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HIGH AFFINITY DIGOXIGENIN BINDING PROTEINS

Related Applications
This Application claims priority to U.3. Provisional Patent Application Serial No.

61/784,618 filed March 14, 2013, incorporated by refercnce herein in its ontirety.

Statement of Government Rights
This nvention was made with government support under HDTRAL-11-1-0041
awarded by Defeonse Threat Reduction Agency. The government has certain rights in the

mvenion.

Background

The ability to design proteing with high affinity and selectivity for any given small
molecule would have mumerous applications in biosensing, diagnostics, and therapeutics, and
1s a rigorous test of our understanding of the physiochemical principles that govern molecular
recognition phenomena. Attempts to design ligand binding proteins have met with ligtie
success, however, and the computational design of precise molecular recognition between

proteins and small molecules rematns an “unsolved problem”™.

Sunupary of the Invention

The present invention provides polypeptides that are high affimity polypeptide ligands
of the stercid digoxigenin (DIG) or the related steroids digitoxigenin, progesterone, and -
estradiol, as well as digoxin. The inventors have identified positions of the polypeptides of
the invention that provide specificity of the polypeptides for BIG or one or more of the
related steroids. As such, the polypeptides of the invention can be used, for example, in
steroid biosensors and diagnostics, as well as for therapeutic applications.

In one aspect, the invention provides isolated polypeptides comprising or consisting
of an amino acid sequence according to SEQ D NO:1, wherein the amino acid sequence is at
least 70% identical to the amino acid sequence of SEQ 1D NO: 15, and wherein the amino
acid sequence is not the amine acid sequence of SEQ 1D NO: 24,

In various emboediments, the polypeptides comprise or consist of the smino acid

sequence of one of SEQ 1D NOS: 2- The isolated polypeptide of claim 1, comprising the

1
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aming acid sequence of SEQ 1D NO: 2-23. In ancther emboediment, each of residues 34, 101,
and 115 are Y. Ina further cmbodiment, 1, 2, or all 3 of residues 34, 101, and 115 arc F. Ina
further embodiment, residue 84 is Y. In another embodiment, at least one of the following is
fruc:

Residue 715 L;

Residue 41 is W,

Residue 58 is H;

Residue 61 is H;

Residue 64 is W,

Residue 90 15 V;

Residoe 97 13 Y;

Residue 103 8 T,

Residue 11515 L;

Residue 119 is W

Residue 124 s 1; and/or

Residue 128 s A.

In another aspect, pharmaceutical compositions are provided, comprising ong or more
polypeptides of the invention and a pharmaceutically acceptable carrier. The invention also
provides isolated nucleic acids encoding a polypeptide of the invention, recombinant
gxpression vector comprising the isolated nucleic acid of the invention operably linked to a
control sequence, and recombinant hoest coll comprising the recombinant expression vectors
of the invention.

In a further aspect, the invention provides methods for treating digoxin overdose
and/or toxicity, comprising administering 1o a subject in need thereof an amount cffective of
one or more polypeptides or pharmaceutical compositions of the invention to treat the
digoxin toxicity.

In another aspect, the invention provides methods for detecting digoxin, comprising
contacting a sample of interest with one or more polypeptides of the invention under suitable
conditions for bindmg the detectable polypeptide to digoxin present in the sample to form a
polypeptide-digoxin binding complex, and detecting the polypeptide-digoxin binding

complex.

Bescription of the Figures
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Figore 1. Computational Design Methodology and Experimental Validation. a,
Overview of the computational design procedure, First, the geometric positions of a set of
pre-chosen interaction side chains are defined with respect 1o the Hgand (eft panel), and
rotamers for each interaction side chain are enumerated (left panel, mset). Second, a set of
scaffulds is searched for backbones that can accommodate all of the desired interactions. For
cases in which all chosen interaction residucs can be placed in the scaffold protein and orient
the hgand in the native binding cavity with no backboue clashes, the binding site seguence is
optimized for binding affinity (center panel). Designs having native-like properties, such as
high shape complementarity and binding sitc pre-organization, are chosen for experimental

7
7

characterization {right panel). b, Ranking of the 17 cxperimentally characterized DIG desigos
by hgand interaction enecrgy (Rosetta energy units, Reu) and the average {geometric mean)
Boltzmann weight of the conformations of the side chains that hydrogen bond to the ligand.
DIG1IG, depicted in red, scores the best by both metrics. ¢, Flow cytometric analysis of yeast
cells expressing computationally designed proteins ag part of a surface-targeted fusion protein
with a C-tevminal ¢-Myc tag. Yeast surface expression and DIG binding were confirmed by
labeling the celis with a fluorescein (FITC)-conjugated anti-c-Myc antibody and a pre-
meubated mixture of 2.7 uM biotinylated DIG-functionalized BSA (~10 DIG/BSA) and
phycoerythrin (PEj-counjugated streptavidin, respectively. Cell populations shown arc a
negative control for binding (Z7(-)}, an anti-DIG antibody serving as a positive control for
binding (ZZ{+}), DIG10, DIG10 in the presence of excess {730 uM) unlabeled DIG
competitor, and scaffold 1z1s. DIG10 labeled with 2.7 M biotinylated DIG-functionalized
RNase (~6 DIG/RNase) is also shown. d, On-yeast substitutions of DIG10 designed
hydrogen-bonding residues Tyr34, Tyri01, and Tyri 15 to Phe and binding cavity residuc
Valll7 to Arg reduces expressing-population compensated mean binding (PE) signals to
background nonbinding (Z2(-)) levels.

Figure 2. Affinity Mataration. 8, Binding fitness landscape of DIG10.1a probed by deep
sequencing. The effect of cach amine acid substitution at 39 binding site residucs on binding
(AE:"y was assessed by determining the logy ratios of the frequencies of substitutions to each
aming acid at cach position after selection for DIG binding to the frequencies of the
substitutions 1o the unselected population. Colored grids roprosent single point nurtations
having 220 counts in the unsclected N-terminal (fragment 1) and C-terminal {(fragment 2)
hibraries. White grids show mutations for which there were not enough sequences in the

unselected library to make a definitive conchusion about function. The initial DIG10.1a amino

(o]
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acid at each position is indicated in bold using #ts one-letter amino acid code. b, The
optimality of cach DIG10.1a input residue type mapped onto the computational modei of

€ gt

DIG10. 1a. Optimality is defined as the positional Z-score: 7 =+ where x 1s the sum of

o2
enrichment vaiues at position /, g is the mean sum of corichment values for all interrogated
positions within the fragment library, and o is the standard deviation of the sums of
enrichment vahies for all interrogated positions within the fragment library. Blue is very
optimal {mutations to all other aminoe acids are distavored) and red is very suboptimal
{(mutations are preferred). ¢, Equilibrium fluorescence polarization measurements of DIG-
PEG;-Alexad8R treated with increasing amounts of DIGH0, DIGS, scaffeld 1z1s, and
negative condrof bovine serum albumin {left panel}. Solid lines represent fits to the data to
obtain dissociation constants (Kg values) (right panel). Error bars represent standard
deviations for at least three independent measurements, Ky values of relevant designs and
affinity matored DIG 10 variants are given in the right panel. d, Mutations identified during
affinity maturation to generate DIG10.1a, DIG10.2, and DIG10.3 mapped on {o the
computational model of DIG10.3.

Figure 3. Crystal Structures of the DIG10.2— and DIG10.3-DIG Complexes. a,
Surface representation of the BIG10.2-DIG complex showing the high gverall shape
complementarity of the interface. DIG is depicted in spheres. DIG10.2 15 a dimer and
crystallized with four copies 1o the asymmetric unit. b, 2F, — F; omit map electron density of
DIG interacting with Tyr34, Tyr101, and Tyrl15 contoured at 1.0 sigma. ¢, Backbone
superposition of the crystal structure of the DIGH0.2-D1G complex with the computational
model shows close agreoment between the two. d, Binding site backbone superposition shows
that the higand and the three programmed Tyr hydroxyi groups are in their designed
conformations. ¢, Configurational side chain entropy between the four erystallographic copies
of the DIG10.2-DIG (lefi panel} complex and chains A, B, C, H, and [ of the DIG16.3-DIG
{right panel} complex. The side chains of DIG10.3 at positions 103, 105, and 115 gach adopt
only a single rotamer. BIG10.2 Tyrt 15 conformation A adopts a more canonical hydrogen-
bonding geometry than that of conformation B.

Figure 4. Steroid Binding Selectivity. a, The x-ray crystal structure of the
DIGI0.3-DIG complex (left pancl) and the chemical structurcs of steroids interrogated n
equilibrinm competition fluorescence polarization assays {tight panel). b, Steroid selectivity

profile of DIG 0.3, Solid hines represent fits to the data to obtain half-maximal inhibitory
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concentrations (ICs values) and error bars indicate standard deviations for at least three
independent measurements. ¢, Steroid selectivity profile of BIG10.3 Tyr101 Phe. Dashed
ines show qualitative assessmerds of the inhibitory effects for cases fn which the data could

not be fit due to experimental lmitations (see Supplementary Methods). d, Steroid selectivity

3

profile of DIG 1.3 Tyr34Phe. e, Steroid selectivity profile of DIGI0.3

Tye34Phe/Tyr99Phe/ Ty 1G1F.

Figure 5. Experimental characterization of cormputationally designed DIG binders by
yeast surface display. a, Compensated mean binding (PE) signals of the expressing
popufations of yeast cells displaying computationally designed proteins on their celi surfaces.
18 Binding was interrogated by labeling cells with a pre-incubated mixtare of 2.7 uM

biotinylated DIG-functionalized BSA (~10 DIG/BSA) and phycoerythrin (PE}-conjugated
streptavidin, Cell populations shown are an anti-DIG antibody serving as a posttive control
for binding {ZZ{-+}}, an enginecred DIG-binding Hpocalin (DigA 16(+}), two negative controls
for binding {ZZ{-) and S2(-)}, and designed proteins DIG1T through DIGL7. DIG10 and

15 DIGLS show strong binding signals. DIGS shows a reproducible signal that is slightly above
background levels (starred). b, Binding was interrogated by labeling cells with a pre-
incubated mixture of 2.7 uM biotinylated DiG-functionalized RNase {~6 DIG/RNase) and
phycoerythrin (PE)-conjugated streptavidin, BIGS, DIGYE, and DIG 10 show strong binding
signals, DIG10 and DIGS bind to both labels.

20 Figure 6. Experimental yeast surface display competition assays of DIGS, DIGE, and
DIGIS. 8, Compensated mean binding (PE) signals of the expressing populations of yeast
cells displaying DIGS and DIGS scatfold 1z1s. 1z1s {structural genomies target PA3332) isa
protein of unknown function from Pseudomonas aeruginosa and has no functionally
characterized homologs with > 20% sequence identity. tzls belongs 10 the nuclear transport 2

25 (NTF2)-like structaral superfamily, a functionally diverse fold class of which the steroid-
metabolizing enzyme ketosteroid isomerase is also a member. Cells were labeled with 2.7
pM DIG-RNase-biotin and SAPE. In the presence of 790 uM umlabeled DIG, the signal is
reduced to that of the negative control 27(-), revealing that binding is specific for DIG and
not other assay components. Scaffold 1z1s does not show a binding signal, suggesting that

30 binding is mediated by the designed interface. b, Compensated mean binding (PE) signals of

the cxpressing populations of yeast cells displaying DIGY and DIGR scaffold 3hkd. Celis

were fabeled with 2.7 uM DIG-RNase-biotin and SAPE, In the presence of 790 uM

uniabeled DIG, the DIGE signal is reduced by half, suggesting that binding 1s likely specific
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for DIG. The binding signal is not reduced to background levels probably because binding is
weak and the unlabeled DIG is not present in high enocugh concentration to overcome the
avidity affects of the DIG-RNase-biotin label. This cxplanation is corroborated by the
observation that culabeled 130 pM RNase does not affect the DIGS signal. Scaffold 3hk4,
NTF2Z-Hike superfamily member and structural genomies target MLR7391 (PDB 1D 3hkd)
from Mesorhizobium {ofi, does bind to DIG-RNase-biotin with a weaker (and more avidity-
bascd) signal than DHGE, 3hk4 has not been functionally characterized. ¢, Compensated mean
binding (PE) signals of the expressing populations of yeast cells displaying BIG1S. Cells
were labeled with 2.7 uM DIG-BSA-biotin and SAPE. In the presence of 1.6 mM unlabeled
DIG, the binding signal is only reduced slightly. Similar effects are seen with ~1.6 mM DIG-
Linker conjugate (DIG-NHS ester reacted with glycine) and BSA. However, the signal was
completely reduced opon incubation with 18 uM DIG-BSA. The signal is slightly reduced in
the presence of additional BSA (0.6% or 1.1% BSA). Either the DIG15 binding signal is not
reduced to background levels in the presence of vmlabeled DIG because binding is weak and
the amount of competitor in the assay 18 not enough to overcome the avidity affects of the
DIG-RNase-biotin fabel or because the design recognizes both BIG and BSA non-
specifically. Duc to these comphlications, DIG1S was not characterized further,

Figure 7. Yeast surface display knockout mutagenesis studies of DIGS and DIGR. a,
Functional substitutions of BIGS key modeled interacting residues leads to expressing-
population conpensated mean binding (PE) signals that are reduced relative to DIGS (left
panel). Cells were labeled with 1.5 uM DIG-RNase-biotin and SAPE. Mutation of binding
site residue Trp119 to larger Arg indicates that DIG binds in the intended pocket of the
computational model (right pancl). Mutation of hydrogen bonding residue Tyr84 to Phe alone
and in combination with the Tyri15Phe substitution leads to a binding signal that is reduced
to hackground vegative control (ZZ(-)) levels, confirming that this residue is necessary for
binding. Mutation of HisS8 and Tyr97, which make hydrogen bonds in the computational
model, to Ala and Phe, respectively, also lead to reduced binding signals. ¢, Functional
substitutions of DIGS key modeled interacting residues leads (o expressing-population
compensated mean binding (PE) signals that are reduced relative to DIGS (left panel). Cells
were labeled with 2.7 uM DIG-RNase-biotin and SAPE. Mutation of binding site residue
Valg6 to larger Arg indicates that DIG binds in the intended pocket of the computational
model (right pancl). Simultancous mutation of hydrogen bonding residues Tyr10, His101,

and Tyr103 to Phe, Ala, and Phe, respectively, leads to a binding signal that is reduced to
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background negative control (ZZ(-}} levels. Mutation of His101 to Ala also leads to a redoced
binding signal. Despite the observation that the DIG8 scaffold PDB ID 3hkd4 does bind to
DIG-RNase (Fig. 8), these results indicate that the designed interface could contribute to
binding of the design.

Figure 8 Affinity maturation of DIGI0: Round 1. a, Strategy for round | affinity
maturation of DIG10. A single site-saturation nmitagenesis library was constructed by
mutating cach of 34 positions in the binding pocket (ruagenta sticks, left panel) to all other
aming acids by Konkel mutagenesis with degenerate NNK primers. After several rounds of
selections with highly avid DIG-BSA-biotin and SAPE (step 1), cight positions were
identified for which vuatations lead to taproved binding. Beneficial outations, chemically
similar residue types, and the DIG0 “wild type” amino acids at these positions (magenta
sticks, middle panel) were combined combinatorially by Kunkel mutagenesis with degencrate
primers. Following several rounds of increasingly stringent selections with DIG-BSA-bintin
or DIG-RNase and SAPE (step 2), two vartants, DIG10.1a, and DIG10.1b, were identified,
cach having five mutations from DIGI0 {sticks, right panel). b, Flow cytometric analysis of
cells expressing DIG10, DIG10. 14, and DIG10.1b. DIGI0 shows a strong binding sigoal
when labeled with a pre-incubated mixture of 2.7 uM DIG-BSA-biotin and SAPE but not
when subjected to a more stringent multistep labeling procedure in which cells were first
labeled with 5§ pM DIG-RNase and then with SAPE, DIG10.1a and DIG10. 1b show strong
binding signals from the latter labeling procediuwe, however, demonstrating that these variants
have mmproved binding affinitics.

Figure 9. Fluorescence polarization affinity measurements of DIG10 evolved
variants. a, Equilibriom fluorescence polarization measurements of DIG-PEG:-Alexadss
treated with increasing amounts of DIG10.1 (Ieft panel), DIG10.2 (middle panel}, and
DIGIH.3 {right panel). Sclid lines represont fits to the data to obtain dissociation constanis
(Kg values). For DIG10.1, [DIG-PEG:-Alexad88] = 10 nM. For DIG10.2, [BIG-PEGs-
Alexadd8] = | nM. For DIG10.3, [DIG-PEG:-Alexad88] = (.5 nM. b, Equilibrium
fluorescence polarization measurements of BIG-PEG-Alexad 88 treated with increasing
amounts of DIGLC.3 variants Tyr34Phe (panct 1}, Tyr101Phe (panel 23, Tyrl15Phe (panel 3},
Tyr99Phe/Tyr101Phe (pancl 4), Ty134Phe/Tyvr99Phe/Tyri01Phe (panel §), and
Tyr34Phe/Tyr99Phe/Tyr 101 Phe/Tyr1 1SPhe (pancl 6). Solid lines represent fits to the data to
chtain dissociation constants (K values). Error bars represent standard deviations for at least

three independent measurements collected using at [east two different batches of purified
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protein. For Tyr34Phe, Tyr101Phe, Tyrl15Phe, and Tyr99Phe/Tyr 13 Phe, [DIG-PEG;-
Alexad88] =2 nM. For Tyr34Phe/Tyr99Phe/TyriG1Phe and
Tyr34Phe/Tyr99Phe/Tyr 101 Phe/Tyr1 15Phe, [IDIG-PEGs-Alexad88] = 10 nh.

Figure 18. DIG10.1a deep sequencing library construction and selections. a,

DIG10. Ta-based deep sequencing fragment hibraries. Residues included in the fragment 1
(Icft) and fragmeni 2 (right) libraries arc depicted, respectively (upper paoels). Libraries were
constructed by recursive PCR using 2 combination of mutagenized (colored) and wild-type
{gray) oligos (lower panels). b, Flow cytometry plots of yeast surface display selections for
deep sequencing experiments. Fragment libraries 1 and 2 were first labeled with anti-coye-
FITC and the cxpressing populations were collected using fluorescent gates (black squares,
left panel step 1). Expressing cells were recovered, labeled with 100 nM monovalent BIG-
PE(s-biotin and then SAPE, and then Iibrary clones having higher PE binding signals than
DIG1G.1a were collected using fhiorescent gates (black quadrilaterals, center panel, step 2).
To reduce noise, this procedure was repeated once raore using the same conditions.
Following these two rounds of binding selections, the selected cells showed higher binding
signals than DIGI0. 1a (right panel). DNA from the expression-sorted naive libraries and the
selected libraries were subjected to deep sequencing.

Figure 11. DIG10.1a deep sequencing library statistics. a, A data matrix showing the
number of counts for each single mutation in the unselected N-terminal {(fragment 1) and C-
terminal {fragment 2} deep sequencing libraries. The BIG10.1a amino acid at cach position is
mdicated in bold using its one-letter amino acid code. b, A histogram of the deep sequencing
data in Fig. Za indicates that most mutations are deleteriouns for binding.

Figure 12, Affinity maturation of DIG10.1a: Round 2. 3, The round 2 BIG10.1a
atfintty maturation Hbrary was constructed by pooling the products of three recursive PCR
reactions using different combinations of mutagemized and wild-type {gray) ohigos (upper
pancl). After several rounds of selections of the library with monovalent DIG-BSA-biotin and
then SAPE, a single best variant, DIG10.2, having two mutations from DIG1{.1a, was
wdentitied. b, Flow cytometry plots of yveast surface display selections for affinity maturation
round 2. Yeast cells were subjected to five increasingly stringent rounds of sclections with
DIG-PEG;-biotin and then SAPE using fluorescent gates (black quadrilaterals).

Figure 13, Affinity maturation of DIG10.2: Round 3. &, Strategy for round 3 affinity
maturation of DIG10.2. Mutations having AE" >-3.5 In the deep sequencing experiment {(left

paoel) and the DIG10.2 amino acids at these positions {middle panch) were combined
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combinatorially by Konkel mutagenesis with degenerate primers. Selections converged to a
single vartant, DIG10.3, having six mutations from DIG10.2 (right panel). b, Flow cytometry
plots of yeast surface display selections for atfinity reaturation round 3. The library was
subjected to four increasingly strmgent rounds of selections with DIG-PEGs-biotin and then
SAPE using fluorescent gates (black guadrilaterals). An offirate selection was used in the last
round.

Figure 14, Equilibrium competition flucrescence polarization assays of DIG10.3 with
digoxin. Unlabeled digoxin or digoxigenin was added to a solation of DIGHL3 and DIG-
PEGy-Alexad8¥ in increasing amounts. Solid lines represent fits to the data to obtain the half-
maximal tnhibitory concentrations (1Cs values). Error bars represent standard deviations for
at least three mdependent measurements collected using at least two different batches of
purified protein. The affinity of BIG10.3 for digoxin is shghtly higher than that for BDIG.

Figure 15, Crystal packing in the DIG10.2-DIG and DIG10.3-DIG Complexes. a,
The asymmetric unit of the DIG10.2 crystal structure contains four copies, cach of which
bind a molecule of DIG. b, The asynumetric unit of the DIG10.3 erystal structure contains
nine copies, each of which bind a molecule of DIG.

Figure 16. Evidence that DIG proteins are dimeric. 3, The dimeric unit of DIG10.2
chserved in the crystal structure. The pretomers are related by a pseudosymmetric or
symmetric C2 axis. DIG i shown in magenta sticks. b, The dimer interface is formed by
specific intermolecular salt-bridges, packing interactions, and hydrogen bonds between the
solvent-facing sides of the curved B-sheets. ¢, Preparative Superdex 75 gel filiration traces of
DIGIG, DIGIO.1b, mefecular weight standard horse heart cytochrome ¢ (M, = 29 kD, red 1),
and molecular weight standard bovine erythrocytes carbonic anhydrase (M, = 12.4 kDa, red
23. Both DIG10 and DIG 0. 1b elute near their expected dimeric molecular weights (36 kDa).
Both proteins are well-behaved in sohution, and the traces show no evidence for sample
hetorogencity or higher-order aggregate specics. d, Analytical Superdex 75 gel filiration
traces of DIG10.3, pre-tformed DIG10.3-DIG complex, molecular weight standard horse
heart cytochrome ¢ (M; = 29 kia), molecular weight standard bovine erythrocytes carbonic
anhydrase (M; = 12.4 kDa,) and bovine aprotiman (6.5 kD4, red 3). BIG10.3 elutes near s
expected dimeric melecular weight (36 kDa), The DIGH0.3-DIG complex clutes at a slightly
shorter retention volume. DIG10.3 and the DIG10.3-DIG complex are both well behaved in
solution, and the traces show no evidence for sample heterogencity or higher-order aggregate

Species.
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Figure 17, Ligand binding site 2F,-F; maps of the DIG10.2-DiG complex. 25, - £,
omit map clectron density of DIG interacting with Tyi34, Tyrdl, Tyr10L, and TyrliS n
chains A, B, C, and I contoured at 1.0 sigma.

Figure 18. Comparison of the side chain rotamers in the DIG10.2-DIG crystal
structure versus the computational model. a, A backbore superposition of the computational
model (gray) and the x-ray crystal structure of DIG10.2 shows that the majority of the amino
acid side chains in the binding cavity adopt their modeled conformations. b, A side-by-side
comparison of the computational model {top panci) and the x-ray crystal structure {bottom
panel) of DIG10.2 highlighting the conformations of the six mcorrectly modeled amine acids.
Tyr34 adopts a statistically less probable rotamer (chi2 = 1537) in the crystal structare than
the computational model {chi2 = 80%), which may result from an ueanticipated hydrogen
bond with His54: a subtle shift in the backbone position of this histidine allows it to face
imwards towards the binding cavity and interact with Tyr34 instead of being fully solveni-
exposed as predicted by the model. Perhaps to relieve hydrophobic clashes with the
crystallographic Tyr34 rotamer, Leult 17 also has a different side conformation. Fnally,
Tryd 1, which engages in a second shell hydrogen-bonding interaction with Tyr34 in the
computational model, adopts a different chil rotamer, and instead participates in a long (3.6
AY hydrogen bond with the A-ring hydroxyi group of DIG. Sert(3 and Leul05 also show
different conformations n the structure and the computational model, but these residues are
characterized by high conformational heterogeneity between the four protomers in the
crystallographic asymmetric unit (see Fig. 3¢).

Figore 19, Crystal structure of the DIG10.3-DIG complex. a, 27, — F. omit map
electron density of DIG and hydrogen-bonding residucs Tyr34, Tyed], Tyri01, and Tyrlis
chains A though 1 of the DIG10.3-DIG crystal siructure contoured at 1.0 sigma. At this
contour fevel and poor resohition (3.2 A), density is not observed for all hydrogen bonding
residues in all erystaliographic copies of the protein. b, Backbone binding site superposition
of the crystal structures of DIG10.3 and DIG10.2. ¢, Backbone binding site superposition of
the crystal structures of DIG10.3 and DIG10.2 chains A (left) and B (right). The DIG10.3
Tyrl 15 rotamer is similar to that observed in DIG10.2 chains A, C, and D but different from
that observed in chain B, in DIGI0.3 and chains A, C, and D of BIG 0.2, the hydroxy! group
of Tyr115 is plane with the lactone ring (~3° torsion}, but in DIG10.2 chain B, it 15 out of

plane (-707 torsion) and therefore expected to make a weaker interaction.

10
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Figure 28. Side chain conformational heterogeneity in the crystal structures of
DIGI0.2-DIG and DIGI0.3-DIG. a, 2F, — F, omit map electron density of DIG, Tyrils,
Leuios, and 5103 in chains A through D of the DIGH0.2-DIG crystal structore contoured at
1.0 sigmoa. Tyril5, Leuls, and S103 all explore more thao one rotameric conformation. b,

5  2F, - F;omit map electron density of DIG, Tyri15 and Trpl0S in chains A though 1 of the
DIGI0.3-DIG erystal structure contoured at 1.0 sigma. At this contour level and poor
resolution (3.2 A), density for Try115 is only observed in five of the nine copies; however,
for copies 1n which density is observed, this amino acid is clearly in the same conformation.
The position of Trp10S, which is the same in all nine crystallographic copies, is inconsistent

10 with the alternative conformation of Tyri 15 observed in chain B of DIGI10.2-DIG. These
data suggest that DIG10.3 is more ordered than DIG10.2.

Figure 21. CD Spectra of DIG 1G-based proteins. a, CD wavelength scan of
DIG10.1a-TEV -hisg at 25 °C (left panel) and 70 °C (vight pancl). Protein was prepared in
PRE, pH 7.5. The protein exhibits o/p character expected from the structure, At temperatures

15  above 65 °C, the protein shows greater B-sheet character. b, Temperature melting curves of
DIG10.1a-TEV-hisg , DIG10.2-TEV-hisg , DI(G10.3-TEV -hisg, and 1z1s-TEV-hiss. Proteins
arc all stable at temperatures below 60 °C. DIG10.3-TEV-hisg does not unfold, even at 95 °C.

Figure 22, Sequence Alignment of DIG10-based Designs. Binding site residues are
highlighted. Residoces in magenta represent designed amino acids that differ from the scaffold

20 1zis. Other colored residues indicate residues that evolved during affinity matoration to vield
DIGIGE, DIGLG.2, and DIG10.3, respectively. The three hydrogen-bonding tyrosines are

marked with a star.

Bretailed Description of the Invention

™o
@21

All references cited are herein incorporated by reference in their entivety, Within this
application, unless otherwise stated, the techniques utilized may be found in any of several
well-known references such as: Molecular Cloning: A Laboratory Manual (Sambrook, et al,
1989, Cold Spring Harbor Laboratory Press}, Gene Expression Technology (Methods in
Enzymology, Vol 188, edited by D. Goeddel, 1991, Academic Press, San Dego, CA),

30 “Quide to Protein Purification” in Methods in Enzymology (M.P. Deutsheer, ed., (1990)
Academic Press, Inc.); PCR Proiocols: A Guide to Methods and Applications (1anis, et al,
1990, Academic Press, San Dicgo, CA), Culture of Animal Cells: 4 Manual of Basic

- . nd vy g e s B 1 T 7 AT -1 <
Technigue, 2' Ed. (R.1. Freshney. 1987, Liss, Inc. New York, NY), Gene Transfer and

11
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Expression Protocols, pp. 109-128, ed. E.J. Murray, The Humana Press Inc., Clifton, N.J),
and the Ambion 1998 Catalog (Ambion, Austin, TX).

As used herein, the singular forms "a”, "an” and "the” include plural referents unless
the context clearly dictates otherwise. “And” as used herein is interchangeably used with “or”
vnless expressly stated otherwise.

As used herein, the amino acid residues are abbreoviated as follows: alanine {(Ala; A),
asparagine {Asn; N}, aspartic acid (Asp; D), arginine (Arg; R}, cysteine (Cys; C), glutamic
acid {Ghy B}, glotamine {(Gln; Q), glycine (Gly; G), histidine (His; H), isoleucine (Tie; 1},
feucine (Leu; L), lysine (Lys; K}, methionine (Met; M}, phenylalanine (Phe; F), proline
{Pro; P}, sering {Ser; 8), threonine (Thr; T), tryptophan (Trp; W), tvrosine (Tyr; Y}, and
valine (Val; V).

All embodiments of any aspect of the invention can be used in combination, unless
the context clearly dictates otherwise.

Unless the context clearky requires otherwise, throughout the description and the
claims, the words ‘comprise’, ‘comprising’, and the like are to be construed in an inclusive
sense as opposed to an exclusive or exhaustive sense; that is to say, in the sense of
“inchading, but not limited 107, Words using the singular or plural number also include the

23 wC

phural and singular mumber, respectively. Additionally, the words “herein,” “above,” and
“below” and words of similar import, when used in this application, shall refer to this
application as 3 whole and not to any particular portions of the application.

The description of emboduments of the disclosure is not intended to be exhaustive or
to Hmit the disclosure to the precise form disclosed. While the specific embodiments of, and
cxamples for, the disclosure are described herein for illusirative purposes, various equivalent
modifications are possible within the scope of the disclosure, as those skilled in the relevam
art will recognize.

In a first aspect, the mvention provides 1solated polypeptides comprising or consisting
of an amino acid sequence according to SEQ D NO:1, wherein the amine acid sequence is at
least 70% identical to the amino acid sequence of SEQ 1D NQO: 15, (D1G10.3), and wherein
the amino acid sequence is not the amino acid sequence of SEQ ID NO: 24 (PDB ID 1zis):
MNAKEILVHSLRLLENGDARGWCDLFHPEGVLEFPYAPPGWRTRFEGRETIWAHMR
LFPEHLTVRFTDVQFYETADPDLAIGEFHGDGVATVSGGKLAQDYISVLRTREGQILL
YRDFWNPLRHLEALGGVEAAAKIVQGA)

Table 1. SEQ ID NG:1
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Residue | Alignment | Specificity Alternative residues
# AA

1 M White/umlabeled: Hydrophobic or absent
2 N Oreen: Any aming acid

3 A White/unlabeled: Hydrophobic AAs

4 K Green: Any amino acid

3 E Green: Any amino acid

6 1 White/unlabeled: Hydrophobic AAs

7 v White/unlabeled: Hydrophobic AAs

3 v Green: Any aming acid

8 H Green: Asny amino acid

19 S, A Gray/agqua — Any amino acid

11 L White/unlabeled: Hydrophobic AAs

12 R Green: Any amino acid

i3 L White/unlabeled: Any aming acid

14 L White/unlabeled: Hydrophobic AAs

15 E Green: Any aming acid

16 N Oreen: Any amino acid

17 & White/unlabeled: G, A orS

18 D Green: Any amino acid

19 A White/unlabeled: Hydrophobic AAs

28 R Green: Any amine acid

21 G Green Any amino acid

22 W White/unlabeled: Aromatic/Polar nouiral AAs
23 C, S Gray/aqua — Any amino acid

24 D Green: Any aming acid

25 L White/unlabeled: Hydvophobic AAsg

26 F White/unlabeled: Hydrophobic AAs

27 H Oreen: Any amino acid

28 P White/unlabeled: Hydrophobic AAs

29 E Green: Any amino acid

340 G White/imlabeled: G, A, 0t 8

31 v Green: Any amino acid

32 L Whitc/unlabeled: Hydrophobic or Pelar neuiral AAs
33 H Green: Any amino acid

34 Y Pink: Aromatic

35 P White/unlabeled: Hydrophobic AAs

36 Y Dark green: Polar neutral

37 AP Gray/agqua — Any amino acid

38 p White/umlabeled: Hydrophobic

39 P White/iumlabeled: Hydrophobic AAs

40 G White/unlabeled: Hydrophobic AAs or G
41 HY Gray/aqua — Any amino acid

42 K Green: Any amino acid

43 T White/unlabeled: Polar neutral AAs

44 R Green: Any amino acid

45 F White/unlabeled: Hydrophobic or polar neutral AAs
46 E Green: Any amino acid

13




WO 2014/159947

PCT/US2014/025500

7 G White/unlabeled: G, A, ot S

48 R Green: Any amine acid

49 E Green: Any amino acid

5{ T Green: Any aming acid

51 1 White/imlabeled: Hydrophobic AAs

52 W (reen: Any aming acid

53 A Green: Asny amino acid

54 H White/unlabeled: Basic, hydrophobic, or polar
neutral AAs

55 M White/unlabeled: Hydrophobic

56 R Green: Any amino acid

57 L Green: Any amino acid

38 F White/unlabeled: Hydrophobic, basic, or polar
neutral AAs

59 P White/unlabeled: Hydrophobic AAs

60 E Green: Any amino acid

61 Y Green: Any amino acid

62 V, M Gray/agua — Hydrophobic AAs

63 T Green: Any AA

64 v, 1 Gray/aqua — Any amino acid

63 R Green: Any aming acid

66 F White/unlabeled: Hydrophobic AAs

67 T Green: Any amino acid

68 D Oreen: Any aming acid

69 v White/unlabeled: Hydrophobic AAs

7 Q Green: Any amine acid

7 F Whitc/unlabeled: Hydrophobic AAs

72 Y Dark green: Aromatic AAs

73 E Oreen: Any aming acid

74 T White/unlabeled: Polar neutral AAs

75 A Green: Asny amino acid

76 D Green: Any amino acid

77 P White/unlabeled: Hydrophobic AAs

78 D Green: Any amino acid

79 L Green: Any amino acid

80 A White/unlabeled: Hydrophobic AAs

81 i Dark green: Aliphatic AAs

82 G White/unlabeled: G, A, 01 S

83 = Dark green: Acidic AAs

34 F White/unlabeled: Hydrophobic or charged AAs

85 H (reen: Any aming acid

Ré i White/unlabeled: Hydrophobic or polar neotral AAg

87 D Green: Any amino acid

8% G White/unlabeled: Hydrophobic or polar neutral

39 v Green: Any aming acid

S{ H, L Gray/aqua — Any aming acid

91 T Green: Any amino acid

G2 V, A Gray/agqua — Any amino acid

14
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93 S (reen: Any amino acid

54 G Green: Any amino acid

85 G Green: Any amino acid

G6 K Green: Any amino acid

97 L Whitemlabeled: Hydrophobic or polar neutral AAs

98 A (reen: Any aming acid

59 ALY Gray/aqua — Amny amine acid

180 D Green: Any amino acid

101 Y Pink: Hydrophobic or basic AAs

102 1 Dark green: Aliphatic AAs

103 S, A Gray/aqua — Any amino acid

104 v Dark green: Aliphatic AAs

108 L,W Gray/agua ~ Any amino acid

106 R Oreen: Any amino acid

107 T White/unlabeled: Polar neutral AAs or hydrophobic
residucs

108 R Green: Any amino acid

109 D Oreen: Any amino acid

110 & White/unlabeled: G, A orS

11t O Green: Any amino acid

112 i White/unlabeled: Hydrophobic, polar neutral, or
basic AAs

113 L Green: Any aming acid

114 L Green: Any amino acid

115 Y Pink: Hydrophobic

116 R Dark green: Basic AAs

117 Y, L Gray/aqua — Any amino acid

118 F Dark green Aromatic AAs

1i% F Whiteamlabeled: Aromatic, polar neatral, or basic

120 N Dark green: Polar neotral AAs

121 P White/unlabeled: Hydrophobic AAs

122 L Dark green: Aliphatic AAs

123 R Oreen: Any amino acid

124 vV White/umlabeled: Hydrophobic, polar neutral, acidic

125 L White/unlabeled: Aliphatic AAs

126 E Green: Any aminoe acid

127 AP Gray/agua ~ Any amino acid

128 L Green: Any amino acid

129 G {reen: Any aming acid

As described in the cxamples that follow, the inventors describe a general method for

the computational design of small molecule binding sites with pre-organized hydrogen

bonding and hydrophobic interfaces and high overall shape complementary to the ligand, and

use it to design the polypeptides of the present tnvention that are bigh affinity polypeptide

Higands of the steroid digoxigenin (IDIG) or the related stereids digitoxigenin, progesterone,

and P-estradiol, as well as digoxin. The inventors have identified positions of the
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polypeptides of the invention that provide specificity of the polypeptides for DIG or one or
more of the related steroids. As such, the polypeptides of the invention can be used, for
example, i steroid biosensors and diagnostics, as well as for therapeutic applications. For
example, digoxigenin (DIG), is the aglycone of digoxin, a cardiac glycoside used to treat
heart discase. Digoxin has a narrow therapeutic window, and thus the polypeptides of the
invention can be used, for example treat digoxin overdoses. The polypeptides can also be
used, for example, to detect DIG and/or one or more of the related stevoids. The polypeptides
of the invention provide a cheaper, more selective alternative to currently used digoxigenin
binding antibodies, which are costly {o produce and are not selective for digoxigenin over
other steroids. The polypeptides of the invention can also be used for in vive biosensing
applications, whereas the antibodies cannot because of their structurally necessary disulfide
bonds and difficulty to express robastly.

The polypeptides of the invention are non-naturally occurring polypeptides designed
using the computational methods of the invention {described herein). The starting
polypeptide was SEQ 1D NO: 24 (PDB 1D i1zls), which is a hypothetical protein from
Pseudomonas aeruginosa. Thus, the polypeptides of the invention do not comprise or consist
of SHQ i3 NO: 24, Of the specific polypeptides tested, the polypeptide of SEQ 1D NO: 15,
(DIG10.3) was the best binder. Thus, the polypeptides of the invention are at least 70%
dentical with to the amino acid sequence of SEQ ID NG: 15, over tts full length. In varions
embodiments, the polypeptides of the invention are at least 75%, 80%, 85%, 90%, 91%, 92%,
93%, 94%, 95%, 96%, 97%, 98%, or 99% identical with to the amino acid sequence of SEQ
1D NG:135, over its full length.

SEQ 1D NO:1 is presented in Table 1, which inchudes the following information:

{a} “Residuc numsber™: Position in the polypeptide amino acid sequence;

{b) “Alignment amino acid”: Residuoes that are in exemplary polypeptides;

(¢} Specificity: Indication of toleration for amino acid substitution at the specific
residue based on biochemical analysis; and

(dy  Alcrnative residues: Tolerated residucs at the position based on deep

mutational scanning analysis.

As used herein, the amino acid residucs are abbreviated as follows: alaning (Ala; A},
asparagine {Asn; N), aspartic acid (Asp; 13), arginine (Arg; R), cysteine (Cys; C), glutamic
acid {Gly; B}, ghitamine (Gl ), glveine (Gly; G, histidine (His; H), tsoleucine (He; 1},
feucine (Lew; Ly, lysine (Lys; K), methionine (Met; M), phenylalanine (Phe; F), proline

16
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{Pro; P}, serine {Ser; 5), threonine (Thr; T), tryptophan (Trp; W, tyrosine (Tyr; Y3, and
valing (Val; V).
Deep mutational scanning of DIGT0.1 (SEQ 1D NO: 13) was carried out to reveal all

point mutations that will preserve or enbhance function (AE > () and those that negatively

5 affect function (AE <0). This data is summarized n the “Specificity” section of Table 1,
with the recited colors representing the following information:
s {Jray/aqua - positions that differ between the DIG 10 series constructs described and
tested in the examples that follow;
s Pink: Mutation of these residues switches the steroid specificity profile of the

10 polypeptides. Only conservative substitutions permitied;

e (reen: Surface residues not at eritical dimer mterface; these can be mutated without
affecting function; and

e Diark green: Surface residucs at diroer interface; conservative substitutions permutied

# White/unlabeled: Active site/core residues, conservative substitutions permitted.

15 Thus, some residues can be substituted with any amine acid, and thus the “allernative
residues” noted o the Tables herein are listed as “any amino acid.” Other positions can enly
tolerate conservative substitutions, and thus the “alternative residucs” for these positions will
define one or more aminoe acid grouping, as noted in the Tables herein. These amino acid
groupings are defined as follows:

20 e Polarneumal AA’SCH, N, Q, Y, T, 8, and C;

e Hydrophobic AXs: A, LL, V.M, F, W, P, and G;
o Aliphatic AA’s (subsct of hydrophobic AA™sE AL L L, V, and M;
o Aromatic AA’s (subset of hydrophobic AA s): Y, W, and F;
e Charged AA K, R, D F, and H;
25 o Basic AA’s (subset of charged AA’s): K and R; and
o Acidic AA’s {subset of charged AA sy Dand E.
In one embodiment, the isolated polypeptides comprise or consist of the ammno acid
sequence of SEQ ID NO: 2 (Table 2). In this embodiment, the specificity defining residues
30 (“pink™) are limited to those residues in the polypeptides that have becn made and tested in

the cxamples that follow. As is shown in the examples, modifications at these positions
(residaes 34, 101, and 115) between Y and F change the steroid specificity profile of the

resulting polypeptide.
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Residue | Alignment | Specificity Alternative residues
# AA
1 M White/unlabeled: Hydrophobic or absent
2 N {reen: Any amino acid
3 A White/unlabeled: Hydrophobic AAs
4 K Greer Any amine acid
5 E Green: Any aming acid
6 1 White/unlabeled: Hydrophobic AAs
7 \ White/unlabeled: Hydrophobic AAs
3 v Oreen: Any aming acid
9 H (reen: Any aming acid
10 3, A Gray/aqua — Any amino acid
11 L Whitc/unlabeled: Hydrophobic AAs
12 R Green: Any amino acid
13 L White/unlabeled: Any aming acid
14 L White/unlabeled: Hydrophobic AAs
15 E Green: Any amino acid
16 N Green: Any amino acid
17 3 White/unlabeled: G, A, orS
18 D Green: Any amino acid
19 A White/unlabeled: Hydrophobic AAs
20 R (reen: Any amino acid
2 G Green Any amino acid
22 W White/unlabeled: Aromatic/Polar noutral AAs
23 C, 5 Gray/aqua — Any amino acid
24 D Oreen: Any aming acid
25 L White/unlabeled: Hydrophobic AAs
26 F White/unlabeled: Hydrophobic AAsg
27 H Green: Any amino acid
28 P White/unlabeled: Hydrophobic AAs
25 E Oreen: Any aming acid
30 G White/unlabeled: G, A, 0rS
31 v Green: Asny amino acid
32 L White/unlabeled: Hydrophobic or Polar noutral AAs
33 E Green: Any amino acid
34 Y Pink: For¥
35 P White/unlabeled: Hydrophobic AAs
36 Y Dark green: Polar neutral
37 AP Gray/agua ~ Any amino acid
38 P Whitc/unlabeled: Hydrophobic
39 p White/unlabeled: Hydrophobic AAs
40 G White/unlabeled: Hydrophobic AAsor G
41 H,Y (Gray/agqua — Any amino acid
42 K Green: Any amino acid
3 T White/unlabeled: Polar neutral AAs
44 R Green: Any amino acid
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45 F White/unlabeled: Hydrophobic or polar neutral AAs

46 E Green: Any amino acid

47 G White/unlabeled: G, A, orS

48 R Green: Any amino acid

45 E Oreen: Any aming acid

50 T (reen: Any aming acid

51 i White/unlabeled: Hydrophobic AAs

52 W Green: Any amino acid

33 A Oreen: Any amino acid

54 H Whiteimlabeled: Basic, hydrophobic, or polar
neufral AAg

55 M White/unlabeled: Hydrophobic

36 R Oreen: Any amino acid

57 L Green: Any amino acid

58 F White/unlabeled: Hydrophobic, basic, or polar
neutral AAs

39 P White/unlabeled: Hydrophobic AAs

60 ) Green: Any amino acid

61 Y Green: Any amino acid

62 YV, M Gray/aqua — Hydrophobic AAs

63 T Green: Any AA

64 v, 1 Gray/agqua — Any amino acid

65 R Green: Any amino acid

66 F White/unlabeled: Hydrophobic AAs

67 T (reen: Any aming acid

68 D Green: Any amine acid

69 / Whitc/unlabeled: Hydrophobic AAs

7 O Green: Any amino acid

71 F White/unlabeled: Hydrophobic AAs

72 Y Dark green: Aromstic AAs

73 E Green: Any amino acid

74 T White/unlabeled: Polar neutral AAs

75 A Oreen: Any amino acid

76 D Green: Any amino acid

77 P White/unlabeled: Hydrophobic AAs

78 D Green: Any amino acid

79 L Green: Any amino acid

80 A White/unlabeled: Hydrophobic AAs

81 1 Dark green: Aliphatic AAs

32 & White/imlabeled: G, A oS

33 E Dark green: Acidic AAs

R4 F White/onlabeled: Hydrophobic or charged AAsg

85 H Green: Any amino acid

86 G White/unlabeled: Hydrophobic or polar neutral AAs
or G

7 D Green: Any amino acid

88 G Whitc/unlabeled: Hydrophobic or polar neutral

89 N Green: Any amino acid
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A H, L Gray/agqua — Any amino acid
91 T Green: Any amino acid
G2 V, A Gray/agqua — Any amino acid
g3 S Green: Any amino acid
94 G Green: Any aming acid
95 G (reen: Any aming acid
86 K Green: Asny amino acid
7 L White/unlabeled: Hydrophobic or polar neatral AAg
08 A Oreen: Any amino acid
59 ALY Gray/aqua — Any aming acid
180 D Green: Any amino acid
101 Y Pink: ForY
102 i Dark green: Aliphatic AAs
103 S, A Oray/aqua — Any amino acid
104 YV Dark green: Aliphatic AAs
103 L, W Gray/aqua — Any amine acid
106 R (reen: Any amino acid
147 T White/unlabeled: Polar neutral AAs or hydrophobic
residues
108 R Green: Any amino acid
109 D (reen: Any aming acid
110 3 White/unlabeled: G, A, or S
1i1 Q Green: Any amino acid
112 1 Whitc/unlabeled: Hydrophobic, polar veutral, or
basic AAs
113 L Green: Any amine acid
1i4 L Green: Any amino acid
115 Y Pink: For¥
1i6 R Dark green: Basic AAs
117 V,L Gray/aqua — Any aming acid
118 F Dark green; Aromatic AAs
1i9 F White/unlabeled: Aromatic, polar noutral, or basic
120 N Dark green Polar newiral AAs
1214 P WhiteAmlabeled: Hydrophobic AAs
122 L Dark grecu: Aliphatic AAs
123 R Green: Any anino acid
124 v White/unlabeled: Hydrophobic, polar neutral, acidic
125 L White/unlabeled: Aliphatic AAs
126 H Green: Any aming acid
127 AP Oray/agqua — Any aming acid
124 L (reen: Any aming acid
248 G Green: Any amino acid

In a further embodiment, the isolated polypeptides comprise or consist of the aming

acid sequence of SEQ 1D NG: 3 (Table 3). This cubodiment differs from SEQ 1D NG:2
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{Table 2) in that the sorface residues at the dimer interface (“dark green™) are Hmited to those

residucs in the polypeptides that have been made and tested in the cxamples that follow.

Table 3. SEQ ID NO:3

Residue | Alignment | Specificity Alternative residues
# AA

1 M White/umlabeled: Hydrophobic or absent
2 N Green: Any aming acid

3 A White/unlabeled: Hydrophobic AAs

4 K Green: Any amino acid

5 E Oreen: Any amino acid

6 i White/unlabeled: Hydrophobic AAs

7 v White/unlabeled: Hydrophobic AAs

8 i Green: Ay amino acid

g H Green: Any amino acid

10 S, A Gray/agqua — Any amino acid

1 L White/unlabeled: Hydrophobic AAs

12 R Oreen: Any aming acid

13 L White/unlabeled: Any amino acid

14 L White/unlabeled: Hydrophobic AAs

15 E Green: Any amino acid

16 N Green: Any amino acid

17 G White/unlabeled: G, A or S

18 D (reen: Any aming acid

19 A White/unlabeled: Hydrophobic AAs

2 R Green: Any amino acid

21 3 (reen Any amino acid

22 W White/umlabeled: Aromatic/Polar neutral AAs
23 C. 8 Gray/aqua — Any amine acid

24 D Green: Ay amino acid

25 L White/anlabeled: Hydrophobic AAs

26 F White/unlabeled: Hydrophobic AAs
27 H Green: Any amino acid

28 P White/unlabeled: Hydrophobic AAs
29 E (reen: Any aming acid

30 3 White/unlabeled: G, A, or S

31 YV Green: Any amino acid

32 L White/umlabeled: Hydrophobic or Polar neutral AAs
33 E Oreen: Any aming acid

34 Y Pink: ForY

35 P White/unlabeled: Hydrophobic AAs

36 Y Dark green Y

37 AP Gray/agqua — Any amino acid

38 P White/imlabeled: Hydrophobic

39 P White/unlabeled: Hydrophobic AAs

46 G White/unlabeled: Hydrophobic AAs or G
41 HY Gray/aqua ~ Any amino acid
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42 K Greer Any amine acid

43 T White/unlabeled: Polar neutral AAs

44 R Green: Any amino acid

45 F White/unlabeled: Hydrophobic or polar neutral AAs

46 E Oreen: Any aming acid

47 G White/unlabeled: G, A, ot S

48 R Green: Any amino acid

49 E Green: Any amino acid

30 T Oreen: Any amino acid

51 White/iumlabeled: Hydrophobic AAs

52 W Green: Any amino acid

53 A Green: Asny amino acid

54 H White/unlabeled: Basic, hydrophobic, or polar
neutral AAs

55 M White/unlabeled: Hydrophobic

56 1 Green: Any anino acid

57 L Green: Any aming acid

38 F White/unlabeled: Hydrophobic, basic, or polar
neutral AAs

59 P White/unlabeled: Hydrophobic AAs

60 E Green: Any aming acid

61 Y Oreen: Any amino acid

62 vV, M Cray/agqua — Hydrophobic AAs

63 T Oreen: Any AA

64 v, 1 (Gray/agqua — Any amino acid

65 R Green: Any amine acid

66 F Whitc/unlabeled: Hydrophobic AAs

67 T Oreen: Any amino acid

68 D Oreen: Any aming acid

69 N White/unlabeled: Hydrophobic AAs

7 Q Green: Asny amino acid

71 F Whitc/unlabeled: Hydrophobic AAs

72 Y Dark green Y

73 E {reen: Any aming acid

74 T White/unlabeled: Polar neutral AAs

75 A Green: Ay amino acid

76 D Green: Any amino acid

77 P White/unlabeled: Hydrophobic AAs

78 D Green: Any amino acid

79 L Oreen: Any aming acid

] A White/unlabeled: Hydrophobic AAs

81 i Dark green: i

82 G Whitc/unlabeled: G, A, 0rS

83 H Dark green: B

34 F White/iumlabeled: Hydrophobic or charged AAs

83 H Green: Any aming acid

Ré ¥ White/unlabeled: Hydrophobic or polar neotral AAg

or G
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87 D (reen: Any amine acid
88 G White/anlabeled: Hydrophobic or polar neustral
849 YV Green: Any amino acid
90 H, L Gray/agqua — Any amino acid
51 T Oreen: Any aming acid
2 V, A (Gray/agqua — Any amino acid
93 3 Green: Any amino acid
84 G Green: Any amino acid
03 3 Green: Any amino acid
86 K Oreen: Any aming acid
7 L White/umlabeled: Hydrophobic or polar neutral AAs
98 A Green: Asny amino acid
59 ALY Gray/agua ~ Any amino acid
100 D Oreen: Any amino acid
101 Y Pink: For¥
102 i Dark green: 1
103 3, A Gray/agqua — Any amino acid
104 v Dark green: vV
105 LW Gray/agqua — Any amino acid
106 R {reen: Any aming acid
17 T White/umlabeled: Polar neatral AAs or hydrophobie
residues
108 R Green: Any amino acid
109 D Oreen: Any amino acid
110 G White/unlabeled: G, A or S
111 0O Green: Any aming acid
112 i White/unlabeled: Hydrophobic, polar neutral, or
basic AAsg
113 L Oreen: Any aming acid
114 L Green: Any aming acid
115 Y Pink: ForY
116 R Dark green R
117 v, L Oray/aqua — Any amino acid
1i8 F Dark green: F
119 F White/unlabeled: Aromatic, polar neutral, or basic
120 N Dark green: N
121 P White/anlabeled: Hydrophobic AAs
122 L Dark green: L
123 R Green: Any amino acid
124 v White/unlabeled: Hydrophobic, polar neutral, acidic
125 L White/unlabeled: Aliphatic AAs
26 E Greemn: Any amino acid
127 AP Gray/agqua — Any amino acid
128 L {reen: Any aming acid
129 Q Oreen: Any aming acid

In another embodiment, the isolated polypeptides comprise or consist of the amino

acid sequence of SEQ 1D NO: 4 (Table 4). In this embodimend, the polypeptides differ from
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the polypeptides of SEQ 18 NO: 3 (Table 3} in that the active/core site residues (“white”) are

more narrowly defined.

Table 4. SEQID NO: 4

Residue | Alignment | Specificity Alternative yesidues
# AA

i M Whitemlabeled: Polar neatral AAs or Met
2 N (Green: Any amino acid

3 A White/unlabeled: Aliphatic AAs

4 K Green: Any amino acid

3 E Green: Any amino acid

6 1 Whitehmlabeled: Aliphatic AAs

7 v White/unlabeled: Aliphatic AAs

8 i Green: Asry amino acid

8 H Green: Any amino acid
10 S, A Cray/aqua — Any amino acid
11 L White/umlabeled: Aliphatic AAg

12 R Oreen: Any aming acid
13 L White/unlabeled: Aliphatic acid

14 L White/unlabeled: Aliphatic AAs

1§ E Green: Any aming acid
16 N Green: Any amino acid
17 G White/unlabeled: G, A 085

1% D (reen: Any amino acid
19 A White/unlabeled: Aliphatic AAs

2 R Green: Any amino acid
21 3 Grecn Any amino acid
22 W White/unlabeled: Aromatic AAs

23 C, 5 (ray/aqua — Any aming acid
24 D Green: Any aming acid
25 L White/unlabeled: Aliphatic AAs

26 F Whitc/unlabeled: Aromatic AAs

27 H Green: Any amino acid
28 P White/unlabeled: Hydrophobic AAsg
28 E Greery Any amino acid
33 3 White/unlabeled: G, A, or S

31 Y Green: Any aming acid
32 L White/unlabeled: Aliphatic AAs

33 E Green: Any aming acid
34 Y Pink: ForY

35 P White/unlabeled: Hydrophobic AAs
36 Y Dark green: Y

37 AP Oray/aqua — Any amino acid
38 P White/imlabeled: Aliphaticor P

39 P White/unlabeled: Aliphatic AAs or P
440 G White/unlabeled: Aliphatic AAs or G
41 HY Gray/agua ~ Any amino acid
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42 K (roen: Any amino acid

43 T White/unlabeled: Polar neutral AAs

44 R Green: Any amino acid

45 F White/unlabeled: Hydrophobic or polar neutral AAs

46 E Oreen: Any aming acid

47 G White/unlabeled: G, A, or 8

48 R Green: Any amino acid

49 E Green: Any aming acid

30 T Oreen: Any amino acid

51 Whitehmlabeled: Aliphatic AAs

52 W Green: Any amino agid

53 A Green: Any amingo acid

54 H White/unlabeled: Basic, hydrophobic, or polar
neutral AAs

55 M White/unlabeled: Hydrophobic

56 R Green: Asry amino acid

57 L Green: Any amino acid

38 F Whitc/unlabeled: Aromatic AAs

59 p White/umlabeled: Hydrophobic AAs

60 E Green: Any amino acid

61 Y (reen: Any amine acid

62 V. M Gray/aqua — Hydrophobic AAs

63 T Green: Any AA

64 7,1 Cray/aqua — Any aming acid

63 R Green: Any aming acid

66 F White/unlabeled: Aromatic AAs

67 T Green: Any amingo acid

68 D Green: Any aming acid

69 v Whitc/unlabeled: Aliphatic AAs

70 Q Oreen: Any aming acid

71 F White/unlabeled: Aromatic AAs

72 Y Dark green: Y

73 E Green: Any amino acid

74 T White/unlabeled: Polar ncutral AAs

75 A Oreen: Any amino acid

76 D Green: Any aming acid

77 P White/unlabeled: Hydrophobic AAs

73 D Green: Any amino acid

7 L Green: Any aming acid

80 A White/unlabeled: Aliphatic AAs

31 1 Dark green: 1

32 G White/unlabeled: G, A, 0r S

83 £ Dark green: E

84 F White/unlabeled: Aromatic AAs

85 H Oreen: Any amino acid

86 G White/unlabeled: Hydrophobic or polar neutral AAs
or G

87 D Green: Any aming acid

o]
U1
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83 G White/unlabeled: Hydrophebic or polar neutral
89 v Green: Any amino acid
Q0 H, L Gray/aqua — Anv amino acid
91 T Oreen: Any amino acid
92 V, A Gray/aqua — Any amino acid
93 3 (roen: Any amino acid
94 ¥ Green: Any amino acid
85 G Green: Any amino acid
06 K Oreen: Any amino acid
57 L White/imlabeled: Hydrophobic or polar neutral AAs
9% A Green: Any amino agid
99 ALY Gray/aqua — Any aming acid
180 D Green: Any amino acid
101 Y Pink: For¥

102 1 Dark green: i

103 S, A Gray/aqua — Any amino acid
104 N Dark green: \

105 LW Grav/agua — Any aming acid
106 R Green: Any amino acid
107 T White/umlabeled: Polar neutral AAg
108 R Oreen: Any aming acid
109 D (reen: Any amino acid
110 3 White/unlabeled: G, A, 0r S

1i1 Q Green: Any amino acid
112 1 Whitc/unlabeled: Aliphatic AAs
113 L Oreen: Any aming acid
114 L Green: Any amino acid
115 Y Pink: ForY

116 R Dark green: R

117 v, L Gray/agqua — Any amino acid
1i8 F Dark green: F

1i% F White/unlabeled: Aromatic, polar neuiral, or basic
120 N Dark green: N

121 P White/unlabeled: Hydrophobic AAs
122 L Dark green L

123 R Green: Any amino acid
124 % White/unlabeled: Hydrophebic, polar neutral, acidic
125 L White/unlabeled: Aliphatic AAs
126 E Green: Any amino acid
127 AP Gray/aqoa ~ Any amino acid
128 L Oreen: Any amino acid
129 G Oreen: Any aming acid

In another embodiment, the isolated polypeptides comprise or consist of the amino
acid sequence of SEQ ID NO: 5 (Table 53, In this embodiment, the polypeptides ditfer from

those of SEQ 1D NO: 4 (Table 4) in that the active/core site residues (“white”™) are limited 1o

o]
[
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specific aming acid residucs identified in the motational analysis as preserving or enhancing
function in the deep mutational assay, and/or to residues present in the polypeptides made

and tested,

Table 5. SEQIDNG: 5

Residue | Alignment | Specificity Alternative residues

# AA

1 M White/unlabeled: M or absent

2 N Oreen: Any aning acid

3 A White/umlabeled: A

4 K Green: Any amino acid

5 £ Green: Any amino acid

6 1 White/unlabeled: 1

7 / White/unlabeled: Vorl

8 vV Oreen: Any aming acid

g H Green: Any amino acid

190 S, A (ray/agqua — Any ammo acid

i1 L White/unlabeled: L

12 R Green: Any aming acid

13 L White/unlabeled: L

14 L White/unlabeled: L1

i5 B Green: Any aming acid

16 N Green: Any amino acid
7 G White/unlabeled: G

18 D Oreen: Any aning acid

19 A White/unlabeled: A

24 R Green: Any aming acid

21 G Oreen Any amino acid

22 W White/unlabeled: W, Y

23 C, 5 Oray/aqua — Any aning acid

24 D Oreen: Any aming acid

25 L White/unlabeled: L

26 F White/unlabeled: 1Y

27 H Green: Any aming acid

28 P White/unlabeled: P

29 E Creen; Any anuino acid

30 G White/unlabeled: G

31 Y (Green: Any amino acid

32 L White/unlabeled: Lor$

33 E Green: Any aming acid

34 Y Pink: For¥Y

35 P White/unlabeled: P

34 Y Dark green: Y

37 AP Gray/aqua — Any amino acid

38 P White/unlabeled: P,V

39 P White/unlabeled: P

[e]
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44 G White/unlabeled: G

41 HY Gray/agqua Any aming acid

42 K Green: Any aming acid
3 T White/umlabeled: T

44 R {reen: Any amino acid

45 F White/unlabeled: FHTY

46 £ Green: Any amino acid
7 G White/unlabeled: G

48 R Green: Any aming acid

49 E {reen: Any amino acid

50 T Green: Any aming acid

51 1 White/unlabeled: 1

52 W Green: Any aming acid

33 A Green: Any aning acid

34 H WhiteAmlabeled: HC 1T

55 M White/unlabeled: M,F, I

56 R Oreens Any amino acid

57 L Greemn Any aming acid

58 F White/unlabeled: FHALPV W

59 p White/umlabeled: P

6 E {reen: Any amino acid

61 Y (reen: Any amino acid

62 V., M Gray/agqua — Hydrophobic AAs

63 T Green: Any AA

64 v, 1 Gray/aqua — Any aning acid

63 R {reen: Any amino acid

66 F White/anlabeled: F

67 T Green: Any amino acid

68 D Green: Any aming acid

69 N White/unlabeled: A%

70 0 Oreen: Any aming acid

71 F White/anlabeled: F

72 Y Dark green: Y

73 E Green: Any aming acid

74 T White/uniabeled: T

75 A Oreen: Any aming acid

76 D {reen: Any amino acid

77 P White/mnlabeled: P

78 D Green: Any amino acid

79 L Green: Any aming acid

80 A White/unlabeled: A

31 1 Dark green: i

32 G White/unlabeled: G

83 £ Dark green: E

84 F White/anlabeled: FADWY

83 H Green: Any aning acid

86 G White/unlabeled: FILL TG

87 D (Green: Any amino acid
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RR G White/unlabeled: G, A F LN
84 v Green: Any aming acid
G0 H L Gray/aqua — Any aming acid
91 T Green: Any aming acid
92 V, A Gray/aqua — Any amino acid
83 3 Greery Any ammo acid
94 ¥ Green: Any amino acid
85 G Green: Any aming acid
96 K Green: Any anying acid
57 L White/imlabeled: LELMSTWY
88 A Green: Any aming acid
59 ALY Gray/aqua — Any amino acid
180 D Green: Any aming acid
101 Y Pink: For¥Y

102 1 Dark green: i

103 S, A Gray/aqua — Any amino acid
104 N Dark green: \

105 L, W Gray/aqua — Any aming acid
106 R Green: Any aming acid
107 T White/umlabeled: T

108 R Oreen: Any aming acid
109 D (reen: Any ammo acid
110 i White/unlabeled: G

111 O Green: Any aming acid
112 1 Whitc/unlabeled: i

113 L Oreen: Any aming acid
114 L Green: Any aming acid
115 Y Pink: ForyY

116 R Dark green: R

117 v, L Gray/aqua — Any aning acid
1i8 F Dark green: F

119 F White/unlabeled: F.G,M,RLW
120 N Dark green: N

121 P White/unlabeled: P

122 L Dark green: L

123 R Green: Any aming acid
124 \ White/unlabeled: V.EF, LN PR S W
125 L White/mnlabeled: L

126 £ Green: Any amino acid
127 AP Gray/aqua — Any aming acid
128 L Green: Any aming acid
129 Q Oreen: Any aming acid

In another embodiment, the isolated polypeptides comprisc or counsist of the amino

acid sequence of SEQ 1D NO: 6 (Table 6). In this embodiment, polypeptides ditfer from

those of SEQ 1D NO: 5 {Table 5) in that the active/core site residues {“white”) are hmited to

substitutions in the polypeptides made and tested in the examples that follow.

S ®
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Residue | Alignment | Specificity Alternative residues
# AA

1 M White/unlabeled: M or absent

2 N Oreen: Any aming acid
3 A White/unlabeled: A

4 K (reen: Any amino acid
5 E Green: Any aming acid
6 1 Whitc/unlabeled: 1

7 \Y White/unlabeled: Vork

3 3 {Green: Any amino acid
9 H (reen: Any amino acid
10 3, A Gray/aqua — Any aming acid
11 L Whitc/unlabeled: L

12 R Green: Any amino acid
13 L Whitcimlabeled: L

14 L White/unlabeled: L

15 £ Green: Any amino acid
16 N Green: Any aming acid
17 3 Whitc/unlabeled: 6

18 D {reen: Any anuno acid
19 A White/unlabeled: A

20 R Green: Any aming acid
2 G Green Any aming acid
22 W Whitc/unlabeled: W

23 C, 5 Gray/agqua — Any aming acid
24 D {Green: Any amino acid
25 L White/unlabeled: L

26 F White/unlabeled: ¥

27 H Green: Any aming acid
28 p Whitc/unlabeled: P

29 E {reen: Any amino acid
30 G Whitc/umlabeled: G

31 v Green: Any amino acid
32 L White/unlabeled: L

33 E Green: Any amino acid
34 Y Pink: ForyY

35 P White/unlabeled: P

36 Y Dark green: Y

37 AP Gray/agua Any aming acid
38 P Whitc/unlabeled: P

39 p White/unlabeled: P

4{} & Whitcaimlabeled: (G

41 H,Y (ray/agqua — Any ammo acid
42 K Greemn Any aming acid
43 T Whitc/unlabeled: T

44 R Green: Any amino acid

30
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45 F White/mnlabeled: F

46 E Green: Any aming acid

47 G White/unlabeled: G

48 R Creen; Any anino acid

49 E {reen: Any amino acid

50 T Green: Any aming acid

51 1 White/unlabeled: 1

52 W Green: Any aming acid

33 A Green: Any aming acid

54 H White/mlabeled: H

55 M White/unlabeled: M

56 R Green: Any amino acid

57 L Green: Any aming acid

38 F Whitc/unlabeled: F, H

59 p White/umlabeled: P

6 E Green: Any aming acid

61 Y (reen: Any amino acid

62 V., M Gray/aqua — Hydrophobic AAs

63 T Green: Any AA

64 v, 1 Gray/aqua — Any aming acid

65 R {reen: Any amino acid

66 F White/mnlabeled: F

67 T Green: Any amino acid

68 D Green: Any aming acid

69 N White/unlabeled: A%

7{} 0 {reen: Any amino acid

71 F White/anlabeled: F

72 Y Dark green: Y

73 E Green: Any aming acid

74 T White/unlabeled: T

75 A Oreen: Any aming acid

76 D Groen: Any amino acid
7 P White/mnlabeled: P

78 D Green: Any aming acid

79 L Green: Any amino acid

50 A White/unlabeled: A

31 1 Dark green: i

82 G White/unlabeled: G

83 £ Dark green: E

{4 F White/unlabeled: F.Y

83 H Green: Any aming acid

36 G White/unlabeled: G

87 D (Green: Any amino acid

88 G White/unlabeled: G

89 / Green: Any aming acid

a0 H, L Gray/aqua — Any aning acid

a1 T Creen; Any anino acid
2 V, A Gray/aqua — Any amino acid

31
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93 3 Greery Any ammo acid
54 G Green: Any aming acid
83 G Green: Any aming acid
96 K Oreen: Any aming acid
57 L Whitehmlabeled: LY
98 A (reen: Any amino acid
59 ALY Gray/aqua — Any amino acid
100 D Green: Any aming acid
101 Y Pink: For¥Y
102 1 Dark green: i
103 S, A Gray/aqua — Any amino acid
104 v Dark green; i
108 L,W Gray/agua ~ Any aming acid
106 R Oreen: Any aming acid
107 T White/unlabeled: T
108 R Green: Any aming acid
109 D (reen: Any ammo acid
110 i White/unlabeled: G
111 O Green: Any aming acid
112 1 White/unlabeled: i
113 L Green: Any aming acid
114 I Green: Any aming acid
115 Y Pink: Fory
116 R Dark green R
117 v, L Oray/aqua — Any aning acid
118 F Dark green: F
119 F White/unlabeled: FW

20 N Dark green; N
121 P White/unlabeled: P
122 L Dark greern: L
123 R Green: Any amine acid
124 A\ White/unlabeled: N
125 L White/unlabeled: L
126 E Green: Any aming acid
127 AP Gray/aqua — Any aming acid
128 L Green: Any aming acid
129 G Green: Any aming acid

In another embodiment, the isclated polypeptides comprise or consist of the

polypeptide of SEQ 1D NO: 7, which differs from SEQ 1D NO: 6 (Table 6) by being Hmited

at the surface residues (“green”) or at highly varnable regions n the peptides tested

(“gray/agqoa”) to the residues shown in Table 7.

Table 7. SEQIDNG:T)

Residue | Alignment | Speeificiy Alternative residues
# AA
2 N Green: N DS, T, C
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4 K Greery Charged AAs

5 E Green: Charged AAs

8 \% Green: Hydrophobic or aliphatic AAs or
Charged AAs

G H Greery Charged or polar neutral AAs

10 3, A Gray/aqua — Aliphatic or polar neutral AAs

12 R Green: Charged AAs

15 = Oreen: Charged AAs

16 N Oreen: Polar neutral AAs

18 D Green: Charged AAs

20 R Green: Charged AAs

21 G Green Polar neutral AAs

23 C, 5 Oray/aqua — Polar neutral AAs ot A

24 D Creen; Charged AAs

27 H Green: Polar neutral or Charged AAs

29 E Green: Charged AAs

3i v Green: Hydrophobic or aliphatic AAs or
Charged AAs

33 E Green: Charged AAs

37 AP Gray/aqua — Hydrophobic, polar veutral, or
Charged AAs

41 H, Y Cray/agqua — Hydvophobic or basic AAs

42 K Green: Charged AAs

44 R Greery Charged AAs

46 E Green: Charged AAs

48 R Green: Charged AAs

49 E Green: Charged AAs

54 T Green: Polar neutral AAs

52 W Greery Aromatic AAs or Charged AAs

53 A Greemn Aliphatic AAs or Charged AAs

56 R Green: Charged AAs

57 L Oreen: Aliphatic AAs or Charged AAs

61 E Green: Charged AAs

61 Y Green: Aromatic AAs

62 YV, M Gray/aqua — Hydrophobic or Aliphatic AAs

63 T Green: Polar neatral

64 v, 1 Oray/aqua — Hydrophobic AAs

635 R Green: Charged AAs

67 T Green: Polar neutral AAs

68 D Oreens Charged AAs

70 Q Green: Polar neutral AAs

73 E Green: Charged AAs

73 A Green: Aliphatic AAs

76 D Oreen: Charged AAs

78 D Greery Charged AAs

7 L Greemn Aliphatic AAs

85 H Green: Polar neutral AAs

87 D Oreen: Charged AAs

33
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89 N Greery Aliphatic AAs or Charged AAs

20 1L Gray/aqua — HILACEHLORST.V.Y

o1 T Green: Polar neutral AAs or Charged AAs

9 V, A Gray/aqua — V,AD.EF, G LELMP QRS T,
W

93 S Green: Polar neutral or basic AAs

94 G {reen: G, A, S

g5 G Green: Polar neutral, acidic, or aromatic
AAs

96 K Green: Charged AAs

0% A Oreen: Aliphatic AAs

99 ALY Gray/aqua — Hydrophobic or polar neotral Aas

100 D Green: Charged AAs

103 S, A (jyay,’aqua - SACDLNRTV,W

105 L, W va/’aq aa — LW AFLEKEMSTYV

106 R Green: Charged AAs

108 R Oreen: Charged AAs

149 D Green: Charged AAs

111 Q Oreens Polar neutral AAs

113 L Green: Aliphatic or Charged AAs

134 L Green: Aliphatic or Charged AAs

117 vV, L Gray/agqua — V. E A DG MNS, Y

123 R Oreen: Charged AAs

126 E Greery Charged AAs

27 AR Gray/aqua — Aliphatic or polar neutral AAs
128 i Greens LEGHLEPQRTV,orA
129 G {reen: G, A, S

In another embodiment, the isolated polypeptides corprise or consist of the
polypeptide of SEQ ID NO: 8, which differs from SEQ ID NO: 6 (Table 6) by being limited
at the surface residues (“green”) or at highly variable regions in the peptides tested
(“gray/aqua”} to the residues shown in Table 8. In one embodiment, no more than 4 ofthe
residues of SEQ ID NG: 8 are cysteine. In various embodiments, no more than 1, 2, or 3 of

the residues of SEQ 1D NO: ¥ are cysteine.

Table 8. (SEQ D NG B)

N Green: N

4 K Green: Kor
5 g {reen: KorC
8 vV {Green: Vor(C
9 H Green: Hor
10 S, A Gray/aqus — S, ot A
i2 R (ireen: RorC
15 H Green: EorC
16 N Green: Nor
{8 [y {reen: DorC
20 R {Green: RorC
21 G Green Gor{

34
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23 C, S Gray/aqua — C.5T, A

24 D (ireen: DorC

27 H Green Hor

29 E Green: EorC

31 N {reen: YVorC

33 i) (reen: EorC

37 AP Gray/agua — AP EK PG RT

41 HY Gray/agua — WY FEKLT VW

42 K (ireen: KorC

44 R Green: RorC

46 ) Green: EorC

48 R {reen: RorC

49 B (ireen: EorC

S0 T Green: TorC

52 W (reen: WaorC

33 A {yreen: AorC

56 R Green: RorC

57 L Green: LorC

60 | {reen: Lor

61 Y (ireen: Y.H. R W

62 vV, M Gray/agqua — v, M

63 T Green: TorC

64 V. 1 (rav/agna - V.LG K PW

G5 R Green RorC

&7 T Green: TorC

68 D {reen: DorC

70 Q (rreen: QorC

73 H Green: Eor C

75 A Green: AorC

76 [y {yreen: DorC

78 D {Green: DorC

79 L Green: LorC

83 H {reen: Hor C

&7 D (ireen: DorC

&9 N Green Vor

90 H, L Gray/aqua — HILACFILGQRSTVY
T {yreen: Tor

o
o
]

V,A

Gray/agua —

V,AD,EF G LELMPOR,S,T,

Y

W

93 ) Green: S, Hor
94 G {reen: GorC
a5 8] (ireen: 1I3:GE W YorC
96 K Green: Kor(
98 A Green: AorC
99 ALY (yray/agna - AYCEGLLNTYV
160 D (reen: DorC
103 S, A Gray/agua — SSACDLNETV W
105 LW (ray/aans — LW AFELKEMS TV
106 R (ireen: RorC
108 R Green RorC
109 D (reen: DorC
111 Q (Freen; QorC
113 L (reen: LorC
114 L Green: Lo C
117 v, L (ray/aaus — V.ILAD G MNS Y
123 R (ireen: RorC
26 H Green: EorC
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127 AP Gray/agua — AP HILLSYV
125 b (Freen: LEGHEKPQRTV C orA
29 G Green: Gor

In another embodiment, the isolated polypeptides comprise or consist of the

polypeptide of SEQ ID NO: 9, which differs from SEQ ID NO: 6 (Table 6) by being limited

at the surface vesidues (“green™) or at highly variable regions in the peptides tested
) K o v o

(“gray/agqea”) to the residues shown in Table 9. The residacs shown in Table 9 are all present

in polypeptides made/tested in the examples that follow.

Table 3. (SEQID NG 9)

2 N Green: N

4 K (reen: ¥

3 £ {Freen: K

8 \ (Green: v

9 H Green: H

10 5, A Gray/agus - 3

i2 R (ireen: R

15 B Greew: H

16 N (reen: N

{8 D {yreen: D]

20 R (reen: R

21 G Green G
23 C, S Gray/agua — CorN
24 |3 (Green: D

27 H Greeru H

29 E Green: E

31 \7 {yreen: Vv

33 E (reen: B

37 AP Gray/agua - AgrP
41 H, Y Gray/agua — H Y, oo W
42 K {3reen: K

44 R Green: R

46 H Green: o)

48 R {reen: R

49 E (ireen: B

50 i Green: T

52 W Green: W
33 A {3reen: A

56 R Green: R

57 L Green: L

60 E {reen: B

61 Y (ireen: Y. H
G2 V, M Gray/agua V, M
63 T Green: T

64 \! (ray/agna - VLW
65 R (Green: R

&7 1 Green: T

68 D {yreen: D

70 O {3reen: Q

73 K Greew: D

75 A Green: A

76 3 {3reen: D

78 D Green: D
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78 L Green: L
g5 H (Green: H
&7 D Greeru B
89 N Green: \4
G H, L (Fray/agua - H, L,V
G T (reen: TorC
92 V, A Gray/agua - YV, A
93 5 (reen: 5
94 (8] (Green: 6
G5 G Greew: G
96 K (reen: ¥
98 A {yreen: A
99 ALY Gray/agua — ALY
{00 3] {yreen: 3]
163 S, A Gray/aqua — S,A T
1035 L, W Gray/agqua — L. W
106 R (reen: R
108 R (ireen: R
109 D Green: 3
111 Q Green: Q
t13 i {yreen: i
114 L Green: L
117 V., 1 Gray/agua - V, 1
123 R (reen: R
126 E (Green: B
127 AP Gray/agqua — AP
128 L Green: LorA
129 G Greer G

In one further embodiment of any of the polypeptides of the invention, cach of

residucs 34, 101, and 115 are Y. In this embodiment, the polypeptides of the invention show

high specificity for DIG. In ancther embodiment of any of the polypeptides of the invention,

1,2, orall 3 of residues 34, 101, and 115 arc F. In these various embodiments, the steroid

specificity of the polypeptides of the invention is shified such that cortain variants bind better

to digoxigenin and others bind better to reiated steroids digitoxigenin, progesterone, and B-

estradiol, as described in more detail herein.

In another embodiment of any of the polypeptides of the invention, residue 84 18 Y.

In this embodiment, polypeptides of the mvention arg exemplified by Dig8.1 (SEQ 1D 11,

which differs in its hydrogen bonding pattcrn compared to the DIGI0 series in that the

residue that contacts the lactone ring of DIG - in the BIG10 series this is Y115, butin

DIG5.1 itis Y84, In a further embodiment of this embodiment, at least one of the following

is trug:

Residue 7is L;

Restdue 41 is W,
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Residue S8 is H;
Residue 61 is H;
Residue 64 is W,
Residue 9013 V;
Residue 97 18Y,
Residue 10315 T,
Restdue 1151 L;
Residue 11918 W:
Residue 124 is §; and/or
Residue 128 is A,

- A

In various embodiments, 2, 3,4, 5, 6,7, 8,9, 10, 11, or all 12 of the residues are as
defined.

In various further embodiments, the isolated polypepiide of the invention comprises
or consists of a polypeptide selected from the group consisting of: (Residues in parentheses
are optional)

DIGS (SEQ ID NG: 13}
MNAKEILVHSLRLLENGDARGWCDLFHPEGVLEFPYAPPGWKTRFEGRETIWAHMR
LHPEHVTVRFTDVOFYETADPDLAIGEYHGDGVVTVSGGKYAADFITVLRTRDGOIL
LYRVFWNPLRALEAAGIGVEAAAKIVQGA) ;

DIGS.1{SEQ 1D NO: 1)
MNAKEILVHSLRLLENGDARGWCDLFHPEGVLEY PYAPPGWK TRFEGRETIWAHMR
LHPEHVTWRFTDVQFYETADPDLAIGEYHGDGVVTVSGGKYAADYITVLRTRDGO!
LLLRVFWNPLRILEAAG(GVEAAAKIVOGA):;

DIGIO(SEQ 1B NO: 12)
MNAKEIVVHSLELLENGDARGWCDLFHPEGVLEYPYAPPGHKTRFEGRETIWAHMR
LEPEYVTVRFTDVQFYETADPDLAIGEFHGDGVHTVSGGRLAADYISVERTRDGQIL
LYRVFFNPLRVLEALG(GVEAAAKIVQGA);

DIGI0.F (SEQ 1D NO: 13)
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MNAKEIVVHALRLLENGDARGWCDLFHPEGVLEYPYAPPGHKTRFEGRETIWAHM
RLFPEYMTIRFTDVOFYETADPDLAIGEFHGDGVHTVSGGKLAADYISVLRTRDGOIL
LYRLFFNPLRVLEPLG(GVEAAAKIVGGAY,

DIGHLZ (SEQ ID NO: 14)
MNAKEIVVHALRLLENGDARGWCDLFHPEGVLEYPYPPPGYKTRFEGRETIWAHMR
LEPEYMTIRFTDVOFYETADPDLAIGEFHGDGVHTVSGGKLAADYISVIRTRDGQILL
YREFFNPLRVLEPLGIGVEAAARIVQGA);

DIG10.3 (SEQ ID NO: 15)
MNAKEIVVHALRLLENGDARGWSDLFHPEGVLEY PYPPPGYK TRFEGRETIWAHMR
LFPEYMTIRFTDVQFYETADPDLAIGEFHGDGVLTASGGKLAYDYIAVWRTRDGOIL
LYRLFENPLRVLEPLG(GVEAAAKIVOGA):;

DIG10.2((SEQ ID NO: 16)
MNAKEIVVHALRLLENGDARGWCDLFHPEGVLEYPYPPPGYKTRFEGRETIWAHMR
LEPEYMTIRFTDVOFYETADPDLAIGEFHGDGVHTVSGORLAADYISVLRTRDGOILL
YRLFFNPLRVLEPLG:

DIG10.3,(SEQ ID NO: 17)
MNAREIVVHALRLLENGDARGWSDLFHPEGVLEYPYPPPGYR TRFEGRETIWAHMR
LFPEYMTIRFTDVQFYETADPDLAIGEFHODGVLTASGGKLAYDYTAVWRTRDGOIL
LYRLFFNPLRVLEPLG:

DIGI03 YOOF (SEQ 1D NO: 18)
MNAKEIVVHALRLLENGDARGWSDLFHPEGVLEYPYPPPGYKTRFEGRETIWAHMR
LFPEYMTIRFTDVOFYETADPDLAIGEFHGDGVLTASGGRKLAFDYIAVWRTRDGQIL
LYRLFENPLRVLEPLGIGVEAAAKIVOGA)

DIG10.3 YI0IF (SEQ ID NG: 19}
MNAKFEIVVHALRLLENGDARGWSDLFHPEGVLEYPYPPPGYKTRFEGRETIWAHMR
LEPEYMTIRFTDVQFYETADPDLAIGEFHGDGOVLTASGGKLAYDFIAVWRTRDGOIL
LYRLFFNPLRVLEPLGIGVEAAAKIVQGA);
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DIG10.3 Y115F (SEQ ID NO: 20)
MNAKEIVVHALRLLENGDARGWSDLFHPEGVLEYPYPPPGYK TRFEGRETIWAHMR
LEPEYMTIRFTDVORY ETADPDLAIGEFHGDGYLTASGGRLAYDY IAVWRTRDGGIL
LFRLFFNPLRVLEPLG(GVEAAAKIVQGA);

DIGIO.3 Y9OF/YI0IF (SEQ ID NO: 21}
MMNAKEIVVHALRLLENGDARGWSDLFHPEGVLEYPYPPPGYKTRFEGRETIWAHMR
LFPEYMTIRFTDVQFYETADPDLAIGEFRGDGVLTASGGKLAFDFIAVWRTRDGQILL
YRLFFNPLRVLEPLGIGVEAAAKIVOGA)

DIGIO3 Y34F/YOOR/Y101F (SEQ 1D NO: 22)
MNAKEIVVHALRLLENGDARGWSDLFHPEGVLEFPYPPPGYKTRFEGRETIWAHMR
LFPEYMTIRFTDVOFYETADPDLAIGEFHGDGVLTASGGKLAFDFIAVWRTRDGGILL
YRLFFNPLRVLEPLGIGVEAAAKIVOGA); and

DIGI0.3 Y34F/Y99F/ Y101 F/Y115F (SEQ 1D NO: 23)
MNAKEIVVHALRLLENGDARGWSDLFHPEGVLEFPYPPPGYKTRFEGRETIWAHMR
LEFPEYMTIRFTDVQFYETADPDLAIGEFHGDGVLTASGGRLAFDFIAVWRTRIDGOILL
FRLFFNPLRVLEPLG{GVEAAAKIVOQGA).

As used throughout the present application, the term "polypeptide” is used in its
broadest sense to refer to a sequence of subunit amino acids, The polypeptides of the
imvention may comprise L-amine acids, B-amino acids {(which are resistant to L-amino acid-
spocific proteases in vivo), of a combination of D- and L-amino acids. The polypeptides
described herein may be chemically synthesized or recombmantly expressed. The
polypeptides may be linked to other compounds to promote an increased half-life in vivo,
such as by PEGylation, HESylation, PASylation, glycosylation, etc. Such linkage can be
covalent or non-covalent as is understood by those of skill in the art.

In a further embodiment, the polypeptides of any embodiment of any aspect of the
imvention may further comprise a tag, such as a detectable moiety. The tag(s) can be linked
to the polypeptide through covalent bonding, including, but not limited to, disolfide bonding,
hydrogen bonding, electrostatic bonding, nucleophile (H.e. Cys, Lys) conjugation chemistry,
recombinant fusion and conformational bonding. Alternatively, the tag(s) can be hinked to the
polypeptide by means of one or more linking compounds. Techuiques for conjugating tags to
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polypeptides are well known to the skilled artisan. Polypeptides comprising a detectable tag
can be used diagnostically to, for example, identify the presence of digoxin or other steroid in
a sample of merest. However, they may also be used for other detection and/or analytical
and/or diagnostic purposes. Any suitable detection tag can be used, including but not hmited
to enzymes, prosthetic groups, fluorescont materials, luminescent materials, bioluminescent
materials, radicactive materials, positron emitiing metals, and nonradicactive paramagnetic
metal ions. The tag used will depend ou the specific detection/analysis/diagnosis technigues
and/or methods used such as immunohistochemical staining of (tissue) samples, flow
cytometric detection, scanning laser cytometric detection, fluorescent immunoassays,
enzyme-linked immunosorbent assays (ELISAs), radiocimmunoassays (RIAs), bioassays {e.g.,
neutralization assays}), Western blotting apphications, ete. For immunchistochemical staining
of tissue samples preferred tags are enzymes that catalyze production and local deposition of
a detectable product. Enzymes typically coniugated to polypeptides to permit their
immunohistochemical visualization are well known and include, but are not limited to,
acetylcholinesterase, alkaline phosphatase, beta-galactosidase, glucose oxidase, horseradish
peroxidase, and urcase. Typical substrates for production and deposition of visually
detectable products are alse well known to the skilled person inthe art. The pelypeptides can
be labeled using colloidal gold or they can be labeled with radioisotopes, such as P, P, 7°S,
*H, and 'L Polypeptides of the lnvention can be attached to radionuclides direetly or
ndirectly via a chelating agent by mothods well known in the art.

When the polypeptides of the invention are used for flow cytometric detections,
scanning laser cytometric detections, or thiorescent immunoassays, the tag may comprise, for
example, a fluorophore. A wide variety of floorophores useful for fluorescently labeling the
polypeptides of the invention are known to the skilled artisan. When the pelypeptides are
used for m vivo diagnostic use, the tag can comprise, for example, magnetic resonance
imaging (MRI) contrast agents, such as gadoliniinn dicthylenetriaminepentaacetic acid, to
uftrasound contrast agents or to X-ray contrast agents, or by radioisotopic labeling.

The polypeptides of the fuvention can also be attached to solid supports, which are
particularly usefid for in vifro assays or purification of digoxin or other steroids. Such sohid
supports might be porous or nonporous, planar or nonplanar and include, bat are not limited
to, glass, cellulose, polyacrylamide, nylon, polystyrene, polyvinyl chloride or polypropylene
supports. The polypeptides can also, for example, usefully be conjugated to filtration media,
such as NHS-activated Sepharose or CNBr-activated Sepharose for puaposes of affinity
chromatography. They can also usefully be attached to paramaguetic microspheres, typically
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by biotin-streptavidin interaction. As another exarmple, the polypeptides of the tnvention can
uscfully be attached to the surface of a microtiter plate for ELISA.

In another aspect, the present invention provides pharmaceutical compositions,
comprising one or more polypeptides of the fnvention and a pharmaceutically acceptable
carricr. In this embodiment, the polypeptides of the invention may be used, for example, 1o

treat digoxin overdoses. The phan

embodiments, the pharmaceutical composition includes a preservative e.g. benzalkoninm

chloride, benzethonium, chlorohexidine, phenol, m-crescd, benryl alcohol, methyiparaben,
propyiparaben, chlorobutanol, o-cresol, p-cresol, chlorocresol, phenylmercuric nitrate,
thimerosal, benzoie acid, and various mixtures thereof. In other embodiments, the
pharmaceutical composition inchudes a bulking agent, like glycine. In yet other embodiments,
the pharmaceutical coraposition includes a surfactant e.g., polysorbate-20, polysorbate-40,
polysorbate- 60, polysorbate-65, polysorbate-80 polysorbate-853, poloxamer- 188, sorbitan
monolaurate, sorbitan monopalmitate, sorbitan monostearate, sorbitan monooleate, sorbitan
trilaurate, sorbitan trisicarate, sorbitan trioleaste, or a combination thercof. The
pharmaceutical coraposition may also inchude a tonicity adjusting agent, ¢.g., a conpound
that renders the formulation substantially isotonic or isoosmotic with human blood.
Exemplary tonicity adjusting agents include sucrose, sorbitol, glycine, methionine, mannitol,
dexirose, inositol, sodivm chloride, arginine and arginine hydrochloride. In other
embodiments, the pharmaceutical composition additionally inchudes a stabilizer, c.g., a
molecule which, when combined with a protein of interest substantiaily prevents or reduces
chemical and/or physical instability of the protein of interest in byophilized or liguid form.
Exemplary stabilizers include sucrose, sorbitol, glycine, inositol, sodium chloride,
methionine, arginine, and arginine hydrochloride.

In a further aspect, the present invention provides isolated nucleic acids encoding 2
polypeptide of the present invention. The isolated nucleic acid sequence may comprise RNA
or BNA. As used herein, "isolated nucleic acids” are those that have been removed from
their normal surrounding nucleic acid sequences in the genome or in ¢cDNA sequences. Such
isolated nucleic acid sequences may comprise additional sequences useful for promoting
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expression and/or purification of the encoded protein, inchuding bot not lmited to polyA
sequences, modified Kozak sequences, and sequences encoding cpifope tags, export signals,
and secretory sigouals, nuclear localization signals, and plasma membrane localization signals,

it will be apparent o those of skill in the art, based on the teachings herein, what nucleic acid

2]

equences will encode the polypeptides of the invention.

In another aspect, the present invention provides recombinant cxpression vectors
comprising the isolated nucleic acid of any aspect of the invention operatively linked to a
suitable control sequence. "Recombinant expression vector” includes vectors that operatively
link a nucleic acid coding region or gene to any control sequences capable of effecting
expression of the gene product. “Control sequences” operably linked to the nucleie acid
sequences of the invention are nucleic acid sequences capable of effecting the expression of
the nucleic acid molecules. The control sequences need not be contiguous with the nucleic
acid sequences, so long as they function to direct the expression thercof Thus, for example,
mtervening untranslated yet transeribed sequences can be present between a promoter
sequence and the nucleic acid sequences and the prometer sequence can still be considered
"operably linked"” to the coding sequence. Other such control sequences inchude, but are not
Himited to, polyadenylation signals, termination signals, and ribosome binding sites. Such
expression vectors can be of any type known 1o the art, including but not Hmited plasnud and
viral-based expression vectors. The control sequence used {o drive expression of the
disclosed nucleic acid sequences in a mammalian system may be constitutive (driven by any
of a variety of promoters, including but not imited to, CMV, SV40, RSY, actin, EF) or
mducible (driven by any of a munber of indocible promoters inchuding, but not limited to,
tetracycline, ecdysone, steroid-responsive). The construction of expression vectors for use in
transfecting prokaryotic cells is also well known in the art, and thus can be accomplished via
standard techniques. (See, for example, Sambrook, Fritsch, and Maniatis, in: Molecular
Cloning, A Laboratory Manual, Cold Spring Harbor Laboratory Press, 1989; Gene Transfer
and Expression Protocols, pp. 109-128, ed. E.J. Murray, The Humana Press Inc,, Clifton,
N1, and the Ambion 1998 Catalog (Ambion, Austin, TX). The cxpression vector must be
replicable in the host organisms either as an episome or by integration into host chromosomal
DNA. In apreferred embodiment, the expression veetor comprises a plasmid. However, the
imvention is ntended to include other expression vectors that serve equivalent functions, such
as viral vectors,

In a still firther aspect, the present invention provides host cells that have been
transfected with the recombinant cxpression vectors disclosed herein, wherein the host celis
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can be either prokaryotic (such as bacteria) or eukaryotic. The cells can be transiently or
stably transfected. Such transfection of expression vectors inilo prokaryotic and eukaryotic
cells can be accomplished via any technigue known in the art, including but net limited to
standard bacterial transformations, calcium phosphate co-precipitation, electroporation, or
liposome mediated-, DEAE dextran mediated-, polycationic mediated-, or viral mediated
transfection. {See, for example, Molecular Cloning: A Laboratory Manual {Sambrook, et
al., 1989, Cold Spring Harbor Laboratory Press; Culture of Animal Cells: 4 Manual of Basic
Technigue, 2 Ed. (R1. Freshney. 1987. Liss, Inc. New York, NY). A method of producing
a polypeptide according to the invention is an additional part of the invention. The method
comprises the steps of {(a) culturing a host according to this aspect of the invention under
conditions conducive to the expression of the polypeptide, and (b) optionally, recovering the

gxpressed polypeptide.

In another aspect, the invention provides methods for treating digoxin overdose and/or
toxicity, comprising administering to a subject in need thercof an amount cffective of one or
more polypeptides or pharmaceutical compositions of the invention to treat the digoxin
texicity. Digitalis or its constituents, digoxin and digitoxin, arc the primary cardiotonic
steroids that are used to treat cardiac arrhythmias, cardiac insufficiency and congestive heart
failare. Digoxin and digitoxin have narrow therapeutic ranges ( 1.0-1.9 nmol/L or
approximately 0.8-1.5 ng/ml serom digoxin concentration} and overdose is not uncommon.
Drigoxin overdose and/or life-threatening digoxin foxicity are treated in the methods of the
mvention through the administration of one or more of the polypeptides of the invention that
counteract the effects of digoxin or digitalis by binding to digoxin therchy preventing ¢ from
inhibiting or regulating the expression or function of Na /K ATPase. In a preforred
embodiment, cach of residues 34, 101, and 115 of the polypeptide are Y. In this
embodiment, the polypeptides of the invention show high specificity for DIG.

The subject may be any subject suffering from or at risk of suffering from digoxin
overdose and/or toxicity, including but vot himited to subjects being treated with digitalis or
digoxin for cardiac arrhythinias, cardiac msufficiency and congestive heart fallure. The
subject may be a mammal, such as a luman. As vsed herein, “treating” means to provide any
clinical benefit in reducing digoxin toxicity or the effects of digoxin overdose.

[T

As used herein, an “amount effective” refers to an amount of the polypeptide that is
effective for treating the digoxin overdose and/or toxicity. The pharmaceutical composition,
such as those disclosed above, and can be administered via any suitable route, including
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orally, parentally, by inhalation spray, rectally, or topically in dosage unit formulations
containing conventional pharmaceutically acceptable carricrs, adjuvants, and vehicles. The
term parenteral as used herein includes, subcutancous, infravenous, intra-arterial,
miramuscular, intrasternal, infratendinous, intraspinal, intracranial, intrathoracic, infusion
techniques or intraperttoneally. Dosage regimens can be adjusted to provide the optimum
desired response {e.2., a therapeutic or prophylactic response)}. Dosage regimens can be
adjusted to provide the optimum desired response (e.g., a therapeutic or prophylactic
response ). A suitable dosage range may, for instance, be 0.1 ug/kg-100 mg/kg body weight;
aliernatively, i may be 0.5 ug/kg to 50 mg/kg: | ug/ke to 25 mg/kg, or 5 ug/kg to 10 mg/kg
body weight. The polypeptides can be delivered in a single bolus, or may be administered
more than once {e.g., 2, 3, 4, 5, or more times) as determined by an attending physician,

In another aspeet, the invention provides methods for detecting digoxin, comprising
contacting a sample of interest with a detectable polypeptide of the invention under suitable
conditions for binding the detectable pelypeptide to digoxin present in the sample to form a
polypeptide-digoxin binding complex, and detecting the polypeptide-digoxin binding
complex. To one embodiment, the sample is 8 biological sample, including but not limited o
blood, serum, nasal secretions, tissue or other binlogical material from a subject to be
tested. The polypeptides of the invention for use in this aspect may comprise a
conjugate as disclosed above, to provide a tag useful for any detection technique
suitable for a given assay. The tag used will depend on the specific
detection/analysis/diagnosis techniques and/or methods used. The methods may be
carried out in solution, or the polypeptide{s} of the invention wmay be bound or attached
to a carrier or substrate, e.g., microtiter plates {ex: for ELISA}, membranes and beads,
etc. Carriers or substrates may be made of glass, plastic {e.g., polystyrene},
polysaccharides, nylon, nitrocellulose, or teflon, ete. The surface of such supports may
be solid or porous and of any convenient shape.

In one non-lHimiting embodiment, polypeptides with an Y residue at positions 34, 99,
and 101 (including but not Hmited to Digl0.3 (8EQ 1D NO:15) may be used in agsays for
detecting DIG and/or digoxin and/or distinguishing them from other steroids. In other non-
Himiting embodiments, {(a) polypeptides with an F residue at position 101, a Y residue at
position 34, and a F or Y at position 99 (including but not Hmdted to DIG10.3 YI01F (SEQ
1D NO:19)) may be used for detecting digitoxigenin and/or distmguishing it from other

steroids (such as from DIG, digexin, or progesterone); (b) polypeptides with an F residoe at
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cach of residues 34 and 101, and either Y or F at position 99 (including but not hmited to
DIG 10,3 Y34F/Y99F/Y101F (SEQ D NO:23)) may be used to detect digitoxigenin and/or

progesterone, and/or to distinguish them from other steroids (such as from DIG or digoxin).

Example 1

We developed a computational method for desiguing figand binding proteins with
three properties characteristic of naturally cccurring binding sites: (1) specific energetically
favorable hydrogen bonding and van der Waals interactions with the ligand, (2) high overall
shape complemeniarity to the Hgand, and (3} siructural pre-organization in the unbound
protein state, which minimizes entropy loss upon ligand binding'™>'°. To program in specific
micractions with the small molecule, disembodied binding sites are created by positioning
aming acid side chains around the ligand in origntations optimal for hydrogen bonding and
other energetically favorable interactions and then placed at geometricaily compatible
binding sites in 2 sct of scaffold protein structures. The surrcunding side chain identitics and
conformations arc then optimized to generate addinional protein-ligand interactions and
buttressing proiein-protein interactions (Fig la). Designs with protein-small molecule shape
complomentarity below those typical of native protein complexes’’ ot having interface side
chain conformations with low Boltzmann-weighted probabilities in the unbound state’® are
then discarded.

We used the method to design proteins that bind the steroid digoxigenin (BIG), the
aglycone of digoxin, a cardiac glycoside used fo freat heart discase””, and 2 commonly used
non-radioactive biomolecular labeling reagent'””. Anti-DIG antibodies are routinely
administered to treat overdoses of digoxin, which has a nasrow therapeatic window™, and are
used widely to detect biomolecules in applications such as fluorescence in sisu
hybridization'®. We created idealized DIG binding sites with hydrogen bonds from Tyr or His
to the lactone carbonyl oxygen and both hydroxyl groups of DIG and hydrophobic packing
nteractions between Tyr, Phe, or Trp and the steroid ring system (Fig. 1a). These interactions
were embedded in desigoned binding sites with high shape complementarity to DG as
outlined above, and 17 designs were selected for experimental characterization based on
computed binding affinity, shape complementarity, and the extent of binding site pre-
organization in the unbound state (Fig. 1b).

Binding of the designed proteins to DIG was probed by yeast surface display®’ and
flow cytometry osing biotinylated DIG-functionalized bovine serum albumin (DIG-BSA} or
ribomiclease (DIG-RNase). DIGS and DIGL0 bound to both labels (Fig. 1c and 5), and
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binding was reduced to background levels when ~1 miM of unlabeled DIG was added as a
competitor {Fig. 1c and 6}, Fluorescence polarization {FP) measurements with purificd
proteins and Alexad¥8 fluorophore-conjugated DIG (DIG-PEG:-Alexad83) indicated
affinities in the low to mid micromolar range, with DIG10 binding more tightly (Fig. 2¢). The
scaffold from which both DIGS and DIG10 derive, PDB ID 1215, a protein of unknown
function from FPseudomonas aeruginosa, does not bind to either label (Fig. fc and Fig. 6a)
when expressed on the veast surface or to DIG-PEG:-Alexad88 in solution (Fig. 2¢),
suggesting that the binding activities of both proteins are mediated by the compotationally
designed interfaces. Indeed, substitution of small nonpolar residucs in the central binding
pockets of DIGS and DIGT0 with arginines resulted in complete loss of binding, and
mutation of the designed hydrogen-bonding tyrosine and histidine residues to the nearly
1sosteric phenylalanine reduced binding; for DIG10, substitution of any of the three
nteracting tyrosines abolished binding completely (Fig. id and Fig. 7). Optimization of
DIG10 by a single round of mutagenesis and selections using yeast surface display and
fluorescence-activated cell sorting (FACS) identified small-o-large hydrophobic ammo acid
changes that increase binding atfinity 75-fold to yield BIG1(.1a, likely by optimizing steric
packing agatnst the Hgand (Fig. 2¢,d and Figs 8-9).

To provide feedback for improving the overall design methodology and to evaluate
the contribution of each residue in the DIG10. a4 binding site, we used next generation
sequencing to gencrate a comprohensive binding fitness map™ . A library of variants with
~1-3 substitutions at 39 desigoed nterface positions in Digl. 12 was generated using doped
oligonucleotide mutagenesis, displayed on yeast, and subjected to selections using a
monovalent DIG-PEGs-biotin conjugate (Fig. 10). Variants with increased atfinity for DIG
were 1solated by FACS, and next generation sequencing was used to quantify the frequency
of cach single point mutation n the unselected and selected populations. A large majority of
the imterrogated variants were depleted in the selected population relative to the unselected
nput library, suggesting that most of the designed residues are close to optimal for binding
(Fig. 2a and Fig. 11). In particular, moutation of the three designed hydrogen bonding
residues, Tyi34, TyrlQ1, and Tyr1135, to any other amino acid was disfavored. Several large
hydrophobic residues that pack against the ligand in the computational model are also
optimal for binding (c.g. Phe66 and Phel19). Besides A99, which directly contacts DIG,
most of the obhserved mutations that improve binding are located in the second coordination
shell of the ligand and fall into two fonctional categories: (1) core substitutions tolerating
mutation to chemically-similar amino acids {c.g. Leul05 and Cys23), and (2) solvent-
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exposed loop amino acids having high sequence entropy (e.g. His80, Val82). The single best
clone in the librarics, DiG10.2, features two of the most highly enriched mutations, Ala37Pro
and Hisd1Tyr (Fig. 2¢,d and Figs 9 and 12).

Combination of the most highly enriched substitutions in a hibrary followed by
selections fed to DIG10.3 (Fig. 13}, which binds both BIG and its cardiac glycoside
dertvative digoxin with picomolar affinity (Fig. Ze.d, Fig. 14), rivaling the affinities of anti-
digoxin antibody therapeutics™ and an evolved single-chain variable anti-DIG antibody
fragment’. FP-based affinity measarements of DIG10.3 and its Tyr knockouts suggest that the
designed hydrogen bonds cach coniribute ~2 keal/mol to binding cnergy (Fig. 9). Although
many residues in DIG10.3 and its less-evolved variants contribute to binding, Y34, Y101,
and Y115 make direct and important interactions.

The crystal structures of DIG10.2 and DIG10.3 in complex with DIG were solved to
2.05 A and 3.2 A resolution, respectively (Fig. 3a,b and Figs 15-17). The structare of
DIG10.2 bound to DIG shows atomic-level agreement (average all atom root mean squared
deviation (RMSD) of 0.54 A) with the design model (Fig. 3¢). The ligand-protein interface
has high shape complementarity (5. = 0.66) and there are no observable water molecules
within the binding pocket. The DIG binding mode is nearly identical in the structore and the
model, with an average RMSE of 0.99 A for all 28 ligand heavy atoms (Fig. 3d). As
anticipated, Tyr34, Tyr101, and Tyril3 make the designed hydrogen bonds with O3, 02, and
Ol of DIG, respectively. Tyrd ], a residoc identified doring affinity maturation, engages in an
additional long hydrogen bond with the terminal hydroxyl group of DIG (OS5} (Fig. 17). Of
27 non-glycine and non-alanine non-surface protein residues within ~10 A of the ligand, 21
adopt rotamer conformations in the design model (Fig. 18), mcluding Tyri01 and Tyr1 15 (n
chain B) as well as the first-shell packing residues Trp22, PheS8, and Phel 19, The structure
of DIG10.3 bound to DIG also agrecs with the design model (average all-atom RMSD of
0.68 A) (Fig. 19},

We assessed the binding specificity of DIG10.3 by determining binding affimities for
a serigs of related steroids by equilibrium competition fluorescence polarization assays.
Experiments with DIG, digitoxigenin, progesterone, and B-estradiol showed a decrease
affinity corresponding to the loss of one, two, and three bydrogen bonds respectively
{assuming ~1.8 keal/mol per hydrogen bond™), as expected from the structure if these
compovnds bind in the same orientation as DIG (Fig. 4a.b and Table 10). We next

imvestigated whether the observed steroid selectivity could be reprogrammed by mutagenesis
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of the key hydrogen-bonding tyrosine residues. The variants Tyr101Phe, Tyr34Phe, and

Tyr34Phe/Tyr39Phe/Tyr 11 Phe show clear preferences for more hydrophobic steroids in s

predictable manner that depends on the hydrogen bonding capabilities of both the protein and

the steroid. Mutation of Tyrl01 to Phe ehminates the DIG-specific hydrogen bond with O2 of

DIG and provides better hydrophobic packing for the other three steroids lacking a hydroxyl

group at that position (Fig. 4¢). Substitution of Tyr34 with Phe removes a hydrogen bond o

the C14 bydroxy! groups of both DG (03) and digitoxigenin, enhancing the preference for

progesterone and maintaining the relative binding order of DIG and digitoxigenin due to the

wmtact DHG-specific Tyr10i-D1G 02 bond (Fig. 4d). Mutation of Tyr101, Tyr34, and binding

site residue Tyr99 to Phe resulis in decreased binding affinity for DIG and increased affinity

for the more hydrophobic steroids (Fig. 4e). These results confirm that the selectivity of

DIGI0.3 for DIG s conferred largely through the designed hydrogen-bonding interactions

and demonstrate how selectivity can be programmed through positive design alone by control

of designed protein-ligand hydrogen bonding and non-polar interactiouns.

Table 10, Specificity-swapped DIGI0.3 Varianis:

Variant

Steroid

Inhibition Constant (K3}

DIG103

Digoxigenin (DIG)
digitoxigenin

s (=3 =
progesterone
B-estradiol

digoxin

653 + 262 pM
19+ 7aM

DIG103 YIOtF

Drgoxigenin (DIG)

digitoxigenin
toxigen:

progesterone

3-estradiol

DIG10.3 Y34F

Drigoxigenin (DEG)
digitexigenin
progesterone

Brestradicl

1542 uM

DIG103
Y34F/YOSF/YI0IF

Digoxigenin {DIG)

digitoxigenin

progesterone

58O+ 229 ndM

<16 nM
<17 nM
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fF-estradiol L6206 uM

Comparison of the properties of suceessful and unsuccessful designs provides a test of
the hypotheses underlying the design methodology. While all 17 designed proteins by
constroction had high computed shape complementarity to DIG, the DIG10 design, which
had the highest attintty for DIG, had the most favorable computed ligand inferaction energy
and was predicted to have the most pre-organized binding site (Fig. 1b), suggesting that these
attributes should continue to be the focus of future design methodology development. Ong
potendial avenue for obtaining more favorable interaction energy would be the incorporation
of additional binding site backbone flexsbility to achieve more tightly packed binding sites:
the observation that substitution of small hydrophobic interface residues to larger residues
increased binding affinity indicates that the original DIG10 design was under-packed.

The binding fitness landscape in combination with the x-ray co-crystal structures
highlight the importance of second shell fnteractions in stabilizing binding competent
conformations. The fitness landscape favors substitition of Lea 105, adjacent to the key
hydrogen-bonding residue Tyri 15, to Tip or other large hydrophobic residues {Fig. Za). Both
Tyri 1S and LeulO3 oxhibit obvious conformational side chain heterogeneity in the four
independent protein subunits of the 2.0 A resolution DIG10.2 crystal structure. Martation of
Leu to Trp resufis in a more uniform set of side chain conformations at both amine acid
positions in the lower reschution DG 10.3 design (which contains nine independently
visualized subunits), as well as a more canonical hydrogen bond geometry between Tyri 15
and DIG (Fig. 3¢ and Fig. 20}. The higher affinity of DIG10.3 might result from a higher
population of the pre-organized, higher affinity conformation of the protein' ™. Indeed, all
key hydrogen-bonding tyrosines, particularly Tyri 15, have higher computed Bolizmann
weighted side chain probabilities fn apo-DIG10.3 than fn apo-DIG10.2 and apo-DIG 10,
Similarly, reduced backbone conformational entropy is likely responsible for the increased
fitness of substitutions increasing B-shect propensity at positions 90 and 92 which likely
stabilize a more ordered cxtended strand backbone conformation (Fig. Za). That
conformational flexibility is selected against during affinity maturation suggests that
accounting for free energy gaps between binding-competent and alternative states of the

binding site™’, possibly by betier assessing side chain entropy or explicitly designing second
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shell buttressing interactions for key contacts, should aid in achieving high affinity in the next
generation of computationally designed ligand binding proteins.

The DIG binding affiniy of DIG10.3 is within a factor of two of that of the widely
used anti-DIG antibodies®™, and as it is very stable and can be exprossed at high levels in
bacteria it could provide more cost-effective alternative. With contimued mmprovement in the
methodology from fecdback from experimental results, computational protein design should
provide an fncreasingly powerful approach to creating a new generation of small molecule
receptors for synthetic biclogy, therapeutic scavengers for toxic compounds, and robust

binding domains for diagnostic devices,

Methods Swmary

Diesign ealculations were performed using RosettaMateh™ to incorporate five pre-
selected interactions to DIG into a set of 401 scaffolds. RosettaDesign™ was then used to
optimize cach binding stte sequence for maximal ligand binding affinity. Designs having high
g site pre-organization were sclected for

&

mterface encrgy, shape complementarity, and bindin
experimental characterization,

Designs were displayed on the surface of veast strain EBY 100 and examined for
binding to a mixture of 2.7 uM biotinylated DIG-conjnated BSA or DIG-conjugated RNase
and streptavidin-phycoerythrin on an Accori C6 flow cytometer. Binding clones from yeast-
surface displayed libraries based on DIG1I0 were selected using highly avid DIG-BSA or
DIG-RNase or monovalent DIG-conjugated biotin on a Cytopeia inFlux cell sorter.

DIG10. Ta-derived library DNA was sequenced in paited-cod mode on an THumina MiSeq.

Proteins were expressed in £, cofi Rosetta 2 (DE3) cells with a C-terminal TEV
protease cleavable Hisg tag for biochemical assays. For crystallographic analysis of DIG10
variants, a 12-amine acid structurally disordered C-torminus deriving from the scaffold
protein lz1s was replaced directly with a Hisg tag. Binding affinities were determined by
equilibrivm fluorescence polarization™ on a SpectraMax MSe microplate reader by
monitoring the anisotropy of DIG-conjugated Alexad¥8 as a function of protein
concentration. Equilibrium fluoresconce polarization competition assays were performed by
examining the effect of increasing concentrations of unlabeled DIG, digitoxigenin,
progesterone, and festradiol on the anisotropy of designed protein—DIG-conjugated

Alexad88 complex.
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Methods

Computational methods. Fulf details for all computational methods are given in
Supplementary Methods. Example command lines and RoscttaSeripts” design protocols are
provided in Supplementary Data. Source code 1s freely available to academie users through
the Rosetta Commmons agreement. Design models, the scaffold library, and seripts for runming
design calculation are provided on the Baker lab website.

Matching. A set of 401 scaffolds was scarched for backbones that can accommodate
five pre-defined side chain interactions with DIG using RosettaMatch™. This set contained
scaffolds previously used for design projects within our lab™ 7 as well as structural
homologs of a subset of these scaffolds that are known to tolerate mutations.

Rosetta sequence design. Two successive rounds of sequence design were emploved. The
purpose of the first was to maximize binding affinity for the Hgand™. The goal of the second
was to minimize protein destabilization due to aggressive scaffold mutagenesis while
maintaining the binding interface designed during the fivst round. During the latter round,
higend-protein inleractions were up-weighted by a factor of 1.5 relative to intra-protein
imteractions to ensure that binding energy was preserved. Two different criteria were used to
minimize protein destabilization: (1) native scatfold residues identitics were favored by 1.5
Rosetta energy units (Reu), and (2} no more than five residues were allowed to change from
resicie types observed in a multiple sequence alignment (MSA) of the scaffold if {a) these
residues were present in the MSA with a frequency greater than 0.6 and, (b) if the caleelated
AAG for mutation of the scaffold residuc to alaning” was greater than 1.5 Reu in the context
of the scaffold sequence. In some design caleulations, identities of the matched hydrogen
bonding residues were allowed to vary subject to the MSA and AAG criteria described above.
Designs having fewer than three hydrogen bonds between the protein and the ligand were
rejected.

Design evaluation. Designs were evaloated on interface energy, shape
complementarity, and apo-protein binding site pre-organization. The latier was enforced by
two metrics: (1) explicitly introducing second-shell amine acids that hold the pre-selected
residues in place using Foldit™, and (2) eliminating designs having rotamer Boltzmann
probabilities™ < (.1 for more than one of the hydrogen bonding residues (Supplementary
Table 5). All designs were evaluated for local sequence secondary structure compatibility,
and those predicted to have backbone conformations that varied by > 0.8 A from their native

scaffold were rejectad (see Supplementary Methods).
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General experimental methods. Detailed procedures for the syntheses of BDIG-BSA-
biotin, DIG-RNase-biotin, DIG-PEGa-biotin, and DIG-PEG;-Alexadl¥, as well as proiein
expression, purtfication, and crystallization, cloning, and mutagenesis methods are given in
Supplementary Methods. Details about fluorescence polarization binding assays, gel filtration
analysis, and protein stability measurements are also provided in Supplementary Methods.
Yeast surface display. Designed proteins were tesied for binding using yeast-surface
display™. Yeast surface protein expression was monitored by binding of anti-cmye FITC to
the C-terminal myc epitope tag of the displayed protein. DIG binding was assessed by
quantifying the phycoecrythrin (PE) fluorescence of the displaying yeast population following
ncubation with DIG-BSA-biotin, DIG-RNase-biotin, or DIG-PEGs-biotin, and streptavidin-
phycoerythrin {SAPE). In a typical experiment using DIG-BSA-biotin or DIG-RNase-biotin,
cells were resuspended in a premixed solotion of PBSF (PBS + | g/L of BSA) containing a
1:100 ditution of anti-covye FITC, 2.66 uM DIG-BSA-biotin or DIG-RNase biotin, and 664
nht SAPE for 2-4 hr incubation at 4 °C. Cellular fluorescence was montiored on an Accuri
Co fiow cytometer using 3 488 nm laser for excitation and a 575 nm band pass fifter for
emission. Phycoerythrin fhuorescence was compensated to mimimize bleed-over contributions
from the FITC channel. Competition assays with free digoxigenin were performed as above
except that between 750 uM and 1.5 mM of digoxigenin was added to cach labeling reaction
mixture. Full details are given in Supplementary Methods.

Aftinity maturation. Detailed procedures for constructing and selecting all libraries,
mehiding those for deep sequencing, are provided in Supplementary Methods. Yeast surface
display Hbrary sclections were conducted on a8 Cytopeia mFhx cell sorter using increasingly
stringent fluorescence gates. In all labeling reactions for sclections, care was taken o
maintain at least 2 10-fold molar excess of label to cell surface protein. Cell surface protein
molarity was estimated by assuming that an O.D.geo of 1.0 = 1e7 cells/mL and each cell
displays 50,000 copies of protein™. For each round of sorting, we sorted at least 10 times the
theoretical library size. Flowlo software v. 7.6 was used to analyze all data.

Nexi-generation sequencing. Two sequencing libraries based on DHG10.1a were
assembled by recursive PCR: an N-terminal hibrary (fragment | hibrary) and a C-terminal
library (fragment 2 hibrary). To introduce mutations, we used degenerate PAGE-purified
oligos 1 which 39 sclected positions within the binding site were doped with a smoall amoum
of cach non-native base at a level expected to yield 1-2 mutations per gene {Trilink

BioTechnologies). Yeast cells were transformed with DNA insert and restriction-digested
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pETCONY. Surface protein expression was induced” and cells were labeled with anti-cyme-
FITC and sorted for protein expression. Expressing cells were recovered, induced, labeled
with 100 nM of DIG-PEG;:-biotin for > 3 hrs at 4 °C and then SAPE and anti-cyme-FITC for
8 min at 4 °C, and then sorted. For each hibrary, clones having binding signals higher than
5 that of DIG10.1a were collected (Fig. 10}, To reduce noise from the first round of cell
sorting, the sorted Hbraries were recovered, induced, and subjected 10 a second round of
sorting using the same conditions (Supplementary Methods).
Library DNA was prepared as described®. lllumina adapter sequences and unigue

library barcodes were appended to each Hibrary pool by PCR amplification using population-

13 specific primers. DNA was sequenced in pared-end mode on an Hlumina MiSeq using a 300-
cyele reagent kit and custom primers {see Supplementary Methods). Of a total 5,630,105
paired-cnd reads, 2,531,653 reads were mapped to Hbrary barcodes. For each library, paived
end reads were fused and filtered for quality (Phred > 30}, The resulting full-length reads
were aligned against DIG10. la using Enrich®™. For single nustations having > 7 counts in the

15  original input ibrary, a relative enrichiment ratio between the input library and cach selected

library was calculated ", T

he offect of cach amino acid substitution at 39 binding site
resicuies on binding (AE") is given as the log base 2 frequency of observing mutation x at
position 7 in the selected versus the unselected population, relative to that of the DIG10.1a
residue (orig) at position 7

fx,sel forsacl

AE; =108, ~ et | ~1082| g st

74 1 fi

Fluorescence polarization binding assays. Flaorescence polarization-based affimity

measurements of designs and their evolved variants were performed as described’ using
Alexad¥88-conjugated DIG (DHG-PEGy-Alexad8R). Fluorescence anisotropy (r) was measured
m 96-well plate format on a SpectraMax MSe microplate reader (Molecular Devices) with hue

X,

=485 oM and Ao = 538 nM using a S15 nm emission cutoff filter. Fluorescence polanzation

™o
@21

equilibrivm competition binding assays were used to determine the binding affinitics of
DIGHS and its variants for unlabeled digoxigenin, digitoxigenin, progesterone, B-estradiol,
and digoxin. The inhibition constant for each protein-ligand interaction, K, was calculated

from the measuored total unlabeled licand producing 30% binding signal inhibition (Isy) and
o el & & y

(98]
<

the Ky of the protein-label interaction according to & model accounting for receptor-depletion
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Supplementary Methods

Computational Methods. Digoxigenin binders were designed using an updated
ersion’ of RoscttaMatch” to search for PDB scaffold backbones that can accommodate pre-
defined interactions to the ligand followed by RosettaDesign’ to optimize the binding site
amino acid sequences of the matches for ligand binding affinity.

Generation of ligand and Hgand conformer library. The 3-dimensional structure of
digoxigenin (DIG) was obtained from PDB ID 1LKE". Because our experimental validation
and sclection methods rely on the presence of a linker that connects the 05 hydroxyl of the
DIG moelecule to cither biotin or carrier protein, we included this linker in our ligand model.
Linker atoms were added to DIG using the Build functionality of MacPyMOL (Schrddinger,
LLO).

A ligand conformer library was generated by sampling conformations around the C3-
(O3 and N1-C26 bonds at -60° £ 30°, 60° & 30°, and 180° & 30°, Conformers were rejected if
there were significant clashes within the molecule by using an intra_fa_rep cutoff valuc of
(.25 Rosctia cnergy untis (Rew). Although the lactone—cardencline bond (C17-C20) of the
steroid is freely rotatable in solution, we resiricted this torsion angle to that found in PDB ID
1LKE and PDB 1D 11GJ for simplicity.

Scaffold selection. A set of 401 scaffolds was generated for use as input structures for
matching. This set contained scaffold proteins previously used for enzyme design projects
within our lab®” as well as stractural homologs® of a subset of these scaffolds (PDB codes
Imdw, toho, 1253, 1d13, lela and 1thf) having a DALI Z-score cutoff value of 8 from the
input search model. These five scaffolds were chosen because of previous enzyme-design
successes 1o these fold classes™ and/or because of their thermostability. Directed evolution
experiments have shown that more stable scaffolds can acquire new functions more easily
than their less stable coumerpaﬁsg’w. All scaffolds are <350 amino acids, have been
expressed previously m E. cofi, and were stripped of their cognate bound small molecules and
water molecules before use. To identify residue positions to be vsed for matching in the
homolog scaffolds, cach homolog crystal structure was superimposed on that of its parent
scaffold using the CEAlign plug-in of the PyMOL molecular visualization program, and then
homolog residue positions within 5.0 A of any ligand heavy atom present in the parent
scaffold were identified. For PDBs 1a33, 1413 and loho, ligands present in the erystal

structures were used in this search. For Imdw, tela and 1tht ligand positions from the
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computational design models of a retroaldolase (RAG0Y, a Diels-Alderase (DA_20), and a
Kemp Eliminase (KE_007)° were used, respectively.

Geometric placement of ligand using a set of pre-selected interactions (matching).
Geometric criteria for enforcing binding site interactions were determined by inspecting
stractares of digoxin bound to the anti-digoxigenin antibody 26-10, PDB 1D HGIY, and of
digoxigenin bound to the engincered lipocalin DigA 16, PDB ID 1LKE". From these
structures we defined five interface criteviar {1} hydrogen bond between the lactone carbonyl
oxygen Ol and a Tyr side chain, (2) hydrogen bond between the O2 hydroxy! and a histidine
or Tyr side chain, (3} hydrogen bond between the O3 hydroxyl and a His or Tyr side chain,
{4} hydrophobic packing mtcraction on the top face of the ligand, and (5) hydrophobic
packing mteraction on the bottom face of the ligand. Two active site configurations were
specified: one having Tyr, Tyr, His, Phe/Tyr, and Phe/Tyr/Trp satisfying design criteria 1-5
criteria 1-5 (DIGvhbth).

Geometric criteria were defined using six degrees of freedom between the ligand and
the desired interacting side chain using a matching constraints file’, Extra rotamer sampling
{(two half step standard deviations) was performed arcund all side chain torsion angles. To
enforce burial of the lactone head group within a binding pocket, we considered only those
residue positions in the binding site that bad a minimm of 14 neighboring residoes during
matching for constraint | (hydrogen bond to the lactone carbonyi oxygen). A neighbor was
defined as a residue having Co within 10 A of the Ca of the binding site position under
consideration, Secondary matching’ was used for constraints 3, 4, and 5. To climinate high-
energy rotamer conformations, a maximum Dunbrack energy (fa_dom) cutoff of 4.5 Reu
(unweighted) was used while building rotamers for all constraints. Using these matching

Rosetta sequence design, Active site amino acid scquences of each match were
designed to maximize binding affinity to the Hgand according to the Rosetta cnergy function
gsing the cnzdes weights set for the energy terms™'?. Explicit electrostatics were not used.
Design moves were followed by steepest descent gradicnt nuntwization in which side chain
degrees of freedom and the relative orientation of the ligand with respect to the proten were
allowed to minimize freely’” but backbone minimization was restricted such that Co. atoms

were only allowed to move <0.05 A from their pre-minimization positions. Internal torsions



1

2

N
(@31

3

0

=

G

WO 2014/159947 PCT/US2014/025500

of the ligand were allowed to minimize but were constrained to be within 5 degrees of their
imitial values

Two successive rounds of sequence design were used to generate designs. The purpose of the
first round was to maximize binding affinity for the ligand'. To prevent destabilization of the
apo-protein that can result from mutating potentially stabilizing residues having side chains
wmportant for core packing, aromatic residucs in the scatfold were only allowed to muiate to
other aromatics during this round of design.

After the first round, a second round of binding site sequence design was performed
on the output files of the first round. The goal of this round was to optimize protein stability
while maintaining the binding interface designed during the first round as vuach as possible,
Ligand-protein interactions were up-weighted by a factor of 1.5 relative to intra-protein
mteractions during sequence optimization in attempt to enswre that the interface binding
affinity was maintained, and two different criteria were used to optimize protein stability: (1)
native scaffold residues identitics were favored by 1.5 Rosetta energy units (Rew), and (2} no
more than five residues were allowed to change from identities observed in a multiple
sequence alignment (MSA) if {(a) these residues were present in the MSA with a frequency
greater than 0.6 as specified by a posttion-specific sequence matrix (PSSM) and, (b) if the
calculated AAG for mutation of the scaffold residuc to alanine was greater than 1.5 Reu in the
context of the scaffold sequence. The AAG for mutation to alanine was cstimated as
deseribed'® and PSSM files were generated using NCBI PSI-BLAST. For both the
DIG_yhhif and the DIG_yyhff designs, a first method restricted the amino acid identities of
the hydrogen bonding (Tyr/His) residues to their pre-selected (matched) identities during the
design. For the DIG vhhif designs, we used an alternative second method in which the
matched residues were allowed to mutate to any amino acid subject to the MSA and AAG
criteria described above. Designs generated using this latter protocol were filtered o ensure
the presence of at least three hydrogen bonds between the protein and the ligand.

Evaluation of designs. Designs passing the filters encoded in the XML files were
subiccted to several additional filtering criteria. High shape complemendary was enforced
using by rejecting designs having S, < 0.6. Shape complimentary was computed using the
CCP4 package v.6.0.2" using the S, program'® and the Rosetta radii library. A common
feature of the engincered DIG-binding lipocalin DigA16 (PDB IDs ILKE and 1KX0)" and
the anti-DIG 26-10 antibody (PDB 1Ds 11GS and HGH' s that the binding site is Jargely pre-
organized; there are very few structural changes between the bound and unbound forms of the
proteins. We therefore attempted to enforce pre-organization of the binding-competent
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conformation of the apo-protein by two metrics: (1) introducing second-shell amino acids that
hold the pre-selected residucs in place via hydrogen bonding or steries using Foldit', and (2)
climinating designs having Boltzmann-weighted side chain probabilities’ < 0.1 for more than
one of the hydrogen bonding residues.

Compatibility of designed sequence with local backbone structure. We reasoned that
binding sife pre-organization would be compromised if substitution of amino acid side chains
during {(fixed backbone) design ieads to a change in the backbone conformational preference
in regions sequence-local to the sites of substittion. Therefore, we developed a metric to
estimate the impact of design on local backbone structure and used this metric to discard
designs that were predicted to lead to backbone structure changes. Using the structure
prediction modules of Rosetta'”, we generated a sot of 9-mer fragment structures for each
designed and wild type scaffold sequence and compared the average RMSD of these
fragments to those of the scaffold backbone structures. If the average RMSD of
conformations predicted in these fragments (200 9-mers) near any designed position was
greater (> 0.8 A) for the designed sequence than the wild type scaffold sequence, we flagged
that region of the designed protein as unlikely to adopt the local backbone conformation of
the scatfold protein and rejected that designed protein.

Design Scoring. Following automated filtering, all designs were inspected manually
using Foldit' and some ligand-proximal residues were manually reverted back to their native
scaffold identity to increase the likelihood of design stability. Finally, 17 designs in 14 vnigue
scaffolds were chosen for experimental testing (Supplementary Table 2). For scoring, all
design models were relaxed with backbone and side chain heavy atom constraints™ using
Rosetta relax”’,

Modeling directed evolution mutations. Mutations arising from directed evolution
studies were modeled using RosettaScripts'”. Mutations were introduced in the parent model,
then residues having Co within 10 A of any ligand heavy atom and having Co within 12 A of
any ligand heavy atom and CP closer to any heavy atom in the ligand than Co were repacked
using the soft rep score function™. All side chaiss, the rigid body grientation of the ligand
with respect to the protein, and internal ligand torsions were minimized usiog the Rosetta
energy function with the enzdes weights set. Backboune minimization was restricted such that
Cao atoms were only allowed to move <0.05 A from their pre-minimization positions. Ten

trajectories were run and the one having the lowest interface energy was selected.
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Materials. Digoxigenin, digoxin, digitoxigenin, progesterone, and P-estradiol were
purchased from Sigma Aldrich (St. Louis, MO) and were used as received. DIG-BSA was
purchased from CalBioreagents (San Mateo, CA, ~10 DIG molecules per BSA). EZ-link-
sulfo-NHS-biotin was purchased from Thermo Fisher Scientitic (Waltham, MA).
Ribonuclease A (RNase A) and DIG-NHS were from Sigma Aldrich (St Lowis, MO).
Reagents and solvents used for the synthesis of the digoxigenin derivatives were purchased
from Sigma Aldrich and used without any further purification. Dimethylsulfoxide was stored
over activated molecular sieves (Sigma-Aldrich, 44, beads 8-12 mesh) for at least 24 howurs
before use. High-resolution mass spectra (HRMS) were collected with a LCQ Fleet Ton Trap
Mass Spectrometer { Thermo Scientific). Reverse-phase analytical high-pressure hiquid
chromatography (RP-HPLC) was run on a Donex systers equipped with a P80 pump, an
AST 100 antomatic sample injector and an UltiMate 3000 diede array detector for product
visualization using 3 Waters symmetry C18 column (Spm, 3.9 x 150 mum). Reverse-phase
preparative high-pressure liquid chromatography was performed on a Dionex system
equipped with an UltiMate 3000 pump and an UVD 170U UV-Vis detector for product
visualization on a Waters SunFire™ Prep C18 OBD™ 5 ym 19150 nun Cohumn. Proton
and carbon nuclear magnetic resonance (NMR) spectra were recorded at room {emperatore on
a Bruker Avance-T1T 400 or on a Bruker DRX-600 equipped with a cryoprobe. Chemical
shifts (8} are reported in ppm relative to the solvent residual signals. Synthetic schemes are
given in Fig. 21

Biotinylation of DIG-BSA. DIG-BSA was prepared by reacting 30 pul of 2 38 uM
solation of DIG-BSA (2.9 nmol) with 8 pl. of 2 1.8125 oM solution of EZ-link-sulfo-NHS-
biotin {14.5 nmol, 5 eq) in PBS for | hr at RT. A 10 uk. portion of 14.5 mM glycine was
added to quench the reaction. After 30 min, the reaction mixture was cenirifuged and soluble
protein was purified from excess small molecuies by repeated rounds of contrifugal
concentration and dilution into PBS until the absorbance of the flow-through remained
constant.

Synthesis of [31G-RNase-biotin, A 460 ul. portion of a 365 uM sclution of
Ribonuclease A (168 nmol; RNase A) prepared in PBS was reacted with 30 pl. of a2 9.73 mM
solution of EZ-link-sulfo-NHS-biotin (292 nmol, 1.7 cq) prepared in PBS and 10 ul. of a
106.3 oM solution of DIG-NHS {1 pmol, 6 eq) prepared in DMSO for 1 hour at RT. A 20
pk. portion of 385 miM glycine was added to quench the reaction. After 20 wun, the reaction

mixture was centrifuged and soluble protein was purified from excess small molecules by
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repeated rounds of centrifugal concentration and dilution inte PBS until the absorbance of the
flow-through remained constant.

Synthesis of Biotin-PEG,-NH;, (2) Biotin (1, 13.5 mg, 55.3 pmol, 1 eq) was dissolved
m 100 pl. of dimethylsulfoxide (DMSQO) and ditsopropylethylamine (DIEA) was added (19.3
wl, 2 eq). O-(NesuccinimidyD-N, NN N'-tetramethyi-urontum (TSTU, 15.0 mg, 0.9 eq) was
added and the clear solution was stirred for 1 minutes at room tomperature to form the
biotin-NHS ester, 4,7,10-Trioxa-1,13-tridecanediamine (18 mg, 1.5 oq) was dissolved in 200
pl of dry DMSQ and the biotin-NHS was added drop wise under vigorous stirring over §
mingtes. The mixture was stirred for a further 10 minotes at room temperature, 1.5 mL of
dicthy! ether was added 1o the clear solution and the resulting suspension wasg centrifuged.
The supernatant cther phase was discarded and the remaining oil was purified by preparative
RP-HPLC (5mi/min, 13-100% acctonitrile in 0.1% TFA in Hy(O). The fractions containing
the product were lyophilized to afford 2 as a yellowish hquid (15 mg, 67%). [HRMS {(ESI):
447 42 /7 (447.7 vz expected). 'H NMR (400 MHz, DMSO) § 7.78 (1, 1 H, = 5.6 Hz),
TA0(m, 2H), 642 (L T H, J=02H2),637 (m, L H), 431 m, 1 H), 413 (dd, 1 H, J=7.6,
45Hz), 350 (m, HHHL339 L 2H, J=63Hz), 3.08 (m, 3H), 285 {(m, 3 H), 205, 2 H, J
=74 Hz), 1.78 (m, 2 H), 1.61 (o, 4 H), 1.49 (m, 3 H), 1.30 (m, 2 H). “C NMR (101 MHz,
DMSOY 06 172.4, 163.2,70.2, 70.1, 70.0, 70.0, 68.6, 67.8, 61.5, 58.7, 55.9, 40.3, 37.3, 36.2,
35.7,29.9, 287,285,277, 25.8.]

Syathesis of Digoxigenin-PEG;-biotin (3} Digoxigenin-NHS ester (1 mg, 1.5 wmol}
was dissolved in 100 ul. of DMSO and DIEA (0.4 mg, 3.0 ymol) was added, followed by 2
(1.3 mg, 3.0 ymol}. The reaction was stirred for 10 mimiutes at room temperatare and then
purified by preparative HPLC (Sml/min, 10-100% acetonitrile in 0.1% TFA in HO). The
fractions containing the product were lyophilized to afford 3 as a yellowish liguid (0.4 mg,
27%). THRMS (ESE): 990.4 m/z (990.6 m/z expected) 'H NMR (400 MHz, DMSO) § 7.74
m,2H),7.52(m, 1 H),644(s, T H), 634 (5, T H), S.83 (s, L ), 488 (m, 3 H), 432 (m, 2
Hy, 435 (o, 2H), 3.77 (m, T HD, 360 (m, T HD, 352 (m, 2 H), 347 {m, 2 H), 3.44-32 (30 H),
308 (o, 2 H), 2.84 (o, L HY, 288 (my, T H), 260 (o, 1 H), 2,57 (m, 2 H), 245 (m, 1 H), 2.05
{m, 2 H), 1.74 (m, 2H), 1.61 (m, 4 H), 1.44 (m, 3 H), 1.25(m, 2 H}, 0.7 (s, 2 H}, 0.66 (5, 2
H)]

N

Synthesis of Alexad88-PEGs-NH; {5) Alexa Fluor 488 (4, 4.74 mg, 4.9 umol) was
dissolved in 100 pk, of DMSO and treated with DIEA (3.1 pl., 17.8 umol}, followed by
TSTU (3.22 mg, 10.7 pmol). The reaction was stirred at room temperature for 10 minutes.
4,7,10-Trioxa-1,13-tridecanediaminge (3.92 mg, 17.8 yumol) was dissolved in 100 gL of dry
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DMSO and the Alexa 488 reaction mixture was added drop wise under vigorous stirring over
5 minutes. The clear orange solution was stirred for 13 minuies at room teraperature and then
purified by preparative HPLC (Smi/min, 10-100% acetonitrile in 0.1% TFA in HO). The
fractions containing the product were lyophilized to afford S as a deep red hiquid (2.8 mg,
43%). [HRMS (EST): 738.3 w2z (738.7 m/z expected). 1H NMR (400 MHz, DMS() 5 8.74
(m, 1 H), 8.62(m, 1 H}, 826 (m, I H}, 7.62 {m, 2 H}, 726 (m, 1 H}, 6.86 (m, 3H), 3.54 (m, 4
HY, 348 {(m, 2 H), 3.3-3.4¢(6H), 283 (m, 2ZH, 2.08{d, 1 H,J=07 Hz), 1L.84d (m, 2 H), 1.73
(o, 2 Hy, 125 (m, 1 H), 110 (t, 4 H, J=7.0 Hz)]

Synthesis of Digoxigenin-PEG-Alexad8¥ (6) 5 {0.56 mg, .76 umol) was dissolved
in 200 pl of DMSO and treated with DIHA {0.20 mg, 1.52 wuol). Digoxigenin-NHS cster
(0.5 mg, 0.8 umol) was added at once and the reaction stivved for 10 minutes at room
temperature and then porified by preparative HPLC (SmL/min, 16-100% acetonitniie in 0.1%
TFA in H,O). The fractions containing the product were lyophilized to afford 6 as 3 deep red
liquid (0.59 wmol, 78%). {'H NMR (400 MHz, DMS0} 3 8.87 (5, 1 H), 8.69 (s, 3 H), 8.27
dd, 1T, F=79 13H=), 7.74 (m, L H), 7.54 (m, 2 H), 7.00 (dd, 4 H, ¥ =3.2, 1.6 Hr), 5.81
(s, VH}, 4.86 (m, 3 H), 3.8-3.5 31 H),L, 337 {(m, 3 H), 3.22 (m, 2 H}, 3.16 (5, ZH}, 3.06 (m, 2
H),2.08(5,4H), 202, 2H,1=73Hz, 1.81{(d2H J=65H2), 1.73(m, 2 H), 1.59 (m, 4
Hy, 143 (o, TH), 119 {d, 3 H, J =62 Hz), 1.07 (m, 2 H}), 0.86 (s, 2 H), 0.64 (s, 2 H).]

Gene synthesis. Designs DIGT-17, DigA16, and 3hk4 were ordered from Genscript
(Piscataway, NJ) between the Nde/ and Xhof restriction sites of a custom pETZ9-based vector
having sn N-terminal FLAG tag and a C-terminal Hise tag (pET29FLAG). Codon usage was
optimized for both £. coli and yeast with preference given to £. cofi, DNA sequences are
given in Supplementary Table 1.

Yeast surface display assays. Designed proteins were tested for binding using yeast-
surface display”. Designs DIG1-17/pET29FLAG, DigA 16/pET29FLAG, and
3hk4/pET29FLAG were subeloned into the Ndel/Xhol cloning sites of pETCON®. Designs
and control proteins in pETCON were transformed inte EBY 100 cells using lithium acctate
and polyethylenc glycol” with dH»O instead of single stranded carrier DNA and were plated
on selective media (C —ura —rp). Freshly transformed cells were inoculated into | mL of
SDCAA media™ and grown at 30 °C, 200 rpm. After ~12 hrs, 127 cells were collected by
centrifugation at 1,700 x g for 3 min and resuspended in I mL of SGCAA media to induce

protein expression. Following induction for 24-48 hrs at 18 °C, 4eb cells were collected by
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centrifugation, and washed twice by incebation with PBSF (PBS supplemented with | g/L of
BSA) for 10 min at room temperature

Yecast surface protein expression was monitored by binding of anti-cmyce FITC
(Miltenyi Biotec GmbH, Germany) to the C-terminal myc epitope tag of the displayed
protein. DIG binding was assessed by guantifving the phycoerythrin (PE) fluorescence of the
displaying yeast population following incubation with DIG-BSA-biotin, BIG-RNase-biotin,
or DIG-PEGs-biotin, and streptavidin-phycocrythrin (SAPE; Invitrogen, Carlsbad, CA). Ina
typical experiment using DIG-BSA-biotin or DIG-RNase-biotin, 4e6 cells were resuspended
m 50 ul. of a premixed solution of PBSF containing a 1:100 diution of anti-cmye FITC, 2.66
M DIG-BSA-biotin or DG-RNase biotin, and 664 nM SAPE. Following a 2-4 hr incubation
at 4 "C in the dark on a rotator, cells were collected by centritugation at 1,700 x g for 3 min
and washed with 200 ul. of PESF at 4 °C. Cell pellets were resuspended in 200 ul. of ice-
cold PBSF mumediately before use. Cellular fluorescence was monitored on an Accuri C6
flow cytometer using 2 488 nm laser for excitation and a 575 nm band pass filter for
emission. Phycoerythrin fluorescence was compensated to minimize bleed-over contributions
from the FITC fluorescence channel.
Two positive conirols having different affinities for digoxigenin were used to assess the
hinding assay: DigA16%, and a conumercially available anti-DIG monocional antibody
SH27L19 (Life Technologies). Experiments using DigA 16 were conducted n an identical
fashion to designs DIG1-17. For those employing the DIG antibody, two tandem Z domains

V27,38

of protein A (ZZ domain)” "™, were displayed on the yeast cell surface. Washed cells were
resuspended in 20 uL of PBSF with 2 ull of rabbit anti-DIG mAB 9H27L19 (Invitrogen,
Carlsbad, CA). Following a 30-min incubation at 4 °C on a rotator, excess antibody was
removed by washing the cells with 200 pL of PBRSF. Labeling veactions were then performed
as above. Negative controls for binding were the Z7 domain without mAB and an orthogonal
gpiZ{}-based library available in the Baker lab (S2). FlowJo software version 7.6 was used fo
analyze all flow cytometry data presented here.

Competition assays with free digoxigenin were performed as above except that
between 750 uM and 1.5 mM of digoxigenin {Sigma Aldrich, St. Louis, MO} prepared as a
stock solution in MeOH was added to cach labeling reaction mixture. Control experiments
performed in 8 similar manner showed that the small amount of MeCOH added does not atfect

the fluorescence or binding propertics of SAPE (data not shown).
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Knockout mutations. Knockout mutations were introduced into the appropriate DIG
design in pETCON or pET29b(+) by the method of Kunkel™. These variants included the
single point routants VI1ITR, Y101F, Y1158F, and Y34F and the triple routant
YIGIF/Y LISF/Y 34F for DIGIO, the single point mutants WHOR, HSBA, Y84F, and Y97F
and the double motant Y11SF/Y84F for DIGS, the single point mutants VE6R, HI01A and
the triple mutant Y10F/HI0IA/Y103F for DIGSE, and single point mutants Y34F, Y101F,

Y 115F, the double mutant YOOF/Y101F, the triple mutant Y34F/Y99E/Y101F, and the
quadrople mutant Y34F/Y99F/Y 101F/Y 115F for BIG10.3. Oligos were ordered from
Integrated DNA Techuologies, Inc. (Coralville, TA) and arc listed in Supplementary Table 12
with the mutagenized region{s) highlighted io red.

Recursive PCR assembly of 1z1s. The gene for 1zls having additional pETCON
gverlap fragments at either end for yeast homologous recombination was assembled via
recursive PCR. Oligo sequences were designed using DNAWorks™ and are given in
Supplementary Table 13. Oligos were ordered from Integrated DNA Technologies, Inc.
(Coralville, TA). A 2 gL portion of a 2.5 uM stock sohution of each oligo was combined and
the mixtore was added to 8 pl of 1.25 mM dNTPs, 20 pL of 5X Phusion buffer HF, 3 pl of
DMSO, and 1 gL of Phusion high-fidelity polymerase (NEB, Waltham, MA) in 100 uL. Fuli-
length gene product was assembled by 30 cycles of PCR (98 °C 108, 61 °C 30, 72°C 15 8}

Correctly assembled PCR product was amplified by a second round of PCR. Reaction
product (5 pL) was combined with 2 pL of 10 uM pCTCONZE (Supplementary Tabic 14}, 2
pb of 10 pM pCTCONZr (Suppicmentary Table 14}, 8 pl of 1.25 oM dNTPs, 20 pll of 5X
Phusion buffer HF, 3 ul of DMSO, and 1 pl. of Phusion high-fidelity polymerasc (NER,
Waltham, MA) to 100 ul. Product was obtained by 30 cycles of PCR {98 °C 1 5, 60 °C 30
8, 72 °C 15 s). Following confirmation of a single band at the correct molecular weight by 1%
agarose gel clectrophoresis, the PCR product was parified using a (lagen PCR cleamup kit
((tagen) and cluted o dHHO

Yeast EBY 100 cells were transformed with 240 ng of 1215 gene DNA and 400 ng of
gel-purified pETCON digested with Ndel and Xhio! using lithian acetate and polyethylene
glycol” with dH,O instead of single-stranded carrier DNA. The correct sequance was
confirmed by colony PCR and gene sequencing, and plasouds from these celonics were
harvested using a Zymoprep Yeast Miniprep 1 kit (Zymo Research Corporation, frvine, CA}.

DIG1IO site-satoration mutagenesis library (directed evolution round 1a). A DIGID

. . . © eerh A 17 . - . 20
single sitc-saturation mutagencesis {SSM} library was constructed by Kunkel mutagenesis
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using degenerate NNK primers targeting the following 34 amino acids positions: S10, L1,
Li14, W22, 132, Y34, A37, P38, G40, H41, HS4, M55, L57, F38, Y61, V62, V64, Fo6, F84,
(GE6, G8R, HOO, V92, 893, 197, A99, Y101, 8103, Y115, V117, F119, V124, A127, and
L128. These positions were chosen from the model based on the following requirements: (1)
they have Ca within 7 A of any ligand heavy atom, and/or (2) they have Co within 9 A of
any ligand heavy atom and C§ closer to any heavy atom in the ligand than Co. The
theoretical library size was 1088 clones. Primers were ordered from Integrated DNA
Techoologies (Coralvilie, 1A).

Kunkel mutagenesis of each position was carried out independently. DNA from each
reaction was dialyzed into dHO using a 0.025 ywm membrane filter (Millipore, Billerica,
MA}, and then the dialyzed reaction mixtares were pooled, concentrated to a vohume of < 10
ul using & Savant SpeedVac centrifugal vacoum concentrator, and transtorraed wmte yeast
strain EBY 100 using the method of Benatail”’ | yielding 2,505 transformants. After
transtormation, cells were grown in 250 mi, of SDCAA media for 36 hrs at 30 °C. Cells
{(5¢8} were coliccted by contrifugation at 1,700 x g for 4 min, resuspended in 30 mL of
SGCAA media, and induced at 18 °C for 24 hrs

Celis were subjected to three rounds of permissive cell sorting (Supplementary Table
8). For cach round of sorting, cells were washed and then labeled with a pre-incubated
mixture of 2.66 uM DBIG-BSA-biotin, 644 nM SAPE, and anti-cmyce-FITC as noted above for
single clones. After cach sort, colls were grown in SDCAA for 24 hrs and then induced in
SGCAA for 24 hrs before the next sort. After the final sort, the mean compensated PE
fluorescence of the expressing population of the sorted cells was considerably higher than
that of DIG10, indicating the presence of a point mutant{s) with increased binding affinity

Afier each sort, a portion of cells were plated and grown at 30 °C. Plasroids from
mdividual colonies were harvested using a Zymoprep Yeast Miniprep H kit (Zymo Rescarch
Corporation, Irvine, CA) and the gene was amplified by 30 cycles of PCR (98 °C 105, 61 °C
305,72 °C 13 s) using Phusion bigh-fidelity polymerase (NEB, Waltham, MA) with the
pCTCONZy and pCTCON2{ primers. Sanger sequencing (Genewiz, Ine., South Plainficld,
NJY was used to scguence atf least 10 colonies from each population.

DIG10 combinatorial mutagenesis Hbrary {directed evolution round 1b). Beneficial mutations
identified in the DIG10 SSM library were combined by Konkel mutagenesis™ using
degenerate primers. At cach mutagenized position, the original DIG10 amino acid and

chemically stoilar amino acids to those identificd were also allowed, resulting ina
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combinatorial library. Amino acid substitutions included S, A, or M at position S10, L, H, or
3 at position L1}, A or P at position A37, L L, V, F, or M at position V62, 1, L, V, F, or M at
position V64, H, T, or N at position H90, L, L, V, F, or M at position V117, and A or P at

position A127. The theoretical hibrary size was 1.35e4 cloncs. Primers were ordered from

3

Integrated DNA Technologies, Inc. (Coralville, 1A).

Four independent Kunkel reactions using different oligo concentrations ranging from
36 aM to 291 oM during polymerization were performed to minimize sequence-dependent
priming bias. For the same reason, oligos encoding native substitutions contained at least one
codon base change. Library DNA was pooled, prepared as above, and ransformed into
18 electrocompetent £, coli strain BL2Z {DE3) cells (1800 'V, 200 3, 25 uF), yvielding 8e4
transformarnds, Library plasnid DNA was isolated from expanded cultures using a Qlagen
miniprep kit. Gene insert was amphified from 10 ng of library DNA by 30 cycles of PCR (98
“C 108, 61 °C 30 s, 72 °C 15 s) using Phusion high-fidelity polymerasc (NEB, Waltham,
MA} with the pCTCONZr and pCTCONZS primers.

15 Yeast EBY 100 cells were transtormed with 4.0 pg of PCR-purified DNA insert and

3]
9

1.0 ug of gel-purified pETCON digested with Nde! and Xho/ using the method of Benatil
yiclding S¢S transformants. After transformation, cells were grown in 150 mb of low pH
SDCAA media supplemented with Pen/Strep for 48 hrs at 30 °C. Cells (5e8) were collected
by centrifugation at 1,700 x g for 4 min, resuspended in 50 ml. of SGCAA media, and

20 induced at 18 °C for 24 hrs

Cells were subjected to seven rounds of cell sorting. For the first four rounds, cells
were washed and then labeled with a pre-incubated mixture of BIG-BSA-biotin, SAPE, and
anti-omyc-FITC as noted above for single clones. Label concentrations for rounds one
through four were: (1) 1 uM DIG-BSA-biotin and 250 nM SAPE, (Z) 750 oM DIG-BSA-

25  biotin and 187.5 nM SAPE, (3) 50 oM DIG-BSA-biotin and 12.5 nM SAPE, and (4) 5 nM
DIG-BSA-biotin and 1.25 nM SAPE. For rounds five through seven, DIG-RNase-biotin was
used in a muliistep labeling procedure to minimize selection for carrier protein (BSA)
binding and because this procedure showed a larger dynamic range in several control
experiments. In these experiments, cells were washed as before, labeled with DIG-RNase-

30 biotin for 3-4 hrs at 4 °C, and then treated with a solution of PBSF containing a 1:100
dilution of SAPE and a 1:100 dihstion of anti-coyc-FITC (secondary label) for < 15 min at 4
°C before washing and sorting. DIG-RNase-biotin label concentrations were 10 pM, 5 pM,

and 5 pM for rounds five through seven, respectively.
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At teast 10 clones from cach round were sequenced as noted for the DIGI0 35M
library. Afier seven rounds, the library converged to two sequences differing by a single point
substitution: DIG10.1a, harbering the S10A substitution, and DIGHG.1h, containing S10M

(Supplementary Fig. 5). Mutations common fo both DIG10. 1a and DIGT0.1b were VGIZM,

3

V641 VITTL, and A127P. Aunalysis of both clones using the multistep labeling procedure
with 5 pM DIG-RNase-biotin showed that DIG10.1a had a slightly higher signal for mean PE
fluorescence of the expressing population than did DIG10.1b.
DIGIO. L lbrary {directed evohution round 2). Library DNA was a mixture of DNA
from DIGIGIL {1, DIGIOIL 12, and a third library (DIGIG.IL 3} combining mmutations
10 from the two fragment libraries (sce section on Next-Gen Library Counstruction). For
DIGIG.HL 3, the library was constructed using the oliges DIGE0.L hri,
DIGIO.IL fia yc variable, DIGIO.IL fib variable, DIGI0.1L {2 rc variable, and
DIGI0.IL he2 and the procedures detailed below
Yeast EBY 100 cells were transformed with a mixture of DNA insert from
15 DIGIGIL f1 (3.0 ugy, DIGIOAL 2 (3.0 ug), and DIGIIL 3 (24.0 pug) and 10.0 pug of gel-
purified pETCON digested with Nde/ and Xho! using the method of Benatuil™', yvielding
1.5¢7 transformants. After transformation, cells were grown for 24 hrs in 250 mL of low-pH
SDCAA media supplemented with Pen/Strep at 30 °C, passaged once, and grown for an
additional 24 hrs under the same conditions. Cels {(5e8) were collected by contrifugation,
20 yesuspended in 50 mL of SGCAA, and induced overnight at 18 °C
Celis were subjected to five rounds of cell sorting using monovalent DIG-PEGa-bictin
and the muitistep labeling procedure detailed for divected evolution round b sorts five
through seven to increase stringency by aveiding avidity cffects. DIG-PEG;-biotin label

concentrations were 80 nM, 80 nb, 50 nM, 1 nM, and I nM for the five rounds. After the

N
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final sort, the mean compensated PE fluorescence of the expressing population of the sorted
cells was considerably higher than that of DIG10.2, indicating the presence of a muutant(s)
with increased binding affinity.

At least 10 clones from cach round were sequenced as noted for the DIGI0 S5M
library. After four rounds, the library converged to one sequence (DIG10.2) having the two
30 loop muotations A37P and H41Y, which were two of the most enriched single point mutations
identified 1o the next-generation scquencing experiment,

DBIG10.2 combinatorial library based on deep sequencing data (divected evolution

round 3). Mutations having normalized next-generation sequencing enrichment valies (AE™)



WO 2014/159947 PCT/US2014/025500

> ~3.5 were combined by Kunkel mutagenesis™ using degenerate primers. DIG10.2 was used
as the library template. At cach mutagenized position, the original DIG10.2 amino acid and
chemically stoilar amino acids to those identificd were also allowed, resulting ina
combinatorial hbrary, Ammo acid substitutions mcluded C or S at position C23, F, H, o YV at

position F45, M or F at position M2, H, L L, F, or Y at position H%0, V or A at position

3

YVOZ, AV, LT, F, or Y at position ASY, S, A, or V at position 8103, L, V, or W at positicn
L105, L or F at position 1112, V or F at position V124, and P, L, 1, or V at position P127. The
theoretical library size was 1.04¢5 clones. Primers were ordered from Integrated DNA
Technologics (Coralville, 1A),

16 Four Kunkel reactions using different olige concentrations ranging from 36 nM to 291
nM during polymerization and two Kunkel reactions using reduced oligo concentrations for
the M62M substitution relative to the concentrations of the M62F substitation were
performed to minimize sequence-dependont priming bias. For the same reason, oligos
encoding native substitutions contained at least one codon base change. Library DNA was

15 pooled, prepared as above, and transformed into E. coli strain ElectroMAX DHIOBE
(Invitrogen, Carlsbad, CA) cclls (23060 V, 200 £3, 25 uF), yielding 1.6¢7 transformants.
Library plasmid DNA was isclated from expanded cultures using a Qiagen miniprep kit
Gene msert was amplified from 10 ng of hbrary DNA by 30 cycles of PCR (98 °C 10 s, 61
°C 308, 72 °C 15 s) using Phusion high-fidelity polymerase (NEB, Waltham, MA) with the

20 pCTCONZy and pCTCON2f primers.

Yeast EBY 100 cells were transformed with 6.0 pg of PCR-purified DNA msert and
2.0 pg of gel-purified pETCON digested with Nde! and Xho/ using the method of Benatuil’,
vielding Se6 wansformants. After transformation, cells were grown in 150 mb of low pH
SDCAA media supplemented with Pen/Strep for 48 hus at 30 “C. Cells (5¢8) were collected

25 by centrifugation at 1,700 x ¢ for 4 min and resuspended in 50 mL of SGCAA media. Cells
were induced at 18 °C for 24 hs.

Celis were subjected to four rounds of cell sorting (Fig. 13). The first three soris
utthized monovalent DIG-PEGs-biotin and the multistep labeling procedure detailed for
directed evolution roumd b sorts five through seven to increase stringency by avoiding

30 avidity effects. DIG-PEGs-biotin label concentrations were 400 pM, 20 pM, and 20 pM for
the first three rounds. For the fourth round, an off-rate selection” was used to better
discriminate between high affinity binders. Cells (406} were washed and labeled with 20 pM

DIG-PEGa-biotin, as described above. Labeled cofls were collected by centrifugation at 1,700

o)
~J3
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x g for 4 min and resuspended in 100 pL of 180 nM DIG in PBSF. Cells were incubated with
free BIG for 20 min at room temperature (20 min was found to be the halftlife of the
DIG10.2-DIG-PEGs-biotin complex in off-rate experiments) collected by centrifugation,
labeled with secondary label as described above, washed, and sorted. After the final sort, the
mean compensated PE thiorescence of the expressing population of the sorted cells was
considerably higher than that of DIG10.2, indicating the presence of 8 mutant{s} with
mcreased binding affinity.

At least 10 clones from each round were sequenced as noted for the DIGH0 SSM
library. After four rounds, the library converged to one sequence (DIG10.3) having the
mutations €238, HO0L, V924, A99Y, S103A, and LIOSW.

Nexi-generation DIG10.] library construction and sclections. Paired-end 151 Hlvmina
sequencing was used to sinnitltaneously assess the effects of mutation on binding of DIG10.1
to digoxigenin at 39 amino acid positions within the binding site pocket. Two libraries were
constructed: an N-terminal library with mutations between residues S10 and F66 (fragment 1
Hbrary - DIGTOIL_£1) and a C-terminal library with vurtations between restdues F84 and
L128 {(fragment 2 Bbrary - DIGIOL_£2). For each library, the full-length DIG10.1 gene
having additional pETCON overlap fragments at either end for yeast homologous
recombination was assembled via recursive PCR. To introduce nwtations, we used
degenerate PAGE-purified oligos in which selected positions within the binding sitc were
doped with a small amount of each non-native base at a level expected to yield 1-2 mutations

er gene { Trilink BioTechnologies, San Diego, CA}). All other wild-type oligos were also
PAGE-purified (Integrated DNA Technologies).. For DIGIG.IL {1, bases coding for the
following 20 amino acid positions were allowed to vary: A10, D11, D14, W22, C23, F26,
L32, Y34, A37, P38, G40, H4 1, F45, H54, MSS, F58, Y61, M62, 164, and F66. For
DIGIG.IL 2, bases coding for the following 19 amino acid positions were allowed to vary:
F84, GRo, (G8E, HOO, VI 893, (395, LY7, A99, Y101, S103, L1035, [112, Y115, Li17, Fi19,
V124, P127, and LI28.

For assembly of DIGIOL £}, 2 bl of 2.5 uM DIGIO L hrl, 2 pll of 2.5 pM
DIGIGHL fia re variable, 2 ull of 2.5 pM DIGI01L_flb variable, 2 ul. of 2.5 uM
DIGIGH. 2 re WT, and 2 L. of 2.5 uM DIGIG. 1L b2 were combined with 8 pl. of 1.25
mM dNTPs, 20 pl. of 5X Phusion buffer HF, 3 ull of DMSO, and | ul. of Phusion high-

fidelity polymerase (NEB, Waltham, MA} in 100 uL. Reaction mixtures for assembly of
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cyeles of PCR(OR °C 10 s, 61 °C 305,72 °C 15 s).

Correctly assernbled PCR products were anplified by a second round of PCR.
Reaction products {5 pl) were combined with 2 ul of 10 uM DIGIHIL assembly fwd, 2
pl of 10 M BIGHLIL assembly rev, 8 uL of 1.25 M dNTPs, 20 uL of 5X Phosion buffer
HF, 3 pl of DMBQG, and | uL of Phusion high-fidelhity polymerase (NEB, Waltham, MA) in
100 pL. Products were amplified by 30 eycles of PCR (98 °C 105, 60 °C 305, 72 °C 15 5).
Following confirmation of a single band at the correct molecular weight by 1% agarose gel
clectrophoresis, PCR products were purified using a Qiagen PCR cleanup kit ((Giagen) and
eluted 1n ddH,O.

Yeast EBY 100 cells were transformed with 5.4 ug of ibrary DNA insert and 1.8 ug of gel-
purified pETCON digested with Nde! and Xho! using the method of Benatuil’, vielding 4¢6
and 3e6 transformants for the BDIGI0IL 1 and DIGIO iYL 2 hibraries, vespectively. After
ransformation, cells were grown for 24 hus in 100 ml of low-pH SDCAA media
supplemented with Pen/Strep at 30 °C, passaged once, and grown for an additional 24 hrs
under the same conditions. Cells (5¢8) were collected by centrifugation, resuspended in 50
mb of SGCAA, and mduced overnight at 18 °C.

Induced cells (3¢7) were labeled with 4 gL of anti-cyme-FITC (Miltenyi Biotec
GmbH, Germany) in 200 uL of PBSF for 20 min (DIGIG L 1) or 60 min (DIGICIL 2) at
4 °C. Then, labeled cells were washed with PBSF and sorted. In this first round of sorting, all
cells showing a positive signal for protein expression were collected (Fig. 10). Cells were
recovered overmight in ~1 mL of low-pH SDCAA supplemented with Pen/strep at 30 °C,
pelleted by centrifogation at 1,700 x g for 4 min, resupended in § mb of low-pH SDCAA
supplemented with Pen/strep, and grown for an additional 24 brs at 30 °C. Cells (2¢7) were
coliccted by centrifugation, resuspended in 2 mL of SGCAA, and induced overnight at 18 °C.

Induced colls from expression-sorted DIGI0.1L 1 (Z¢7 cells), expression-sorted
DIGIGEL 2 (2e7 cells), and two DIG10. 1 reference samples {5¢6 cells per sample) were
washed with 600 ub. of PBSF and then labeled with 100 nM of DIG-PEGs-biotin in 400 L
of PBSF for the libraries or 200 gL of PBSF for the reference samples for > 3 his at 4 °C.
Labeled cclis were washed with 200 pl. of PBSF, then incubated with a secondary label

sohution of 0.8 ul. of SAPE (Invitrogen) and 4 plL of anti-cyme-FITC {(Miltenyi Biotec
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GmbH, Gormany) in 400 ul of PBSF for 8 min at 4 °C. Cells were washed with 200 uL
PBSF, resuspended in either 800 bl pl. of PBSF for the librarics or 400 pL of PBSF for the
reference samples, and sorted (Fig. 10). Each Bibrary was sorted according to two different
stringency conditions: {1) clones having binding signals higher than that of DIG10.1a
(DIG10.1_f1 better and DIG10.1_f2 better), and (2) clones having binding signals
equivalent to or higher than that of DIG10.1a (DIGI0.1_fl neutral and DIGI0.1_£2 neutral).
Collected cells were recovered overnight in ~1 mL of low-pH SDCAA supplemented with
Pen/strep at 30 °C, pelieted by centrifugation at 1,700 x g for 4 min, resupended in 2 ml of
low-pH SDCAA supplemented with Pen/strep, and grown for an additional 24 hrs at 30 °C.
Cells (2¢7) were resuspended in 2 mL of SGCAA and induced overnight at 18 °C,

To reduce noise from the first round of cell sorting, the sorted hibrarics were labeled
and subjected to a second round of cell sorting using the same conditions and gates as in the
first round (Fig. 10). Collected cells were recovered overnight in 800 pL of low-pH SDCAA
supplemented with Pen/strep at 30 °C, pelleted by centrifugation at 1,700 x g for 4 min,
resupended in 2 mL of low-pH 5DCAA supplemented with Pen/strep, and grown for an
additional 24 hes at 30 °C.

One hundred million cells from the expression-sorted DIGIC. 1L 2 and DIGIOIL £2
Hibrarics and at least 2¢7 cells from doubly-sorted DIG10.1_f1 _better and DIG10.1_£2 better
were pelicted by centrifugation at 1,700 x g for 4 min, resuspended in | mL of freezing
solution (50% YPD, 2.5% glycerol), transferred to cryogenic vials, slow-frozen in an
isopropano} bath, and stored at -80 °C until further use,

Next-generation library sequencing. Library DNA was prepared as detailed
previously™, Hiumina adapier sequences and unique library barcodes were appended to cach
library pool through PCR amplification using population-specific HPLC-purified primers
(Integrated DNA Technologies, Coralville, TA). The library amplicons were verified on a 2%
agarose gel stained with SYBR Gold {Invitrogen) and then purified using an Agencoust
AMPure XP bead-based purification kit. (Beckman Coulter, Inc.) Each hbrary amplicon was
denatured using NaQH and then diloted to 6 pM. A sample of PAiX control DNA (Tllomina,
Inc., San DHego, CA) was prepared in the same manner as the library samples and added to
the library DNA to create high enough sample diversity for the Hlumina base-calling
algorithm. The final PNA sample was propared by pooling 300 pl of 6 pM PhiX control
DNA (50%;), 102 uL of 6 pM expression-sorted DIGID 1L 1 (17.0%), 102 uL of 6 pM
expression-sorted DIGI0 1L €2 (37.0%), 33 pL of 6 pM DIGIO 1L I neutral (5.5%), 33

70



10

15

30

WO 2014/159947 PCT/US2014/025500

pl ot 6 pM DIGIG 1L 2 neutral (5.5%), 15 b of 6 pM DIGI0 1L 1 better {2.5%), and
15 ub of 6 pM DIGIO 1L 2 better (2.5%). DNA was sequenced in paired-end mode on an
Homina MiSeq using a 308-cycle reagent kit and costom HPLC-purified primers (Integrated
DNA Technologies, inc., Coralville, IA).

Processing of sequencing results. Data from cach nexi-generation sequencing library
was denniltiplexed using the unique ibrary barcodes added during the amplification steps. Of
a total 5,630,105 paired-end reads, 2,531,653 reads were mapped to Library barcodes, For
cach library, paired cnd reads were fused and filtered for quality (Phred > 30). The resulting
full-length reads were aligned against the relevant segments of the DIG10.1a sequence using
scripts from the software package Enrich™. For single mutations having > 7 counts in the
original input kibrary, a relative cnrichment ratio between the input library and each selected
library was calealated™™ " A pseudocount value of 0.3 was added 1o the total reads for cach
selected library mutation, to allow calculation of eonrichment values for mutations that
disappeared completely doring seloction.

Protein expression and purification. Selected DG designs and variants were
expressed in K. coli in pET29FLAG or with a TEV protease-cleavable Hisg purification tag
(pET29-TEV-Hise). For the latter, DIG genes were amplified from the appropriate pETCON-
based plasmid using a forward primer and 3 reverse primer harboring a TEV-protease
recogrition insertion sequence. The PCR products were digested with Nde! and Xho! and
ligated into similarly digested pET295(+). Ligation products were transformed into Rosetta 2
(DE3) cells for expression. Rosetta 2 (DE3YpET2956(+) cells were grownin 1L of LB or TB
medium at 37 °C 10 an 0.0 g9 of ~0.7, and then protein expression was induced by the
addition of 0.5 mM PTG (isopropyl-B-D-thiogalactopyransoide). Cultures were incubated at
37 °C for 3-4 brs or 2t 18 °C for 18 brs and then harvested by ceuntrifugation at 1,912 x g for
20 nrin. Cell pellets were stored at -20 °C until further use.

Proteins were purified by gravity flow chromatography over Ni-NTA resin {{Jiagen,
Hilden, Germany) columous, Frozen cell pellets were resuspended 1o 15 ml. of wash buffer
(PBS5 pH 7.4, 30 mM imidazole) supplemented with 300 L of 100 mM
phenyimethancsulfony] fluoride (PBSF; Sigma Aldrich, 51. Louis, MO) prepaved in neat
ethanol, 2 mg/mL of lysozyme, and (.2 mg/mL of DNAse §. Cells were lysed by sonication
for a total of 4 min (30 s on, 20 s off} using a Branson sonifier at 75% power. Insoluble
material was removed by centrifugation at 38,724 x g for 30 min, and particulate matter was

further removed from the supernatant by filtration through a (.45 pm syringe filter.
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Supernatant was then passed through gravity columns containing 3 mL of Ni-NTA resin
{Qiagen, Hilden, Germany) equilibrated in wash buffer. Bound proteins were washed with 45
mb. of wash buffer and then cluted w 20 ml. of clution buffer (PBS pH 7.4, 200 oM
midazole). Proteins were concentrated to ~3-40 mg/ml asing Vivaspin 5 kD MWCO
centrifugal concentration devices (Sartorium Stedim Biotech GmbH, Goettingen, Germany)
and troidazole was removed by dialysis (3 x 2L) into PBS pH 7.4 at 4 °C.

Yiclds for the DIG designs expressed in pET29FLAG are given in Supplementary
Table 2. Typical yields for BIGI10-TEV-hise, DIG10. fa-TEV -hisg, DIG10.2-TEV-hiss,
DIGH}L3-TEV-hisg, DIG10.3-TEV - hisg vartants, and 121s-TEV-hise range from 10 to 60
mg/L.. For all solution experiments, protein concentrations were determined from absorbance
at 280 nm measured on a NanoDrop spectrophotometer (Thermo Scientific) using extinction
coefficients calculated from primary amino acid sequences.

Size-exclusion chromatography. Protein oligomerization states were assessed by size
exchusion chromatography on an AKTA FPLC (GE Healtheare) using a Superdex 75 1(/300
GL colunm equilibrated 1o running buffer (25 ;M Tris-HCE pH 7.4, 250 oM NaCl). Proteins
were run over the columm at 8 flow rate of 0.5 mL/min. Horse heart cytochrome ¢ (29 kDa),
bovine erythrocytes carbonic anhydrase (12.4 kDa), and bovine aprotinin (6.5 kDa) molecular
weight standards (Sigma Aldrich, St Louis, MO} were analyzed in the same manner as the
protein samples. Under these conditions, cyviochrome ¢, carbonic anhydrase, DIGIG-TEV -hisg
{expected MW of monomer: 17.9 kDa), BIG10.1b-TEV-hise {expected MW of monomer:
17.9 kPa), DIG10.2:-biss (sce below; expected MW of monomer: 15.9 kDa), DIGI0.3-TEV
{the hisg tag was cleaved with TEV protease; expected MW of monomer: 16.9 kDa), and
DIGS-TEV-hiss (expected MW of monomer: 17.8 kDa) eluted at 12.05 mi., 13.65 mb, 11.838
mb, 1181 mi, 18140 mL, 11.35 mL, and 11.78 mL, respectively (Supplementary Fig, 133
For preparative rons, pure protein-containing fractions were identified by absorbance at 280
nm and by SDS gel electrophoresis. Analytical superdex 75 gel filtvation analyses of 160 uM
DIGI0.3-TEV-hisg and 100 pM DIGI0.3-TEV-hisg pre-incubated with 500 uM DIG for ~60
min at room temperature were also conducted using the above procedure. Under the
conditions, DIG10.3 and the BIG10.3-DIG complex cloted at 11.29 mL and 16.71 mL,
respectively (Supplementary Fig. 13).

Preparation of sampies for erystallography. Crystallographic trials with the DIG10-based C-
terminal TEV -hisg constructs {cleaved with TEV protease or un-cleaved) failed to yield

diffraction-quality crystals. All 1zls-based designs contained a 12 residue C-ternunal tail that

~
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was disordered in the structure of 1z1s but was maintained when we ordered the designs in
case it was necessary for protein stability or folding. To reduce entropic effecis from this
disordered tail that might prevent crystal formation, we cloned the DIG 0 designs into new
pET29b(+)-based constrocts in which all 12 residues of this tail were chiminated and a non-
cleavable hiss tag was placed immediately after the last ordered residue (DIG10-hiss,
DIG10.1ar-hisg, DIG10.2:-hisg, and DIG10.3-hisg).

Troncated samples were expressed and purified by gravity flow over Ni-NTA resin
osing the above procedure. Typical expression yields were comparable to their un-truncated,
TEV-cleavable Hisg-tagged counterparts (sce above). Preparative size exclusion
chromatography was used to further purify all proteius for crystallization attempts using the
above procedure.

Crystallization, Purified DIG10 and its evolved variants were incubated at 4°C with |
mM digoxigenin for 16-20 hours. The protein-ligand complex was then screened using
several commercially available sparse matrix crystallization screens using a nanoliter drop
volume crystallization robot (TTP LabTech "Mosquito™). Potential hits were scaled up inte
vapor diffusion plates with reservolr solution to protein-ligand complex at a ratio of 111,
Several diffraction quality crystals were obtained for DIG10.2,-hisg and DIG1.3,-his.
Crystals of DIG10.2,-hisg were grown af a concentration of 15 mg mL™ in 0.1 M Acetate pH
5.5, 1.5% MPD, 2.5 M Sodium chiloride and 129 PEG 1500, Crystals of DIGI0.3-hisg were
grown at a concentration of 13.5 mg mL ™ in 0.2 M Ammonium acetate, 0.1 M Bis-Tris pH
5.5 and 20% PEG3350. DIG10.2-hisg and DIG10.3-hisg crystals were transferred to artificial
mother Hquor containing 20% Sucrose or Glycerel, respectively, then individually remoeved
m fiber loops and flash frozen in Hagud nitrogen.

Crystallographic data collection and processing. Datasets from erystals of DIG16.2-
hiss and DIG10.3-hiss were collected at the Advanced Light Scurce (ALS) syachrotron
facility (Berkeley, CA} on beamlbine 5.0.2 using a CCD area detector. Data for DIG10.2-hise
corresponded to 360° of 1° diffraction exposures collected at a distance of 180 mm and
exposure times of 1 second per 1° oscillation. Data for BIG 1{.3-hisg corresponded to fudl
360° of 1 © diffraction exposures collected at a distance of 230 mm and exposure times of 1
second per 1° oscillation.

Data was processed using the HKL2000 software package™. Molecular replacement

18,39

was performed using program PHASER™ in the CCP4 software seite™ using Pseudomonas

aeruginosa hypothetical protein PA3332 (PDB 1215} as the model™. Refinement and model
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building were carried out osing Refmacs™ and COOT (Crystallography Object-Oriented
Toolkit)'”, respectively. The geometric quality of the final model was validated using
ProCheck™, SECheck™ and MolProbity™, as well as the validation tools provided by the
RCSB Protein Data Base™,

The diffraction dataset collected from the DIG10.3¢-hiss crystal collected coold only
be processed to 3.2A resolution in space group C2. Significant disorder was displayed in
several of the independent copies of protein-ligand complex 1o the asymametric unit, which
resubted in very high average B-factors.

Fluorescence polarization equilibriom binding assays. Fluorescence polarization-
based affinity measurcments of designs and their evolved variands were performed as noted
previously’ using Alexad88-conjugated DIG (DIG-PEG;-Alexad88). Tn a typical
gxperiment, the concentration of DIG-PEG;:-Alexad88 was fixed below the K of the
nteraction being monitored and the effect of increasing concentrations of protein on the
fluorescence anisotropy of Alexad¥8 was determined. Fluorescence anisotropy (1) was
measured in 96-well plate format on a SpectraMax MSe microplate reader (Molecular
Devices) with Ag; = 485 nM and Aoy, = 538 nM using a 515 nm omission cutoff filter, Inall
cxperiments, PBS (pH 7.4} was used as the buffer system and the temperature was 25 °C.
DIG-PEGy-Alexaddl solutions were prepared from a 1 M stock in DMSO. Equilibrium
dissociation constants (Ky) were determined by fitting plots of the anisotropy averaged over a
period of 20 1o 40 min after reaction imtiation versus profein concentration as described
previeusly”’. Reported Ky values represent the average of at loast three independent
measurcments with at least two separate batches of purified protein
Design-TEV-hige constructs were used for all measurements. The [DIG-PEG;-Aleoxad s8]
used for sets of experiments on each protein are as follows: DIGS: 2 pM, DIGIO: 2 uM,
1zis: 2 uM, BSA: 2 uM, DIGIG 1a: 10 nM, DIGI(.Z: 1 oM, DIGI0.3: 0.5 oM, DIGI0.3
Y34F: 2 oM, DIGI0.3 YO9F: 2 oM, DIGI0.3 YIOIF: 2 nM, DIGIO3 YIS 2 oM, DIGI0.3
YOOF/YI0IF: 2 oM, DIGI0.3 Y34F/YOOF/Y 1O1F: 10 nM, and DIG10.3
Y34F/Y9SF/Y 1GIF/Y115F: 1 nM.

Fluorescence polarization equilibrium competition binding assays. Fluorescence polarization
equilibriom competition binding assays were used to determine the binding affinitics of
DIG10.3 and its variants for unlabeled digoxigenin, digitoxigenin, progesterone, B-esiradiol,
and digoxin. Tuo a typical cxperiment, the concentration of DIG-PEG;-Alexad88 was kept near

ot below the &g of the interaction being monttored, the concentration of protein was fixed at a
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saturating value sach that >95% the DIG-PEG;-Alexad 88 n the system was bound 1o protein,
and the cffects of increasing concentrations of unlabeled ligand on the fluorescence
anisotropy of Alexad48% were determined as noted above. Unlabeled stock solutions of
digoxigenin, digitoxigenin, progesterone, and P-estradiol were prepared in methanol.
Unlabeled stock solations of digoxin were prepared in DMB30. Ligand stock solutions were
10 mM for DIG, digitoxigenin, and digoxin, and | mM for progesterone and B-estradiol. For
each ligand concentration, a negative control sample containing only DIG-PEG:-Alexad 88
and the appropriate dilution of a corresponding methanol-only countrol solution in PBS was
measured. At all concentrations employed, methanol did not affect fluorescence amisotropy
{data not shown). Similarly, the highest concentration of DMSO employed also did not affect
fluorescence anisotropy {(data not shown).

Fluorescence anisotropy (1) was measured as noted above. In all experimonts, PBS
{pH 7.4) was used as the buffer system and the temperature was 25 “C. The concentration of
total unlabeled Hgand producing 50°%6 binding signal mhibition (1sp) was determined by fitting
a plot of the anisotropy averaged over a pertod of 30 min to 3 hr after reaction inttiation
versus unlabeled ligand concentration as described previously”’. For some cxperiments,
Himiting steroid conceuntrations roade it tapoessible to collect data in the regime of complete
mhibition. In these cases, data were fit by fixing the anisotropy at infinite steroid
concentration to a value measured for other stereids for which this valie could be determined
experimentally, For cases in which &y for steroid << &y for DIG-PHG:-Alexad 8%, the data
could not be it to the model and only qualitative conclusions could be reached (Fig. 4,
dashed lines).

The inhibition constant for cach protein-ligand interaction, K, was calculated from the
measured 1Csy and the Ky of the protein-label inferaction according to a mode! accounting for
receptor-depletion conditions” . 1Cso values, the concentrations of free unlabeled Hgand
producing 50% binding signal inhibition, were calenlated from the measured Iso vahues®’,
Reported 150 and subsequent X values represent the average of at least three independent
measurcments fror at least two batches of purified protein and a fresh unlabeled inhibitor
stock prepared for cach, For BIG10.3, [DIG-PEG-AlexadB88] = 1 nM and [DIGI0.3-TEV-
hisg] = 20 nM. For DIG10.3 Y34F, [DIG-PEG:-Alexad88] = 10 nM and {DIGI0.3 Y34F-
TEV-hisg] = 200 nM. For DIG10.3 Y101F, [DIG-PEGy-Alexad88] = 10 oM and [DIG10.3
YIOIF-TEV-hisg] = 200 nM. For DIGI0.3 Y34F/Y99F/Y 101F, [DIG-PEG-Alexad 8] = 500
oM and [DIG10.3 Y34F/YO9F/ Y 101F-TEV-hige] = 5 M.
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Circular dichroism spectroscopy. Circular dichroism spectra were collected on an
Aviv 62A DS specirometer. Samples were prepared in PBS. Fixed-temperature scans were

conducted at 25 °C. All proteins were stable < 60 C.
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We claim

1. An isolated polypeptide comprising an amine acid sequence according to SEQ 1D
NO: 1, wherein the amino acid sequence 18 at least 70% identical to the amino acid sequence
of SEQ 1D NOG: 15, and wherein the amino acid sequence is not the amine acid sequence of

SEQ 1D NO: 24,

2. The isolated polypeptide of claim 1, comprising the amino acid sequence of SEQ D
NGO 2
3. The isolated polypeptide of claim 1 or 2, comprising the amino acid sequence of

SEQ ID NO: 3.

4, The isolated polypeptide of any one of claims 1-3, comprising the amino acid
sequence of SEQ ID NO: 4.

S. The isolated polypeptide of any one of claims 1-4, comprising the amino acid

sequence of SEQ ID NO: 5.

6. The isolated polypeptide of any one of claims 1-4, comprising the amino acid
sequence of SEQ IDNO: 6.
7. The isolated polypeptide of any one of claims 1-6, comprising the aming acid

sequence of SEQ HING: 7.
8. The 1solated polypeptide of any one of claims 1-6, comprising the amino acid
sequence of SEQ ID NO: 8.
9. The isolated polypeptide of any one of claims -6, comprising the amino acid
sequence of SEQ HI NO: 9,
10. The isolated polypeptide of any one of clatms 1-9, wherein cach of residues 34, 101,
and 115 are Y.
11. The isolated polypeptide of any one of claims 1-9, wherein 1, 2, or all 3 of residucs
34,101, and 115 are F.
1Z. The isolated polypeptide of any one of claims 1-9, wherein residue 84 is Y.
13. The isolated polypeptide of any one of claimas 1-12, whercin at least one of the
following is true:

Residue 7is L;

Residue 41 is W

Residue S8 is H;

Residoe 61 18 H;

Residue 64 is W,

Residue 90 is V;
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Residue 9718 Y,

Residue 10318 T;

Residue 115 is L;

Residuoe 119 13 W,

Residue 124 is I; and/or

Residue 128 is A
14, The isolated polypeptide of claim 13, wherein 2, 3,4, 5, 6,7, 8,9, 10, 11, orall 12
of the residues are as defined.
15. The isolated polypeptide of any one of claims 1-14, selected from the group
consisting of SEQ 1D NOS:10-23,
16. The isolated polypeptide of any one of claims 1-15, wherein the isolated

polypeptide is at least 80% identical to the amino acid sequence of SEQ ID NO:15.

17. The isolated polypeptide of any onc of claimas 1-16, further comprising a detectable
tag.
18. A pharmaceutical composition, comprising one or more polypeptides of any one of

claimas 1-17 and a pharmaceutically acceptable carrier.
19, An isolated nucleic acid encoding the polypeptide of any one of claims 1-17.
240 A recombinant expression vector conprising the isolated nucleic acid of claim 19

operably hinked to a control sequence.

21 A recombinant host cell comprising the recombinani cxpression vector of claim 20
22, A method for treating digoxin overdose and/or toxicity, comprising administering to

a subject in need thereof an amouont effective of the polypeptide of any one of claims 1-17 or

the pharmaceutical composition of claim 18 to treat the digoxin toxicity,

23. The method of claim 22, wherein the pelypeptide is the polypeptide of claim 10 or
i5.
24, A method for detecting digoxin, comprising contacting a sample of interest with the

polypepiide of any one of claims 1-17 under suitable conditions for binding the detectable
polypeptide to digoxin present in the sanple to form a polypeptide-digoxin binding complex,

and detecting the polypeptide-digoxin binding complex.

81



WO 2014/159947 PCT/US2014/025500

\ W
o \\\\ \
\
\ N

Sy rogariin
kol el ey oo gl vl
Ul i ety e s g s sy e somplnenly

FIGURE 12

1id1

SUBSTITUTE SHEET (RULE 26)



WO 2014/159947

i
#

A b

48 |

N

PCT/US2014/025500

LA S

averags hydrogen bonding

FIGURE 1b

2141

SUBSTITUTE SHEET (RULE 26)

. .
% W

o]

ot
i‘&nﬁi\é‘



WO 2014/159947 PCT/US2014/025500

/

[
B
&

e e e gttt e, DU R i e it i
Lompansatag SITE fuorascenoe

X

FIGURE 1c

3/41

SUBSTITUTE SHEET (RULE 26)



PCT/US2014/025500

WO 2014/159947

e S : \nw\u\ww.wiw.

.\

.......................

&\\\\\\ MR \ M

E

FALI Ty,
Ak,
T

FIGURE 1d

4/41

SUBSTITUTE SHEET (RULE 26)



Py bl

WO 2014/159947

\ i’g w*\}{ ““ b N4
* ﬁmﬁmmﬁm&m&ﬁmm&mm&@ w e

er" P

Fastion

FIGURE 2a - 2b

5/41

SUBSTITUTE SHEET (RULE 26)

PCT/US2014/025500

i
opimad

g Z S ConrE Z 22 Za
optirnaiity of denunriss resius g o




PCT/US2014/025500

WO 2014/159947

g

w2z

e

Al

e

;

W

X, .\‘{

{
\
!

V\\w.\ %

R sttt st S R R A e
y 5 3 % : U

00

&L

FIGURE 2¢

SUBSTITUTE SHEET (RULE 26)



WO 2014/159947 PCT/US2014/025500

FIGURE 2d

41

SUBSTITUTE SHEET (RULE 26)



WO 2014/159947 PCT/US2014/025500

{z\\:&&}\\\-\\\\_\ ‘

FIGURE 3

8/41

SUBSTITUTE SHEET (RULE 26)



WO 2014/159947 PCT/US2014/025500

s
Rk

B
o IR
\ . \
s\ L N
y . 3 A% oy
W \\\V\ ot o iy 3 N \ o
ot S W NN
PR
S

FIGURE 4a

941

SUBSTITUTE SHEET (RULE 26)



WO 2014/159947

PCT/US2014/025500

It
5
=3

o=
= =

o

P
e e~ 4

g

2

ghE
T

&

=5

=z

&

FIGURE 4b- 4c

1041

SUBSTITUTE SHEET (RULE 26)



WO 2014/159947 PCT/US2014/025500

:sy/__/////f%,/":’—":(//:””‘ i

St

=2 =z
o) 2=

%“&\»

foc
E

y \\ ¥ o lf &3 \\\ 5 & o y \\\'. A W ..\‘“\ \“‘ § ok \“\. 5 .8‘ o N \\.Q- 3 A N \‘
(A A A A AR AR A R A A

FIGURE 4d - 4e

14

SUBSTITUTE SHEET (RULE 26)



PCT/US2014/025500

WO 2014/159947

s
=3

= o i = < P
= = o p £ = ==
=5 = fac s S 25 ==
= 5 25 et 2 e =G ik

wremsperyciery Burssasadnig 1o
peesEiier T3 AR TSLIo ity LISy

FIGURE 5a

SUBSTITUTE SHEET (RULE 26)



PCT/US2014/025500

WO 2014/159947

=

§

LA T R R N SO

= w feoa3 o = e e
= = o ol ey f7] == o
2 P £ ot o e = i
== = EE S = = -2 Pt

pyempEirici iy S aoaaiwn 3o
1LIEsy TRed renEsisochiigyTy LIS

e

i-rzZE
a5 L wrERgy

ErFEE

FIGURE 3b

SUBSTITUTE SHEET (RULE 26)



WO 2014/159947 PCT/US2014/025500

AN % z
¥ AN
e § §
il Nmmmwwm Lo §

I S U A I S B B
O R OW R & om

FIGURE 6a

14141

SUBSTITUTE SHEET (RULE 26)



PCT/US2014/025500

WO 2014/159947

O O

e M

N\ .......... §§§§ Hor B

Nwmﬂm“mm TS m \mwm.\u S N

FERALE \wm <= wn\uﬁ“ m&\\&‘ Sk SR B T rwxwu e

FIGURE 6b

SUBSTITUTE SHEET (RULE 26)



PCT/US2014/025500

WO 2014/159947

=

&m
a W@
; : Z
s =2 =3 s ] =2
g =] oo o

safmpenin g BrassoinD 30 ouiing
Thed DHEOELMpTAICETY LIRS S LEBIEE A LEEpIE.

X

s A g 5 W LT3

ESEDNE ¢ 21830

FIGURE 6c

SUBSTITUTE SHEET (RULE 26)



WO 2014/159947

a8}

Frovizkboars oof L2255 Bliruwclirug Syl
.

‘ ’

SRR R ANV NN A

LA BN BN NN LAY :
K T T S
s ' w5 o© & oy
SR B i
B0 = oh ¥ #

g

FIGURE 7a

17141

SUBSTITUTE SHEET (RULE 26)

PCT/US2014/025500




WO 2014/159947 PCT/US2014/025500

ZEherasd

ﬁ
==

¥ TRV EE BRimwiing
ey

Frgmsiices

FIGURE 7h

1841

SUBSTITUTE SHEET (RULE 26)



WO 2014/159947 PCT/US2014/025500

Sl &l abiration cohinatons!
mulagenssh mutaganesis For & lew e

FIGURE 8a

1941

SUBSTITUTE SHEET (RULE 26)



PCT/US2014/025500

WO 2014/159947

T s S

FIGURE 8b

2041

SUBSTITUTE SHEET (RULE 26)



PCT/US2014/025500

WO 2014/159947

p
=
77

A cx
2
\ 2
\\ R

,,,,,,,,,,,,,,,,,

%

4

o
%
o ke

FIGURE 9a
21/41

SUBSTITUTE SHEET (RULE 26)



WO 2014/159947 PCT/US2014/025500

o8 3

o &

y B

T\f'
o »
X &
RS L B
e h {“‘ t
;% 3 &4
3! ‘1
poed &
oogat % J

£ B

] i

¥ w W gy 1y ®

(OGO VOS] (A

Fraviion Boung

{‘} s

A )

ot w® Wt oo
RS TRR YIOTR] 401

't Q“\ 2 9 E}\'Q‘ ..3 §:}‘

i
b
Bk

m

R4S

3

%; 9.4 | &
R 2
- s
o &
LA sy y &

s

wr
(G0 YHISE] (WG

FIGURE 9b
22141

SUBSTITUTE SHEET (RULE 26)



PCT/US2014/025500

WO 2014/159947

]

z 2
: 7 = e
: e - G e,
: ) : E e o)
3 ot 4 .,
4 4 i,
4 1 SN
2 2
: 4 %
§
: 2
. ¥
40T s
L . . b :
2 5 .
k] w = o] & ] o] (3
' v P

o 7 s s

&

4 ik 7
4 H

o] ] P

k4

el

.
§

R
'

(9 %4

PR B B PAINOH 4049844

R
A

23141

FIGURE 9¢c
SUBSTITUTE SHEET (RULE 26)



WO 2014/159947 PCT/US2014/025500

FIGURE 10a

24/41

SUBSTITUTE SHEET (RULE 26)



WO 2014/159947

o
e
WY

x\\\\\\\\\\\\&-

FIGURE 10b

25/41

SUBSTITUTE SHEET (RULE 26)

PCT/US2014/025500

P S ——




WO 2014/159947 PCT/US2014/025500

g

Hosition

FIGURE 11a

26041

SUBSTITUTE SHEET (RULE 26)



WO 2014/159947 PCT/US2014/025500

eaiprste

S

iz

FIGURE 11b

27141

SUBSTITUTE SHEET (RULE 26)



WO 2014/159947 PCT/US2014/025500

- A

FIGURE 122

28/41

SUBSTITUTE SHEET (RULE 26)



w\\\\\\\\\\%

PCT/US2014/025500

B

“..
Z
Z
z

WO 2014/159947

ST TGS

29/41

SURBSTITUTE SHEET (RUILE 26)

FIGURE 12b

““\“\““\1




PCT/US2014/025500

WO 2014/159947

Rl

2
.

FIGURE 13a

30/41

SUBSTITUTE SHEET (RULE 26)



PCT/US2014/025500

WO 2014/159947

FIGURE 13b

31/41

SUBSTITUTE SHEET (RULE 26)



WO 2014/159947 PCT/US2014/025500

1.8

D8
.
5 08
$

e 04

8 vy i . ’g‘_} £ § {\ R % {}: & "\' 8
143 EER {3 & $ s

[Steroid] (M)

FIGURE 14

32/41

SUBSTITUTE SHEET (RULE 26)



WO 2014/159947 PCT/US2014/025500

S
R
&
‘ g
{
E kS

=

N NS

N\

3 % % N =% < 3 §
\\‘\\\\\\ A

N

FIGURE 15

33/41

SUBSTITUTE SHEET (RULE 26)



WO 2014/159947 PCT/US2014/025500

\’$$§§\H
\\§§\ N

g3

R

mafll

Ay
S
S
R 5
. .
i \ 1 Rivvosnesaaisey
i
X
g R VYO N NI
g r - 3 ~ . % : a0 8 . .
8 0 S R 18 18 b4 phN LR 14 B 18

Wolurn {mok} Weshumee {wl)

FIGURE 16

34/41

SUBSTITUTE SHEET (RULE 26)



WO 2014/159947 PCT/US2014/025500

FIGURE 17

35041

SUBSTITUTE SHEET (RULE 26)



WO 2014/159947 PCT/US2014/025500

\\ 8
R &

% AR

" )

b S0 SN B
AL A
YW

o i
&
oA

Yy

N i
\s \\""\-;-
AR

W
R o
gl
A8

{.

FIGURE 18

36/41

SUBSTITUTE SHEET (RULE 26)



WO 2014/159947 PCT/US2014/025500

FIGURE 19

37141

SUBSTITUTE SHEET (RULE 26)



PCT/US2014/025500

WO 2014/159947

FIGURE 20

38/41

SUBSTITUTE SHEET (RULE 26)



PCT/US2014/025500

WO 2014/159947

\\\\\\\\\\\\\&“ 0+ 5110

Wi

w§\ ....................... \\\\\;\\\\\\\\\\\\\\\\\\\\\\\.\\\\\\\\\\\\\\\\\\\\\\\\\\\ . \..m
%3
v, Mﬁwa Bud YRR TRy AAVE T - % % * % 2

39/41

FIGURE 21a
SUBSTITUTE SHEET (RULE 26)



N\ ¥

PCT/US2014/025500

WO 2014/159947

syepiongy “v&ﬁmmwm\\&xuu 57

B Ted DOTETrnclieTy LI oy

.
G, +
% v

%, +

Y
Y

FIGURE 21b

40/41

SUBSTITUTE SHEET (RULE 26)



PCT/US2014/025500

WO 2014/159947

e
e srs

pac]

5%

..
7ot b
A 4
2 k2 A4

23] ie 23] B84

£y 7 pes =

7. V¥ £7 32

£ 5 = 5y

B i ¥ ;

;: <5 pey

i i L
o o ]
]

erere vrern L [
A
ey Beed
H H
B ] Zi
B B
_uaw 4 AnJ
nw 4, “m
w5 1% L [
e b =
P eenmr Ty 4] ¥y
0 B & B
s0ch rrce. s coree.

K 4 7

- - : y
£ = o
vl wrd w4
rH Pl o
fod sec) vd
o, o 7
G 121 oa

41/41

FIGURE 22
SUBSTITUTE SHEET (RULE 26)



INTERNATIONAL SEARCH REPORT

International application No

PCT/US2014/025500

A. CLASSIFICATION OF SUBJECT MATTER

INV. CO7K14/435
ADD.

According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

CO7K

Minimum documentation searched (classification system followed by classification symbols)

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)

EPO-Internal, Sequence Search, BIOSIS, EMBASE, FSTA, WPI Data

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category™

Citation of document, with indication, where appropriate, of the relevant passages

Relevant to claim No.

X DATABASE UniProt [Online]
3 April 2007 (2007-04-03),

protein;",
XP002726608,

UNIPROT:A3LDCO
Database accession no. A3LDC9
sequence

"SubName: Full=Putative uncharacterized

retrieved from EBI accession no.

1-14,
16-21

Further documents are listed in the continuation of Box C.

See patent family annex.

* Special categories of cited documents :

"A" document defining the general state of the art which is not considered
to be of particular relevance

"E" earlier application or patent but published on or after the international
filing date

"L" document which may throw doubts on priority claim(s) or which is
cited to establish the publication date of another citation or other
special reason (as specified)

"O" document referring to an oral disclosure, use, exhibition or other
means

"P" document published prior to the international filing date but later than
the priority date claimed

"T" later document published after the international filing date or priority
date and not in conflict with the application but cited to understand
the principle or theory underlying the invention

"X" document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive
step when the document is taken alone

"Y" document of particular relevance; the claimed invention cannot be
considered to involve an inventive step when the document is
combined with one or more other such documents, such combination
being obvious to a person skilled in the art

"&" document member of the same patent family

Date of the actual completion of the international search

18 July 2014

Date of mailing of the international search report

30/07/2014

Name and mailing address of the ISA/

European Patent Office, P.B. 5818 Patentlaan 2
NL - 2280 HV Rijswijk

Tel. (+31-70) 340-2040,

Fax: (+31-70) 340-3016

Authorized officer

Luo, Xinmei

Form PCT/ISA/210 (second sheet) (April 2005)




International application No.

INTERNATIONAL SEARCH REPORT PCT/US2014/025500
Box No. | Nucleotide and/or amino acid sequence(s) (Continuation of item 1.c of the first sheet)
1. With regard to any nucleotide and/or amino acid sequence disclosed in the international application and necessary to the claimed
invention, the international search was carried out on the basis of:
a. (means)
D onh paper
in electronic form
b (time)
in the international application as filed
D together with the international application in electronic form
D subsequently to this Authority for the purpose of search
2. D In addition, in the case that more than one version or copy of a sequence listing and/or table relating thereto has been filed
or furnished, the required statements that the information in the subsequent or additional copies is identical to that in the

3. Additional comments:

application as filed or does not go beyond the application as filed, as appropriate, were furnished.

Form PCT/ISA/210 (continuation of first sheet (1)) (July 2009)




INTERNATIONAL SEARCH REPORT

International application No

PCT/US2014/025500

C(Continuation). DOCUMENTS CONSIDERED TO BE RELEVANT

Category™ | Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.

& K. Mathee ET AL: "Dynamics of
Pseudomonas aeruginosa genome evolution",
Proceedings of the National Academy of
Sciences,

vol. 105, no. 8,

26 February 2008 (2008-02-26), pages
3100-3105, XP55125683,

ISSN: 0027-8424, DOI:
10.1073/pnas.0711982105

X DATABASE UniProt [Online] 1-14,
16-21
28 November 2012 (2012-11-28),
"SubName: Full=Isomerase; SubName:
Full=Uncharacterized protein;",
XP002726609,

retrieved from EBI accession no.
UNIPROT:K1DMJ3

Database accession no. K1DMJ3

the whole document

& S. Chugani ET AL: "Strain-dependent
diversity in the Pseudomonas aeruginosa
quorum-sensing regulon",

Proceedings of the National Academy of
Sciences,

vol. 109, no. 41,

17 September 2012 (2012-09-17), pages
E2823-E2831, XP55125691,

ISSN: 0027-8424, DOI:
10.1073/pnas.1214128109

X DATABASE UniProt [Online] 1-14,
16-21
25 January 2012 (2012-01-25),

"SubName: Full=Uncharacterized protein;",
XP002726610,

retrieved from EBI accession no.
UNIPROT:G5FN39

Database accession no. G5FN39

the whole document

A DE 35 08 307 Al (BAYER AG [DE]) 18,22-24
24 April 1986 (1986-04-24)
the whole document

A US 2007/020624 Al (RUBENFIELD MARC J [US] 1-24
ET AL) 25 January 2007 (2007-01-25)
the whole document

_/__

Form PCT/ISA/210 (continuation of second sheet) (April 2005)



INTERNATIONAL SEARCH REPORT

International application No

PCT/US2014/025500

C(Continuation). DOCUMENTS CONSIDERED TO BE RELEVANT

Category™

Citation of document, with indication, where appropriate, of the relevant passages

Relevant to claim No.

X,P

CHRISTINE E. TINBERG ET AL:
"Computational design of Tigand-binding
proteins with high affinity and
selectivity",

NATURE,

vol. 501, no. 7466,

4 September 2013 (2013-09-04), pages
212-216, XP55125367,

ISSN: 0028-0836, DOI: 10.1038/naturel2443
the whole document

1-24

Form PCT/ISA/210 (continuation of second sheet) (April 2005)




INTERNATIONAL SEARCH REPORT

Information on patent family members

International application No

PCT/US2014/025500
Patent document Publication Patent family Publication
cited in search report date member(s) date
DE 3508307 Al 24-04-1986  NONE
US 2007020624 Al 25-01-2007 US 6551795 Bl 22-04-2003
US 2007020624 Al 25-01-2007

Form PCT/ISA/210 (patent family annex) (April 2005)




	Page 1 - front-page
	Page 2 - front-page
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - description
	Page 25 - description
	Page 26 - description
	Page 27 - description
	Page 28 - description
	Page 29 - description
	Page 30 - description
	Page 31 - description
	Page 32 - description
	Page 33 - description
	Page 34 - description
	Page 35 - description
	Page 36 - description
	Page 37 - description
	Page 38 - description
	Page 39 - description
	Page 40 - description
	Page 41 - description
	Page 42 - description
	Page 43 - description
	Page 44 - description
	Page 45 - description
	Page 46 - description
	Page 47 - description
	Page 48 - description
	Page 49 - description
	Page 50 - description
	Page 51 - description
	Page 52 - description
	Page 53 - description
	Page 54 - description
	Page 55 - description
	Page 56 - description
	Page 57 - description
	Page 58 - description
	Page 59 - description
	Page 60 - description
	Page 61 - description
	Page 62 - description
	Page 63 - description
	Page 64 - description
	Page 65 - description
	Page 66 - description
	Page 67 - description
	Page 68 - description
	Page 69 - description
	Page 70 - description
	Page 71 - description
	Page 72 - description
	Page 73 - description
	Page 74 - description
	Page 75 - description
	Page 76 - description
	Page 77 - description
	Page 78 - description
	Page 79 - description
	Page 80 - description
	Page 81 - description
	Page 82 - claims
	Page 83 - claims
	Page 84 - drawings
	Page 85 - drawings
	Page 86 - drawings
	Page 87 - drawings
	Page 88 - drawings
	Page 89 - drawings
	Page 90 - drawings
	Page 91 - drawings
	Page 92 - drawings
	Page 93 - drawings
	Page 94 - drawings
	Page 95 - drawings
	Page 96 - drawings
	Page 97 - drawings
	Page 98 - drawings
	Page 99 - drawings
	Page 100 - drawings
	Page 101 - drawings
	Page 102 - drawings
	Page 103 - drawings
	Page 104 - drawings
	Page 105 - drawings
	Page 106 - drawings
	Page 107 - drawings
	Page 108 - drawings
	Page 109 - drawings
	Page 110 - drawings
	Page 111 - drawings
	Page 112 - drawings
	Page 113 - drawings
	Page 114 - drawings
	Page 115 - drawings
	Page 116 - drawings
	Page 117 - drawings
	Page 118 - drawings
	Page 119 - drawings
	Page 120 - drawings
	Page 121 - drawings
	Page 122 - drawings
	Page 123 - drawings
	Page 124 - drawings
	Page 125 - wo-search-report
	Page 126 - wo-search-report
	Page 127 - wo-search-report
	Page 128 - wo-search-report
	Page 129 - wo-search-report

