRWVLVEL GENDGLRGFQ

FSAIYPNLAK EFDVPLLPFF

DSLE

Carbonate Competition Assays

Carbonate competition assays were performed by mixing
protein with pH 8.0 10 mM Tris buffer with 300 mM NaCl
and various concentrations of carbonate. Uranyl was mixed in

U1lo0

MSDLDTPTPS PHPVLLNLEQ FLPYRLEVLS NRISGNIAKV YGDRYGMADP EWDVITILAL

10

20

25

40

55
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to yield the reported final concentrations of each species.
Solutions were tested in the same manner as DGA assays.

Resin Immobilized U09 Mutants

Protein was immobilized on Sulthydryl Coupling Resin
from G-Biosciences® following the suggested procedure.
Resin immobilized proteins were tested with carbonate
assays, but spun through silica spin columns as opposed to 10
kDa cutoff filters. Again, flow-through was tested for uranyl
concentration.

Seawater Extractions

Synthetic seawater was created according to accepted pro-
tocol, (23) with 13.4 nM added uranyl. Resin was incubated
with seawater for 30 minutes before seawater was removed.
Resin was washed with 10 mM pH 9.0 Tris before uranyl was
eluted from resin in five fractions of 100 ul. of 50 mM car-
bonate in 10 mM pH 9.0 Tris and each tested with Arsenazo
11T for uranyl.

Example 9

Additional Uranyl Binding Protein Coding
Sequences

The sequences of additional uranyl binding proteins U02,
U04 and U10 (see FIG. 1) were also analyzed to determine
which residues were involved uranyl binding and which resi-
dues could be further substituted to enhance the binding prop-
erties.

(SEQ ID NO:
DAEGAAGFDE FPIGEDRDVG PLHVGGVYFQ PVEMHPAPGA 60

GKDLGYGVGD FVPYLRVVAF LQKHGSEVKQ KVMFAPMNQG 120

RFEIAAPSHD EYSLHIDEQT GVSGRFWSEP LVAEWDDFEW 180

185

Residues involved in uranyl coordination include: E72,
Q74, Q119, and D121. Additional residues that may be
mutated to enhance binding include: E30R, V52T, Q74E,
Q119E.

(SEQ ID NO:
AAWPALLNDK WQSKTSVVNA SISGDTSQQG LARLPALLKQ 60

7)

PQOTEQTLRQ ILQDVKAANA EPLLMQIRPP ANYGRRYNEA 120

MEEVYLKPQW MQDDGDHPNR DAQPFIADWM AKQLQPLVNH 180

184

Residues involved in uranyl coordination include: D11
E72 and D156 (bold). Additional residues that may be
mutated to enhance binding include: F139Y (bold with
underline).

(SEQ ID NO:
60

9)

YPGSSASEVS DRTAMDKVAV SRAVARLLER GFIRRETHGD DRRRSMLALS PAGRQVYETV 120

APLVNEMEQR LMSVFSAEEQ QTLERLIDRL AKDGLPRMAS KD

162
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Residues involved in uranyl coordination include: D49
D53 and E27 (bold). Additional residues that may be mutated
to enhance binding include: M75S, M75N, M75Q), and S34N
(bold with underline).

All of the methods disclosed and claimed herein can be
made and executed without undue experimentation in light of
the present disclosure. While the compositions and methods
of this invention have been described in terms of preferred
embodiments, it will be apparent to those of skill in the art that
variations may be applied to the methods and in the steps or in
the sequence of steps of the method described herein without
departing from the concept, spirit and scope of the invention.
More specifically, it will be apparent that certain agents which
are both chemically and physiologically related may be sub-
stituted for the agents described herein while the same or
similar results would be achieved. All such similar substitutes
and modifications apparent to those skilled in the art are
deemed to be within the spirit, scope and concept of the
invention as defined by the appended claims.
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SEQUENCE LISTING

<160> NUMBER OF SEQ ID NOS: 10
<210>
<211>
<212>
<213>
<220>
<223>

SEQ ID NO 1

LENGTH: 79

TYPE: PRT

ORGANISM: Artificial Sequence
FEATURE:

OTHER INFORMATION: Synthetic peptide

<400> SEQUENCE: 1
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-continued

22

Leu

Glu

Val

Glu

Gly

Asp Cys Arg Glu Arg Ile Glu Lys Asp Leu

5 10

Leu Met Glu Met Lys Ser Ile Lys Leu Ser
20 25

Val Glu Arg Ala Leu Asn Tyr Arg Asp Asp
35 40

Lys Gly Asp His Ile Thr Ser Phe Gly Cys
50 55

Leu Leu Asp Ser Leu Arg Met Leu His Arg
70 75

<210> SEQ ID NO 2

<211> LENGTH: 237

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic primer

<400> SEQUENCE: 2

ctggattgee gtgaacgcat tgaaaaagac ctggaaaacce

atgaaaagca tcaaactgtce tgatgacgaa gaageggtgg

cgcgatgaca gtgtctatta cctggaaaaa ggegatcata

acgtacgege agggectget ggatagectg cgtatgetge

<210> SEQ ID NO 3

<211> LENGTH: 79

<212> TYPE: PRT

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic peptide

<400> SEQUENCE: 3

Leu

1

Glu

Val

Glu

Gly
65

Asp Cys Arg Glu Arg Ile Glu Lys Asp Leu
5 10

Leu Met Glu Met Lys Ser Ile Lys Leu Ser
20 25

Val Glu Arg Ala Leu Asn Tyr Arg Asp Asp
35 40

Lys Gly Asp His Ile Thr Ser Phe Gly Cys
50 55

Leu Thr Asp Ser Leu Arg Met Leu His Arg
70 75

<210> SEQ ID NO 4

<211> LENGTH: 237

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic primer

<400> SEQUENCE: 4

ctggattgee gtgaacgcat tgaaaaagac ctggaagacce

atgaaaagca tcaaactgtce tgatgacgaa gaageggtgg

cgcgatgaca gtgtctatta cctggaaaaa ggegatcata

acgtacgegyg agggcctgac ggatagectg cgtatgetge

<210> SEQ ID NO 5
<211> LENGTH: 185

Glu Asn Leu Glu Lys

Asp

Ser

Ile

60

Ile

Asp
Val
45

Thr

Ile

Glu
30
Tyr

Tyr

Glu

tggaaaaaga

ttgaacgtge

ttacctectt

accgcattat

Glu

Asp

Ser

Ile

60

Ile

Asp

Asp

Val

45

Thr

Ile

Leu

Glu

30

Tyr

Tyr

Glu

tggaaaaaga

ttgaacgtge

ttacctectt

accgcattat

15

Glu Ala

Tyr Leu

Ala Gln

Gly

actgatggaa
cctgaattat

tggttgtatc

cgaaggt

Glu Lys
15

Glu Ala

Tyr Leu

Ala Glu

Gly

actgatggaa
cctgaattat
tggttgtatc

cgaaggt

60

120

180

237

60

120

180

237
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-continued

<212> TYPE: PRT
<213> ORGANISM: Artificial Sequence
<220> FEATURE:
<223> OTHER INFORMATION: Synthetic peptide
<400> SEQUENCE: 5
Ser Gly Gly Gly Gly Glu His Gln His Gly Glu Glu Met Met Ala Ala
1 5 10 15
Val Pro Ala Pro Asp Ala Glu Gly Ala Ala Gly Phe Asp Glu Phe Pro

20 25 30
Ile Gly Glu Asp Arg Asp Val Gly Pro Leu His Val Gly Gly Val Tyr

35 40 45
Phe Gln Pro Val Glu Met His Pro Ala Pro Gly Ala Gln Pro Ser Lys
50 55 60
Glu Glu Ala Asp Cys His Ile Glu Ala Gln Ile His Ala Asn Glu Ala
65 70 75 80
Gly Lys Asp Leu Gly Tyr Gly Val Gly Asp Phe Val Pro Tyr Leu Arg
85 90 95

Val Val Ala Phe Leu Gln Lys His Gly Ser Glu Lys Val Gln Lys Val

100 105 110
Met Phe Ala Pro Met Asn Gln Gly Asp Gly Pro His Tyr Gly Ala Asn

115 120 125
Val Lys Phe Glu Glu Gly Leu Gly Thr Tyr Lys Val Arg Phe Glu Ile
130 135 140
Ala Ala Pro Ser His Asp Glu Tyr Ser Leu His Ile Asp Glu Gln Thr
145 150 155 160
Gly Val Ser Gly Arg Phe Trp Ser Glu Pro Leu Val Ala Glu Trp Asp
165 170 175

Asp Phe Glu Trp Lys Gly Pro Gln Trp

180 185
<210> SEQ ID NO 6
<211> LENGTH: 558
<212> TYPE: DNA
<213> ORGANISM: Artificial Sequence
<220> FEATURE:
<223> OTHER INFORMATION: Synthetic primer
<400> SEQUENCE: 6
ggttetggeyg gtggeggtga acatcagcac ggcgaagaaa tgatggegge cgtgccggea 60
ccggatgetyg aaggtgcage tggctttgac gaatttcega ttggtgaaga tcegtgacgtg 120
ggtecegetge atgteggegg tgtgtatttt cagccggttyg aaatgcaccce ggcaccgggt 180
geecaaccgt caaaagaaga agcggattge catattgaag cccagatcca cgcaaacgaa 240
gctggcaaag atctgggcta tggtgtggge gactttgtte cgtacctgeg cgtggttgeg 300
tttctgcaaa aacatggttc ggaaaaagtt caaaaagtca tgttcgcacc gatgaaccaa 360
ggtgatggee cgcactatgg cgctaatgtt aaatttgaag aaggtctggg cacctacaaa 420
gteegttteg aaattgcgge cccgagecat gatgaatact ctetgcacat cgacgaacag 480
acgggtgtca gtggecgett ttggteccgaa cegetggttyg cggaatggga tgacttcgaa 540
tggaaaggtc cgcaatgg 558
<210> SEQ ID NO 7
<211> LENGTH: 184
<212> TYPE: PRT
<213> ORGANISM: Artificial Sequence
<220> FEATURE:
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-continued

<223> OTHER INFORMATION: Synthetic peptide
<400> SEQUENCE: 7
Ala Asp Thr Leu Leu Ile Leu Gly Asp Ser Asp Ser Ala Gly Tyr Arg
1 5 10 15
Met Ser Ala Ser Ala Ala Trp Pro Ala Leu Leu Asn Asp Lys Trp Gln

20 25 30
Ser Lys Thr Ser Val Val Asn Ala Ser Ile Ser Gly Asp Thr Ser Gln

35 40 45
Gln Gly Leu Ala Arg Leu Pro Ala Leu Leu Lys Gln His Gln Pro Arg
50 55 60
Trp Val Leu Val Glu Leu Gly Glu Asn Asp Gly Leu Arg Gly Phe Gln
65 70 75 80
Pro Gln Gln Thr Glu Gln Thr Leu Arg Gln Ile Leu Gln Asp Val Lys
85 90 95

Ala Ala Asn Ala Glu Pro Leu Leu Met Gln Ile Arg Pro Pro Ala Asn

100 105 110
Tyr Gly Arg Arg Tyr Asn Glu Ala Phe Ser Ala Ile Tyr Pro Lys Leu

115 120 125
Ala Lys Glu Phe Asp Val Pro Leu Leu Pro Phe Phe Met Glu Glu Val
130 135 140
Tyr Leu Lys Pro Gln Trp Met Gln Asp Asp Gly Asp His Pro Asn Arg
145 150 155 160
Asp Ala Gln Pro Phe Ile Ala Asp Trp Met Ala Lys Gln Leu Gln Pro
165 170 175

Leu Val Asn His Asp Ser Leu Glu

180
<210> SEQ ID NO 8
<211> LENGTH: 552
<212> TYPE: DNA
<213> ORGANISM: Artificial Sequence
<220> FEATURE:
<223> OTHER INFORMATION: Synthetic primer
<400> SEQUENCE: 8
gecggatacee tgctgattcet gggegatage gacagegegg getatcegtat gagtgcettec 60
geggectgge cggcactget gaacgataaa tggcagagca aaacctcetgt ggttaatgeg 120
tcaatctcegg gcgacacgag tcagcaaggt ctggcacgte tgccggcetet gctgaaacag 180
catcaaccge gctgggtect ggtggaactg ggcgaaaacyg atggectgeg tggttttcag 240
ccgcagcaaa ccgaacagac getgcgecag attcectgcaag acgtgaaage agctaatgece 300
gaaccgctyge tgatgcagat ccgtccgecg gcaaactatg gecgtegeta caatgaageg 360
ttttcecgeca tttatccgaa actggctaaa gaatttgatg ttccecgectget gecgttttte 420
atggaagaag tctacctgaa accgcagtgg atgcaagatyg acggtgatca tccgaaccgt 480
gacgcacage cgttcatcge agattggatg gccaaacage tgcaaccgcet ggttaatcac 540
gacagcctgg aa 552

<210>
<211>
<212>
<213>
<220>
<223>

<400>

SEQ ID NO 9

LENGTH: 162

TYPE: PRT

ORGANISM: Artificial Sequence
FEATURE:

OTHER INFORMATION: Synthetic peptide

SEQUENCE: 9
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-continued
Met Ser Asp Leu Asp Thr Pro Thr Pro Ser Pro His Pro Val Leu Leu
1 5 10 15
Asn Leu Glu Gln Phe Leu Pro Tyr Arg Leu Glu Val Leu Ser Asn Arg
20 25 30
Ile Ser Gly Asn Ile Ala Lys Val Tyr Gly Asp Arg Tyr Gly Met Ala
35 40 45
Asp Pro Glu Trp Asp Val Ile Thr Ile Leu Ala Leu Tyr Pro Gly Ser
50 55 60
Ser Ala Ser Glu Val Ser Asp Arg Thr Ala Met Asp Lys Val Ala Val
65 70 75 80
Ser Arg Ala Val Ala Arg Leu Leu Glu Arg Gly Phe Ile Arg Arg Glu
85 90 95
Thr His Gly Asp Asp Arg Arg Arg Ser Met Leu Ala Leu Ser Pro Ala
100 105 110
Gly Arg Gln Val Tyr Glu Thr Val Ala Pro Leu Val Asn Glu Met Glu
115 120 125
Gln Arg Leu Met Ser Val Phe Ser Ala Glu Glu Gln Gln Thr Leu Glu
130 135 140
Arg Leu Ile Asp Arg Leu Ala Lys Asp Gly Leu Pro Arg Met Ala Ser
145 150 155 160
Lys Asp
<210> SEQ ID NO 10
<211> LENGTH: 486
<212> TYPE: DNA
<213> ORGANISM: Artificial Sequence
<220> FEATURE:
<223> OTHER INFORMATION: Synthetic primer
<400> SEQUENCE: 10
atgtcagatc tggacacccce gacgccegteg cegecatcegyg tgctgctgaa cctggaacag 60
tttetgeegt atcgtetgga agtcctgage aaccgcattt ctggcaatat cgcaaaagtg 120
tatggcgatce gttacggtat ggctgatccg gaatgggacyg ttattaccat cctggcactg 180
taccegggta gctcetgetag tgaagtctcec gatcgcacgg cgatggacaa agtggecgtt 240
agtcgegegg ttgcacgtcet getggaacgt ggttttatte gtegegaaac ccacggtgat 300
gaccgtegee gtagtatget ggcactgtcece ccggetggece gtcaggtcecta tgaaacggty 360
gegecgetygy ttaatgaaat ggaacaacgce ctgatgtcag ttttcetegge cgaagaacag 420
caaaccctgg aacgtctgat cgatcgectg gegaaagacyg gtetgccgeg tatggectet 480
aaagat 486

The invention claimed is:

1. A recombinant polypeptide comprising an amino acid
sequence at least 80% identical to SEQ ID NO: 1 wherein the
amino acid sequence comprises one or more of the following
features:

a) an amino acid with a negatively charged side chain at the
position corresponding to Asn 13 of SEQ ID NO:1;

b) an amino acid with a negatively charged side chain at the
position corresponding to Glu 17 of SEQ ID NO:1;

¢) an amino acid with a negatively charged side chain at the
position corresponding to Gln 64 of SEQ ID NO:1; or

d) an amino acid with a polar side chain at the position
corresponding to Leu 67 of SEQ ID NO:1.
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2. The polypeptide of claim 1, wherein the amino acid
sequence comprises an amino acid with a negatively charged
side chain at one or more of the positions corresponding to:

e) Glu 8 of SEQ ID NO:1;

) Glu 12 of SEQ ID NO:1;

g) Glu 35 of SEQ ID NO:1; or

h) Asp 68 of SEQ ID NO:1.

3. The polypeptide of claim 1, wherein the polypeptide
comprises at least two of said features.

4. The polypeptide of claim 1, wherein the polypeptide
comprises an amino acid sequence at least 85% identical to
SEQID NO: 1 or 3.

5. The polypeptide of claim 1, wherein the amino acid
sequence comprises an Asp residue at the position corre-
sponding to Asn 13 of SEQ ID NO: 1.
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6. The polypeptide of claim 1, wherein the amino acid
sequence comprises a Glu residue at the position correspond-
ing to Glu 17 of SEQ ID NO: 1.

7. The polypeptide of claim 1, wherein the amino acid
sequence comprises a Glu residue at the position correspond-
ing to Gln 64 of SEQ ID NO: 1.

8. The polypeptide of claim 1, wherein the amino acid
sequence comprises a Thr residue at the position correspond-
ing to Leu 67 of SEQ ID NO: 1.

9. The polypeptide of claim 1, wherein the polypeptide
comprises the amino acid sequence of SEQ ID NO: 1.

10. The polypeptide of claim 1, wherein the polypeptide
comprises the amino acid sequence of SEQ ID NO: 3.

11. A method for binding uranyl comprising:

(a) contacting a solution comprising uranyl with a polypep-
tide comprising an amino acid sequence at least about
80% identical to SEQ ID NO: 1 or 3, thereby binding the
uranyl to the polypeptide.

12. The method of claim 11, wherein the solution com-
prises uranyl having a 2**U, ***U or ***U uranium isotope.

13. The method of claim 11, wherein the solution com-
prises carbonate.

5

20

30

14. The method of claim 11, wherein the polypeptide binds
to uranyl with a K, of between about 1.8 nM and about 1.0
™.

15. The method of claim 11, further comprising isolating or

concentrating the polypeptide bound to uranyl.

16. The method of claim 11, further comprising eluting

uranyl from the polypeptide.

17. The method of claim 16, wherein eluting comprises

heating the polypeptide.

18. A method for reducing the level of uranium in a solution

comprising:

(a) contacting a solution comprising uranyl with the
polypeptide of claim 1 thereby binding the uranyl to the
polypeptide; and

(b) purifying the polypeptide away from the solution
thereby reducing the level of uranium in the solution.

19. A method for binding uranyl comprising:

(a) contacting a solution comprising uranyl with the
polypeptide of claim 1, thereby binding the uranyl to the
polypeptide.

20. The method of claim 19, wherein the polypeptide binds

to uranyl with a K, of between about 100 nM and about 0.1
™.



