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Abstract

The phnD gene of Escherichia coli encodes the periplasmic binding protein of the phosphonate
uptake and utilization pathway. We have crystallized and determined structures of £. coliPhnD
(EcPhnD) in the absence of ligand and in complex with the environmentally abundant 2-
aminoethylphosphonate (2AEP). Similar to other bacterial periplasmic binding proteins, 2AEP
binds near the center of mass of EcCPhnD in a cleft formed between two lobes. Comparison of the
open, unliganded structure with the closed 2AEP-bound structure shows that the two lobes pivot
around a hinge by ~70° between the two states. Extensive hydrogen bonding and electrostatic
interactions stabilize 2AEP, which binds to EcCPhnD with low nanomolar affinity. These structures
provide insight into phosphonate uptake by bacteria and facilitated the rational design of high
signal-to-noise phosphonate biosensors based both on coupled small molecule dyes and
autocatalytic fluorescent proteins.

INTRODUCTION

Under phosphorus-limiting conditions, the Pho regulon of £. coli activates a number of
pathways to increase uptake of phosphorus-containing compounds?, including the 14-gene
phn operon (phnC-P) allowing uptake and utilization of phosphonate (Pn)-containing
compounds 2. phnC-E encode an ATP-binding cassette (ABC) transporter complex for Pn,
of which the protein product of pAnD s a periplasmic binding protein (PBP) that recognizes
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and binds Pn. pAnFencodes a putative transcriptional regulator 3, while the phnGHIJKLM
genes all appear to be essential for the carbon-phosphorus lyase activity 2. Recently it was
shown that phnGHIJK assemble into a large (~260 kDa), soluble protein complex 4, but the
biochemical details of phosphonate catabolism are still not well understood. phnNOP have
ribosyl 1,5-bisphosphokinase °, aminophosphonate Atacetyltransferase 8, and
phosphoribosyl cyclic phosphodiesterase 7 activities, respectively.

Periplasmic binding proteins enable selective nutrient uptake and mediate chemotactic
responses in bacteria 8, and share a characteristic structure: two (or more, in rare cases)
globular domains linked by a B-strand hinge region, with a ligand-binding site at the domain
interface near the center of mass 2. A domain reorientation about the hinge is typically
coupled to ligand binding, producing a movement that brings the two domains together to
enclose the ligand 19. PBPs specific to a diverse range of ligands have been discovered,
including carbohydrates 11, amino acids 12, transition metal ions 3, polyamines 14, and
vitamins 15, among others.

The characteristic hinged, two-domain fold appears in a number of proteins with divergent
sequences, including enzymes 16, transcriptional repressors 17, and neurotransmitter
receptors 18, Part of this functional heterogeneity is no doubt due to this fold being
particularly well-adapted to evolve binding pockets: the binding-site residues are positioned
on the surface of the domains in the open form, permitting greater evolutionary plasticity 19,
but upon binding-induced domain reorientation, the environment of the ligand is essentially
that of a protein interior 11,

Pn compounds are environmentally abundant, including a significant manmade contribution
from herbicides, insecticides, detergents, and chelating agents (including etidronic acid,
widely used as an anti-oxidant and corrosion inhibitor). Several Pn compounds have potent
bioactivities in humans, including antibiotics like fosfomycin, chemical warfare agents such
as VX and sarin, and pharmaceuticals such as adefovir (for review of phosphonate
interactions with the environment see 29). Previous biochemical characterization of EcPhnD
demonstrated that it binds 2-aminoethylphosphonate (2AEP), the most abundant
environmental Pn, with an affinity of ~5 nM 2L, In that work, the authors also sought to
prepare a fluorescent biosensor for Pn using EcPhnD by covalent attachment of
environmentally sensitive fluorescent dyes to introduced cysteines. In the absence of an
experimental structure of EcCPhnD, however, they relied on a homology model from the
sulfate-binding protein of £. coli, which shares only 13% sequence identity, for site-directed
introduction of cysteine side-chains. This hampered biosensor construction and prevented
engineering of altered binding specificity.

In this work we report crystal structures of the ligand-bound and -free (apo) forms of
EcPhnD that provide insight into the process of environmental Pn recognition and transport
in bacteria. As seen with other PBP structures, there is a large (tens of Angstroms)
conformational change between the two forms. Such large allosteric rearrangements can be
transduced into fluorescent, electrochemical, or other observable signals 22. Fluorescent
indicators can be made from either coupled small molecule dyes 22 or by genetic fusion to
fluorescent protein(s) 23. We have recently published a method for creating high signal-to-
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noise single-wavelength sensors for small molecules from periplasmic binding proteins,
using £. coli maltose-binding protein as a test case 24. The technique involves insertion of
circularly permuted variants of fluorescent proteins, e.g. circularly permuted green
fluorescent protein (cpGFP), at positions in the PBP sequence predicted to undergo dramatic
allosteric rearrangement upon ligand binding.

With the determination of the ligand-bound structure of EcPhnD, we were able to prioritize
dye attachment locations and cpGFP insertion sites for the creation of high-response
indicators. We created dye-coupled biosensors with ~10-fold larger fluorescence increases
than previously published 21, and we engineered genetically encoded 2° phosphonate
indicators, which may be useful for visualizing phosphonate uptake and translocation in
intact organisms.

RESULTS AND DISCUSSION
Ligand binding by PhnD

EcPhnD binds several phosphonate compounds, with 2AEP demonstrating the highest
affinity of tested compounds 2%, We directly measured the affinity of purified EcPhnD for
2AEP using isothermal titration calorimetry (ITC) and found that the data were best fit using
a two-site model with dissociation constants of 10 nM and 35 nM (supplemental Fig. S1).
ITC of EcPhnD that was denatured, washed, and refolded fit a single-site binding model
with a dissociation constant of 20 nM (Fig. 14), suggesting that displacement of a ligand
already bound to a fraction of the EcPhnD molecules was responsible for the observed two-
site ITC profile. The stoichiometries of the ITC titrations are less than one, possibly due to
tightly-bound copurified ligand, incomplete refolding, or another condition that renders a
fraction of the EcCPhnD molecules incapable of ligand binding. To observe the interactions
between EcPhnD and phosphonates at atomic resolution, we added a five-fold molar excess
of 2AEP to purified EcPhnD and crystallized the complex. The EcPhnD-2AEP structure was
determined using multi-wavelength anomalous dispersion (MAD) data to 2.5 A resolution
collected from selenomethionine-substituted protein crystals and refined against a native
dataset to 1.7 A resolution (Table 1). The ligand-binding site of EcPhnD is located
approximately at its center of mass, mostly buried between the two lobes, and is composed
of primarily hydrophilic amino acids from each lobe (Figs. 18-C, 2A-C). Hydrogen bonds
to the phosphonate oxygen atoms of 2AEP are observed from the side-chains of amino acids
Tyrd7, Tyr93, Serl127, Thr128, Ser129, and His157, as well as an ordered water molecule at
the N-terminus of helix a3, and from the backbone amide nitrogen atoms of Thr128 and
Ser129 at the N-terminus of helix a5 (Fig. 18). His157 and the positive dipole at the N-
terminus of helix a5 presumably help to stabilize the negative charge of the phosphonate
group. Given that the phosphonate oxygens are tightly packed into the EcPhnD binding site
and saturated with polar interactions, it is unlikely that Pn with substituents at the R2
position (attached to a phosphonate oxygen) would be easily accommodated. Indeed,
previous data show that Pn compounds with alkyl groups at R2 (such as nerve gases & their
analogs) have only millimolar K4 binding to EcPhnD (Table 2)21. Additional interactions are
observed at the other end of 2AEP where its positively charged amino group interacts with
Glul77 and Asp205 (Fig. 1B8). Five ordered water molecules are observed filling the
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remainder of the binding cavity past the amino group of 2AEP, suggesting that phosphonate
compounds with a longer R1 group could likely be accommodated in the binding pocket
(supplemental Fig. S2). Previous work indeed showed that phosphonate compounds with
larger, chemically diverse R1 moieties were bound by EcPhnD, some at high affinity (Table
2)21. Sequence alignment of EcPhnD with bacterial orthologs shows that the residues
coordinating the phosphonate oxygens in our structure are highly conserved, but that Glu177
and Asp205 are not conserved (supplemental Fig. S3). This likely reflects the diversity of R1
side-chains of environmental phosphonates recognized by this family of binding proteins.
Interestingly, Agrobacterium radiobacterwas the only species of a panel of phosphonate-
utilizing bacteria isolated from water treatment sludge that was able to grow on phosphinic
acids (containing two carbon-phosphorus bonds, e.g. dimethylphospninic acid,
(CH3),PO5H) as a sole phosphorus source?8. The PhnD ortholog from Agrobacterium
radiobacter has proline residues substituted for Y47 and H157 (supplemental Fig. S3)
observed to coordinate one of the phosphonate oxygens in our structure of EcPhnD (Fig.
1B). It seems possible that making these residues smaller and hydrophobic may allow
accomodation of the second R group of phosphinic acids. These sequence features are
conserved in a smaller group of PhnD orthologs; it would be interesting to examine whether
other species in this group can utilize phospninic acids and to what extent PhnD dictates
substrate specificity of the carbon-phosphorus lyase system.

EcPhnD was expressed and screened for crystallization without the addition of any
exogenous ligand in an attempt to determine a structure of the ligand-free form. However,
when we solved the structure from crystals obtained using this protein, we observed a strong
electron density peak for a ligand in the binding pocket. The electron density was strongest
for a five-atom tetrahedral shape at exactly the position of the phosphonate group in the
2AEP-bound structure (supplemental Fig. S4), but the quality of the electron density did not
allow unambiguous identification of the ligand. Given that this protein resulted from £. coli
grown in chemically defined LeMaster media with glucose as the primary carbon source,
and that £. coliis not known to synthesize any phosphonate compounds 27, we suspect that
the observed electron density could result from binding and co-purification of a
monophosphorylated metabolite. Like other PBPs, native EcPhnD has an N-terminal
periplasmic targeting sequence and is normally exported to the bacterial periplasm.
However, to maximize protein yield for crystallography we over-expressed EcPhnD in the
cytoplasm, without the periplasmic targeting signal. Therefore, binding of
monophosphorylated metabolites to EcPhnD is unlikely to be a relevant issue /in vivo.

Overall structure of EcPhnD

Since our efforts to crystallize the unliganded form of EcPhnD were hindered by co-
purification and co-crystallization with an unidentified ligand, we created a substitution in
the phosphonate binding site of EcPhnD, H157A, designed to disrupt ligand binding.
EcPhnD H157A crystallized in an open conformation, and we solved its structure to 3.3 A
resolution by molecular replacement (Table 1).

The overall structure of EcPhnD is qualitatively similar to other PBPs °(Fig. 24, B), with the
ligand-binding site located near the center of mass of EcPhnD in a cleft formed between two
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lobes of mixed a/p structure (Fig. 258). The topology is typical of a type Il PBP 28, with the
polypeptide chain crossing over twice between the lobes (Fig. 2C). Following the canonical
type 11 PBP topology are an additional three a-helices at the C-terminus (a10-a12). 10 is
a short helix that forms part of the N-terminal lobe. Helices a.11 and a12 form a long, anti-
parallel coiled-coil that spans 6 turns of helix and packs against both lobes of EcPhnD (Fig.

28).

Superposition of the open, unliganded and closed, 2AEP-bound structures shows that the
individual lobes of EcPhnD do not change substantially in structure but undergo a rotation
by ~70° relative to each other about a hinge comprising the two inter-lobe linkers, residues
A86-W94 and S199-D205 (Fig. 2D, £). Difference-distance matrix comparison 29 of the
open and closed structures clearly delineates the two lobes of EcPhnD (supplemental Fig.
S5), while a C,, dihedral-difference analysis 39 shows the local backbone distortion at the
inter-domain hinges (supplemental Fig. S6). The C-terminal coiled coil helices remain
stationary relative to Lobe 1 (containing the amino terminus of EcPhnD), but make new
interactions with Lobe 2 (helix a5) (Fig. 2D, £) upon 2AEP binding.

Structural comparison with other proteins

EcPhnD has very low sequence identity with paralogous PBPs with characterized specificity
for other ligands, as is common for members of this protein superfamily 8 31, A protein
BLAST search with the EcCPhnD sequence turns up the aliphatic sulfonate-binding protein
family as the most similar non-phosphonate-binding group, but with expect values of ~1 or
greater (suggesting that >1 match is expected by chance) and sequence identities of less than
20% (supplemental Fig. S7). Structural comparison of ECPhnD with other proteins using
DALI 32 and SSM 33 revealed that transferrin-family proteins are structurally most similar to
EcPhnD, although the RMSD is 3.4 A or greater for aligning at least 80% of the alpha
carbons (supplemental Fig. S8).

Recently, a crystal structure of PhnD from Pseudomonas aeruginosa (PaPhnD) was
deposited in the PDB (3N5L) by the Joint Center for Structural Genomics. PaPhnD and
EcPhnD share 60% amino acid sequence identity, and the PaPhnD structure is very similar
to the closed, 2AEP-bound structure reported here (supplemental Fig. S9), with an RMSD of
1.37 A for comparing all 285 structurally equivalent C, atoms. The PaPhnD structure has an
unknown ligand modeled in the binding site that presumably co-purified with the protein.
The unknown ligand has a tetrahedral-shaped substituent at exactly the position where we
observe the phosphonate moiety of 2AEP, and the electron density feature has a similar size
and shape to those that we observe for the unknown co-purified ligand in EcCPhnD described
above (supplemental Fig. S4). The largest structural variation between PaPhnD and EcPhnD
is observed at the two C-terminal a-helices (supplemental Fig. S9). When the C-terminal a-
helices are excluded from the structural alignment the two proteins superimpose with an
RMSD of 0.57 A for the remaining 231 C,_atoms.

Oligomeric state of EcPhnD

When purified by size-exclusion chromatography (SEC), EcPhnD elutes as a single peak at a
volume that corresponds to an estimated solution molecular weight intermediate between the
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monomer (36 kD) and dimer (72 kD) molecular weights calculated from the amino acid
sequence (Fig. 3A). Injecting a higher concentration of EcPhnD resulted in a slightly earlier
elution, suggesting the possibility of a rapid monomer-dimer equilibrium in solution.

In the crystal structures of EcPhnD presented here, we repeatedly observe a dimer (Fig. 35).
In four distinct crystal forms including the apo H157A EcPhnD structure, we observe five
crystallographically unique EcPhnD dimers that all exhibit the same dimerization interface.
In the closed, ligand-bound structures, 38 residues from each monomer participate in the
interaction and 1665 A2 of the solvent accessible surface area of each monomer (11% of the
total surface area of each monomer) is buried at this interface. Dimerization is mediated
exclusively by the two C-terminal coiled-coil alpha helices and a poorly structured stretch of
nine amino acids at the extreme C-terminus that interacts with the coiled-coil of the other
monomer (Fig. 3B8). This small C-terminal region appears to be flexible since it is disordered
in several of the crystallographically unique EcPhnD molecules.

Although the vast majority of PBPs are monomeric, three have been reported to be
oligomeric: the a-keto acid-binding protein TakP from Rhodobacter sphaeroides3*, the iron
transport protein FitE from £. co/i3®, and TM0322 36, a PBP homologous to TRAP family
proteins 37. Although C-terminal alpha helices play important roles in the dimerization of
FitE and TakP, the conformations of the C-terminal helices, the interaction surfaces of the
two monomers, the relative monomer orientations, and the amino acid sequences of the C-
terminal regions are completely different from each other and from EcPhnD. A sequence
alignment of EcPhnD with orthologous bacterial proteins clearly illustrates that sequence
conservation within the C-terminal helices is significantly lower than for the rest of the
protein (supplemental Fig. S3), suggesting that dimerization viathese helices is not an
evolutionarily conserved phenomenon. PaPhnD, which shares 60% overall sequence identity
with EcPhnD but only 31% sequence identity within the C-terminal helices, crystallized as a
monomer. The physiological role of PBP dimerization is not well understood 3’.

Since the dimerization of EcPhnD is mediated exclusively by the C-terminus of the protein,
we introduced stop codons by site-directed mutagenesis to remove different amounts from
the C-terminus. Truncations at positions 298 and 304, at or near the end of helix a12,
resulted in soluble, functional protein (supplemental Figs. S10, S11). Both the N298A and
M304A truncations showed an elution profile suggestive of a monomer even at high
concentrations by SEC (Fig. 3A), illustrating that removal of just the C-terminal nine poorly
structured amino acids is sufficient to disrupt dimerization (Fig. 35) in solution. Truncation
at position 251, which removes the two C-terminal a-helices, a1l and a12, resulted in a
protein that was insoluble when expressed in £. coli (supplemental Fig. S10).

Improvement of EcPhnD-based exogenous-fluorophore phosphonate sensors

Previous attempts have been made to construct a fluorescent biosensor from EcPhnD by
introducing cysteines v/a site-directed mutagenesis for covalent conjugation of fluorescent
reporter dyes 21. In that work, positions for mutagenesis to introduce cysteines were chosen
based on a threading model constructed using the structure of the £. coli sulfate binding
protein (SBP; PDB 1SBP), which has low (13%) sequence identity with EcCPhnD. The
structure of EcPhnD presented here illustrates that there are substantial differences when
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compared with that of SBP (supplemental Fig. S12). The RMSD for the best-fit
superposition of EcPhnD and SBP was 3.8 A when comparing the 232 (of 309) C, positions
that share any structural similarity. Indeed, when the positions of the six cysteine-containing
variants previously used to create fluorescent biosensors 21 are mapped onto the
superimposed structures of EcPhnD and SBP, there is an average difference of 27 A between
each position on the SBP-based threading model and the experimentally-determined
EcPhnD structure (supplemental Fig. S12).

To create an improved generation of exogenous fluorophore-based EcPhnD sensors, the
experimentally determined EcPhnD-2AEP structure was used to select cysteine positions for
screening fluorescence changes when coupled to the environment-sensitive fluorophore
IANBD. Thirty-one positions were selected by identifying the most surface-exposed
residues that are within 20 A of the bound 2AEP but do not make direct contact with it in
our 2AEP-bound EcPhnD structure (supplemental Fig. S13A). These criteria were chosen to
identify residues that were likely to be conformationally coupled with binding events
(distance to binding site) and both amenable to amino acid substitution and available for
labeling as cysteines (solvent exposure). The cysteine-containing EcPhnD variants were
screened using a rapid, cell- and cloning-free workflow (Fig. 4A, Experimental Procedures),
and two sites with large fluorescence signal changes in response to 2AEP were discovered:
Q17C (increase) and K181C (decrease). These two variants were cloned, expressed,
purified, and characterized by titration with 2AEP after IANBD conjugation (Fig. 458,C):
EcPhnD-Q17C:IANBD was found to have a AF/Fg of 1.2+0.1 and a Ky of 11+5 nM, and
EcPhnD-K181C:IANBD a AF/Fq of —0.72+0.01 and a Ky of 540+40 nM (mean = SEM; n=
3). The lower affinity of ECPhnD-K181C:IANBD for 2AEP may be a result of possible
interactions between the conjugated dye and the phosphonate ligand given the close
proximity of position 181 to the binding pocket.

These IANBD-conjugate sensors were designed based only on the closed, ligand-bound
structure of EcPhnD which was obtained first. A retrospective analysis in light of the open,
unliganded EcPhnD structure is now possible. In our ECPhnD-2AEP structure, GInl7 is
located on Lobe 1 close to the interface between the two lobes (supplemental Fig. S14A),
such that potential stable interactions of the conjugated IANBD with Lobe 2 might only be
accessible in the closed, ligand-bound conformation (for an analysis of such interactions in a
related sensor, from £, coli maltose-binding protein, see 38). In the ligand-free state, our
open structure shows a pocket on the surface of the protein near position Lys181 that could
accommodate at least part of the NBD given the linker length from the coupled Cys181
(supplemental Fig. S14B). This could potentially immobilize the IANBD and lead to a high
fluorescence in the apo state; in the bound state the fluor could be more solvent-exposed due
to exclusion of this pocket at the interface between lobes. The decrease in affinity of the
labeled Lys181Cys EcPhnD is potentially caused by steric hindrance of the completely
closed conformation by the coupled NBD.

For rational design of environmentally sensitive dye-conjugate sensors, it may be most
informative to compare the predicted solvent accesibility of the dye between the two
conformational states and target positions with the largest differences in solvent
accessibility, thereby maximizing the potential fluorescence signal change. A plot of the
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change in percent solvent acessible surface area (A%SASA) calculated at each amino acid
position between open and closed EcPhnD shows twelve positions that change their %
solvent accessibility by more than 30% (supplemental Fig. S13B). With the exception of
position 181, which led to a sensor with a large fluorescence decrease, none of these
positions was selected for cysteine introduction and dye conjugation according to the criteria
outlined above. Although several of these positions are nearby the bound ligand
(supplemental Fig. S13A) and were specifically not chosen to avoid interference with ligand
binding, future work could target these sites in hopes of even larger fluorescence changes
from conjugated dyes.

Engineering of genetically encoded phosphonate sensors

In addition to creating a biosensor by chemical modification of EcPhnD (primarily useful for
in vitro applications), we sought to create a genetically encoded sensor, which could be
useful for studying /n vivo phosphonate transport and metabolism. Genetically encoded
fluorescent sensors typically contain either a fluorescence resonance energy transfer (FRET)
donor and acceptor pair (for review, see 23), or a single, circularly permuted fluorescent
protein (FP) (the canonical sensor in this family is the GCaMP calcium indicator 39). In
addition to several practical advantages, the recent structure determination of the apo and
Ca?*-bound forms of GCaMP 40 41 has facilitated design and optimization of single-FP
Sensors.

To create a genetically encoded phosphonate sensor, we inserted cpGFP at positions 87, 90,
142, and 241 within EcPhnD (supplemental Fig. S15) using sequence and structural analogy
with our recently published EcMBP-cpGFP sensors for maltose24. Insertion of cpGFP at
positions 142 and 147 led to dramatically decreased affinity for 2AEP by ITC analysis
(supplemental Fig. S16), suggesting that these modifications disrupted proper EcPhnD
folding or function. Extensive mutagenic screening of the inter-domain linkers of
EcPhnD142-cpGFP resulted in no variants with AF/Fg >0.3 (supplemental Fig. S17). By
ITC, EcPhnD87-cpGFP shows high affinity for 2AEP, large AH, and the two-site titration
curve seen for the wild-type protein (supplemental Fig. S16). A screen of linker variants of
EcPhnD87-cpGFP resulted in some variants with moderate fluorescence changes (AF/Fg as
low as —0.5 and as high as +0.4) (supplemental Fig. S17).

Since it was possible that EcPhnD residue 87 was on the edge of the inter-lobe hinge, we
chose to explore another cpGFP insertion point in the vicinity of the region we expected to
undergo significant local backbone changes, ECPhnD90-cpGFP. A screen of linker mutants
of EcPhnD90-cpGFP, including deletions and insertions of residues, yielded variants with
AF/Fg near 1 in E. colilysate (supplemental Fig. S17). One variant had an AlaAsp EcPhnD-
cpGFP linker (L1AD), and a AF/Fg of 1.2 when purified and titrated with 2AEP. This variant
included a linker with two deleted residues, effectively making the insertion point of cpGFP
occur after residue D88, and then skipping to residue P91 at the cpGFP-EcPhnD linker
(supplemental Fig. S18). It is with this insertion site/linker combination, EcPhnD90-
cpGFP.L1ADAA, that we performed subsequent binding assays. Additional substitutions
L297R and L301R, made in the context of ECPhnD90-cpGFP.L1ADAA to attempt disruption
of the observed dimer, led to AF/Fq increases of 1.6 in response to 2AEP (Fig. 5). We
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observed a fluorescence decrease at very high [2AEP] (> 1 mM), which we attribute to non-
specific quenching of the cpGFP fluorescence. Fluorescent reponses to other phosphonate
compounds with this sensor are lower, and some have more complicated binding patterns
(supplemental Fig. 19). The affinity of this sensor for phosphonates is lower than that of the
IANBD-conjugated EcPhnD sensors reported here, as well as previously reported dye-
conjugate sensors (Table 2). It is possible that the insertion of cpGFP into EcPhnD
introduces steric impediments to adopting the closed, ligand-bound conformation, thereby
lowering the affinity for ligands.

When we later solved the structure of the open, ligand-free form of the protein (with a
substitution in the Pn binding site, H157A), we were able to perform a retrospective AC,-
dihedral analysis (measuring the difference in dihedral angle calculated using four
consecutive C, positions between the closed, liganded and open, unliganded structures) to
improve our understanding of why only the insertions of cpGFP at positions 87 and 90 in
cpGFP led to viable sensors. The region of greatest C,, dihedral change is the group of
residues from 88-90 (Supplemental Fig. S6), just one amino acid away from the site we had
chosen by functional homology. The retrospective C, dihedral analysis also serves as a
reasonable explanation for why insertion of cpGFP at residues 142 in EcPhnD did not result
in a sensor — the AC,, dihedral for that segment of the protein is nearly zero.

We anticipate that our development of a genetically encoded phosphonate sensor
(EcPhnD90-cpGFP.L1ADAA.L297R,L301R) will facilitate future screening of high-affinity
and -specificity sensors for phosphonate compounds of commercial or environmental
interest, such as glyphosate (Roundup®), or nerve gasses and their breakdown products. This
could, for example, allow visualization of glyphosate uptake and processing in plants.
Libraries of mutations of the phosphonate binding site (defined by the crystal structure)
could be screened in £. coli lysate for fluorescence response to lower concentrations of these
compounds, similar to the methodology used here to screen linker variants for response to
2AEP.

Binding specificity of phosphonate sensors

The EcPhnD K181C:IANBD dye-conjugate and the EcCPhnD90-
cpGFP.L1IADAA.L297R,L301R genetically encoded sensors were further titrated with a
variety of other phosphonate compounds (supplemental Figs. S19 and S20, Table 2).
Although the sensors described here bind phosphonates with overall lower affinity than
previous sensors and the wild-type protein (2 and Fig. 1A), likely due to steric effects as
discussed earlier, some clear trends in affinity are obvious. Each sensor recognizes 2AEP
with the highest affinity, followed by ethylphosphonate and then methylphosphonate. This
seems reasonable since removal of the positively charged amine of 2AEP to generate
ethylphosphonate takes away an ionic interaction. Further removal of a methylene to
produce methylphosphonate reduces the Van der Waals’ interactions between the
phosphonate alkyl chain and EcPhnD. None of the sensors show high-affinity binding (<500
uUM) to phosphonates with a substituent at one of the phosphonate oxygens (EMPA, IMPA,
PMPA), which makes sense given that the phosphonate oxygens are saturated with protein
interactions in our 2AEP-bound structure (Fig 1B).
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MATERIALS AND METHODS

Crystallization and structure determination

A synthetic £. coli codon-optimized gene encoding the EcPhnD protein (UniProt 1D
QOT9T8), lacking the 26-amino acid N-terminal periplasmic export signal but encoding a
hexa-histidine (6xHis) affinity tag at the N-terminus (MHHHHHHGSEEQEK...) was
cloned into the pRSETa plasmid (Invitrogen). Protein expression was carried out using £.
colf strain BL21(DE3) grown in Luria-Bertani medium for native EcPhnD, or using the T7
Express Crystal strain (NEB) grown in LeMaster minimal medium 43 supplemented with
selenomethionine (SeMet) for SeMet-labeled EcPhnD. Cultures were grown in shaker flasks
at 37°C, and protein expression was induced with 1mM IPTG at ODgggnm = 0.8. Three
hours after IPTG induction, cells were harvested by centrifugation at 12,0009 for 30 minutes
at 4°C. Pellets were stored at —80°C until protein purification. £. coli cells were lysed by
sonication after resuspension in 20 mM Tris, 100 mM NacCl, pH 8.0 (buffer 1), and the
insoluble fraction was removed by centrifugation at 25,000g for 30 min at 4°C. Protein
purification was achieved from the soluble lysate first by Ni2*-NTA affinity chromatography
(Qiagen) and then by size-exclusion chromatography (SEC) on a Superdex 200 column (GE
Biosciences) in buffer 1. ECPhnD produced by this procedure was >95% pure as judged by
Coomassie-stained SDS-PAGE and was concentrated to 10-30 mg/mL in TBS for
crystallization. 2AEP was added from a concentrated stock in buffer 1 to give a 5-fold molar
excess over EcPhnD.

EcPhnD was crystallized at 20°C by sitting-drop vapor diffusion using commercially
available sparse-matrix screens (Hampton Research); crystallization details for each crystal
form described are provided in supplemental Table S1. X-ray diffraction data were collected
at the Advanced Photon Source, beamlines 23-1D and 31-1D. Diffraction data were
processed using HKL2000 44 or d*Trek 4° (Table 1). Attempts at structure solution using
molecular replacement with other PBPs or domains thereof using the initial native dataset
failed. Therefore, a three-wavelength multiple anomalous dispersion (MAD) dataset was
collected from a crystal of SeMet-substituted EcPhnD (P2; crystal form, Table 1). Solve 46
and Resolve 47 implemented in the software package Phenix 48 were used to locate 24 Se
sites, calculate experimental phases, and modify the resulting electron density map by
solvent flattening and non-crystallographic symmetry averaging. The density-modified map
at 2.5 A resolution was readily interpretable, and the monomer with the best quality electron
density was traced manually using Coot #° to produce an initial EcPhnD model. This model
was used as a molecular replacement search model into the higher-resolution native dataset
(P21242 crystal form, Table 1) using Phaser 50, Iterative cycles of refinement in Refmac 52,
including TLS refinement using groups suggested by TLSMD analysis 2 23, and rebuilding
in Coot led to the EcPhnD-2AEP model reported in Table 1. Other structures of EcPhnD
described here were solved by molecular replacement with the EcPhnD-2AEP model or
fragments thereof and refined as described above. Figures of protein structure were prepared
using PyMOL (http://www.pymol.org/). Protein interfaces were analyzed with the PISA
software package °*. MolProbity °° and Ramachandran analysis of the final structural
models is given in Table 1.
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Isothermal titration calorimetry

Calorimetric titrations of 2AEP into solutions of EcPhnD proteins were carried out using a
VP-ITC instrument (MicroCal Corp., Northampton, MA). 2AEP and purified EcPhnD were
prepared in Tris-Buffered Saline (TBS: 20 mM Tris, 138 mM NacCl, pH 7.4). 100 pM 2AEP
was titrated into 10 uM EcPhnD at 25°C. Data were analyzed using VP-ITC software scripts
within Origin (OriginLab), and binding parameters were determined by nonlinear least-
squares fitting of the baseline-corrected titration curves.

In vitro screen of exogenous-fluorophore sensors

An open reading frame (T7 promoter and ribosome-binding site 5”; T7 terminator 3")
encoding an N-terminally 6xHis-tagged and C-terminally FLAG epitope-tagged EcPhnD
was designed and synthesized using the techniques previously described in 26 (supplemental
Fig. S21). 31 variants of this ECPhnD sequence were synthesized, each with a single amino
acid replaced with cysteine; no cysteines are present in the natitive sequence of ECPhnD
(supplemental Fig. S18). These open reading frames (ORFs) were then re-amplified with 5
biotinylated primers to generate biotinylated, linear DNA to drive /n vitro transcription/
translation reactions (ivTTs). In addition to the inclusion of a no-DNA ivTT reaction and the
wild-type (no cysteine) EcPhnD as negative controls, an ORF containing an S131C variant
Thermotoga maritima glucose-binding protein (TmGBP) 57 (titrated with glucose) was
included as a positive control. £. colilysate and ivTT reaction buffer were prepared as
described in the Supplemental Information of °8. Each of the ORFs was expressed in 100 uL
ivTTs. The 100 pL reaction was incubated in a 2mL microtube at 30°C for 8 hours while
being shaken at 500rpm in a shaker-equipped microtube heat block (Thermomixer R,
Eppendorf). The 2mL tubes were left open and covered with gas-permeable tape (AirPore,
Qiagen). We found that the use of a flat-bottom 2mL tube with a 100 L reaction permitted
the reaction to be mixed gently with lower-speed shaking.

50 uL of a 50% v/v solution of EZview Red HIS-select resin (Sigma-Aldrich) in 20 mM
MOPS, 200 mM NaCl, pH 7.5 (MBS) was added to each reaction at 4°C, and shaking was
resumed at 500rpm at this temperature for one hour to permit binding of the 6xHis-tagged
protein to the resin. After one hour these mixtures were aspirated from the 2mL tubes and
dispensed into wells in a clear, flat-bottomed 96-well microplate and held at a 45° angle on a
microplate stand. This and subsequent steps were performed at room temperature. The hold
at a 45° angle caused the resin to partially settle against one side of the microplate,
facilitating the removal of the buffer upon returning the microplate to resting flat on the
bench. In this manner the resin was washed twice with MBS and then reacted with 50 uL of
a 200 uM solution of IANBD (Invitrogen) in MBS for one hour at room temperature on a
microplate shaker at 500 rpm. Following this reaction the resin was washed three times with
200 uL MBS, resuspended in 200 uL MBS, and the contents of each well were divided
equally into two wells of a black, flat-bottomed 96-well plate (Greiner Fluotrac 200) for
assay.

The black microplate containing triplicate samples of each EcPhnD variant was shaken at
500rpm and then rested to resuspend and then settle the resin. Fluorescence intensities were
read from each well in a FluoDia T70 plate reader (PTI) with 475BP20 and 540BP20 filters
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(Omega Optical) for excitation and emission, respectively. This cycle was performed three
times, after which the resin was settled at a 45° angle, the MBS drawn off, and either MBS
or MBS plus 1mM glucose (in the case of the TmGBP positive control) or ImM 2AEP (to
all others) was added to the two wells. The triplicate shake, settle, read cycle was then
performed again to obtain AF/Fq (defined by (Fg-Fsat)/Fo; Fo = baseline fluorescence, Fgyt =
saturated fluorescence) values for each IANBD-conjugated EcPhnD variant against buffer or
analyte.

Two IANBD-conjugated variants that displayed a large fluorescent signal change upon
2AEP binding were identified, and subsequently cloned into pET21a using restriction
digestion (5" Ndel and 3" Xhol). Clones were confirmed by DNA sequencing. Protein
expression was carried out using £. colistrain BL21(DE3) grown in Superior Broth
(AthenaES). Cultures were grown in shaker flasks at 37°C until an ODgggnm Value of 0.8
was reached, at which point the cultures were moved to an 18°C shaker incubator and
induced with ImM IPTG. Induction was permitted to continue overnight at this temperature.
Cells were harvested by centrifugation at 12,000g for 30 minutes and lysed by sonication
after resuspension in TBS. Lysate was clarified by centrifugation at 30,000g for 30 min.
Protein purification was achieved by Ni2*-NTA affinity chromatography, subsequent
extensive dialysis (five 200x exchanges over at least 72 hours) against 20 mM Tris, 150 mM
NaCl, pH 7.4, and size exclusion chromatography on an S75 column (GE). The purified
proteins were labeled by reaction with a 5-fold molar excess of IANBD iodoacetamide
(Invitrogen) for one hour at room temperature, followed by removal of unreacted
fluorophore by buffer exchange on a 10DG column (Bio-Rad).

The purified, labeled proteins were titrated against various phosphonate molecules by adding
equal parts of a 2 nM protein stock solution to a series of serial ligand dilutions across rows
of a 96-well black fluorescence microplate (Greiner Fluotrac 200). The plates were shaken
for 30 seconds, allowed to equilibrate for at least 5 minutes, then read on a Tecan Safire2
plate reader (Aex=475nm, bandpass=12nm; Am,=540nm, bandpass=12nm).

Construction of a genetically encoded phosphonate sensor

The EcPhnD-cpGFP insertion variants were constructed by overlap PCR using the synthetic
EcPhnD sequence and the cpGFPI46 variant from GCaMP2 %9, Detailed sequences are
provided in supplemental Fig. S18. The linker regions were mutated by single-stranded
template mutagenesis %0 using the primers listed in supplemental Fig. S22, transformed into
E. colistrain BL21(DE3), and plated on 24 cm x 24 cm agar plates with 60 pg/mL
ampicillin. Individual colonies were picked with the aid of a QPix2XT colony-picking robot
(Genetix) into 96-well plates filled with 800 uL ZYM-5052 auto-induction media 61 and 100
pg/mL ampicillin, and grown with rapid (900 rpm) shaking overnight at 30°C. 100 pL cell
culture was removed and archived. The remaining cells were harvested by centrifugation
(3,000g for 10 min.) and frozen. Protein was extracted by freeze-thaw lysis and rapid
shaking in 800 pL TBS. Crude lysate was clarified by centrifugation at 40009 for 30
minutes. 100 pL clarified lysate was transferred to flat-bottom black 96-well plates (Greiner)
for fluorescence measurement. Fluorescence was assayed in a Tecan Safire? plate-reading
fluorimeter with stacker. Excitation and emission wavelengths were 485 nm and 515 nm
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respectively, with a 5 nm bandpass. Gain was 100V. Fluorescence was measured again after
addition of 10 uL 1 mM 2AEP (final 2AEP concentration 100 uM). After calculation of
AF/Fqg ((Fsat—Fo)/Fg), interesting candidates were streaked on agar plates from archived
aliquots, grown for plasmid DNA isolation, and sequenced. Fluorescence titration data were
fit to a single binding site model with a linear component to account for quenching; for a
negative control to estimate non-specific quenching of cpGFP fluorescence we used a
cpGFP fusion with a glucose binding protein that has no affinity for phosphonates.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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IANBD N,N’-dimethyl-N-(iodoacetyl)-N’-(7-nitrobenz-2-oxa-1,3-diazol-4-YL)-
ethylenediamine

Pn phosphonate

ABC ATP-binding casette

PBP periplasmic binding protein

ITC isothermal titration calorimetry

MAD multi-wavelength anomolous dispersion
SEC size-exclusion chromatography

SBP sulfate binding protein

SeMet selenomethionine

Tris tris(hydroxymethyl)aminomethane
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TBS Tris-buffered saline
MOPS 3-(N-morpholino)propanesulfonic acid

MBS MOPS-buffered saline
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FIGURE 1. Binding of 2AEP to EcPhnD
A, ITC measurement of 2AEP binding to EcPhnD, following denaturing, washing, and

refolding. Binding parameters calculated from the best fit binding model are inset. B, The
phosphonate-binding site of EcPhnD with 2AEP bound. Selected portions of EcPhnD are
displayed as sticks with tan color carbons. 2AEP is shown as ball-and-stick with white
carbons. A portion of the 2/,—F electron density omit map for 2AEP contoured at 2 is
shown as grey mesh. C, The solvent accessible surface of EcPhnD is shown with the front
portion cut away to show the buried ligand binding pocket containing 2AEP (ball-and-stick).
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FIGURE 2. Overall structure of EcPhnD
A, Representation of the primary structure of EcPhnD colored by structural domain. 5,

Cartoon representation of the crystal structure of EcPhnD bound to 2AEP colored by domain
asin A. 2AEP is shown as ball-and-stick. C, Topology diagram of the EcPhnD structure,
colored as in A and B. a-helices are represented as circles, B-strands as triangles. Darker
shaded shapes represent secondary structure elements that are not part of the conserved type
11 PBP fold. D, E, Cartoon representations of the closed, 2AEP-bound (tan) and open
(burgundy) structures of EcPhnD, superimposed on Lobe 1 (panel D) or on Lobe 2 (panel
E). A two-headed arrow points to equivalent regions of the structures, illustrating the
magnitude of conformational change.
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FIGURE 3. Oligomeric state of EcPhnD
A, SEC chromatograms of EcPhnD and C-terminal truncations. A calibration curve

produced using protein standards is inset. Molecular weights estimated from each peak
elution volume are shown as color coded dots and labels superimposed on the inset
calibration curve. Theoretical molecular weights of each species are given in parentheses. B,
Cartoon representation of the dimerization interface between two EcPhnD molecules
(colored tan and blue). Selected side-chains participating in the dimerization interface are
shown as sticks. 2AEP is shown as ball-and-stick. M304 of the tan molecule is labeled to
highlight the site of the smallest truncation that disrupted dimerization.
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FIGURE 4. In vitro screening for exogenous-fluorophore phosphonate sensors
A, Change in fluorescence from IANBD-conjugated EcPhnD single cysteine variants

following addition of either buffer control (black bars) or 1 mM 2AEP (red bars).
Fluorescence titrations of purified, IANBD-conjugated EcPhnD variants Q17C (B) and
K181C (C) with 2AEP were then carried out. Curve fit was a single-site binding isotherm
[V=((Fmax—Fo)/(1+(K4/X)))+F,]. Error bars show standard deviation (7= 3).
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FIGURE 5. A genetically encoded phosphonate sensor
A, Fluorescence titration of the best genetically encoded phosphonate sensor, ECPhnD90-

cpGFP.L1ADAA.L297R,L301R, with 2AEP. Titration of a cpGFP fusion with a glucose
binding protein that has no affinity for phosphonates is shown in square symbols as a
negative control. We attribute the marked decrease of fluorescence at high concentrations of
2AEP in the sensor titration to fluorescence quenching. Curve fit was a single-site binding
isotherm plus a linear component to account for quenching. Error bars show standard
deviation (n7=3).
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Table 2

Phosphonate affinities (Kq in uM) for PhnD-based biosensors.

Page 25

EcPhnD-Q267C:acrylodan?

EcPhnD-K181C:1ANBD

EcPhnD90-cpGFP.L1IADAA.L297R,L301R

2AEP 0.005 05 +0.043 37£7
Ethylphosphonate (EP) 0.3 33+4 130 + 57
Methylphosphonate (MP) 1 290+ 30 2733 + 766
Glyphosate (GP) 650 260 + 20 NML
Ethylmethylphosphonate (EMPA) 800 NDZ NM
Isopropylmethylphosphonate (IMPA) | 2000 NM NM
Pinacolylmethylphosphonate (PMPA) | 7000 ND NM

'ZNo measurable binding, > 5000 pM.

ZNot determined.

3 . . .
K( values from this work are + standard deviation for three replicates.
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