10

15

20

25

30

WO 2023/137417 PCT/US2023/060615

e novo designed luciferase

Reference to Related Applications
This apphication claims priority to U.S. Provisional Patent Application Serial Nos.
63/300,171 filed January 17, 2022 and 63/381,922 filed November 1, 2022, each

meorporated by reference herein in their entirety.

Federal Funds Statement
This invention was made with government support under Grant No. KOOEBO031913,
awarded by the National Institutes of Health. The government has certain nights in the

mvention.

Sequence Listing Statement

A computer readable form of the Sequence Listing is filed with this application by
clectronic submisston and is incorporated into this application by reference in its entirety, The
Sequence Listing is contained in the file created on January 8, 2023 having the file name “21-

1622-WQO xmi” and 1s 638 kb in size.

Background of the Invention

Bioluminescent hight produced by the enzymatic oxidation of a luciferin substrate is
widely used for bioassays and imaging in biomedical rescarch. Because no excitation light
source ts needed, luminescent photons are produced in the dark which results 1o tugher
sensitivity than fluorescence imaging in live animal models and in biclogical samples where
autofluorescence or phototoxieity is a concern. However, the development of luciferases as
malecular probes has lagged behind that of well-developed fluorescent protein toolkits fora
number of reasons: (i) very fow native luciferases have been identified; (11) many of those
that have been identified require multiple disulfide bonds to stabilize the structure and are
therefore prone to misfolding in mammalian cells; (i) most native luciferases do not
recognize syithetic luciferims with more desirable photophysical properties; and (iv})
multiplexed imaging to follow multiple processes in parallel using mutually orthogonal
huciferase-huciferin pairs has been limited by the low substrate specificity of native

luciferases.
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Summary of the Invention

o one aspect, the disclosure provides proteins baving luciferase activity, comprising
the secondary stracture arrangement H1{-LI-H2-L2-E1-L3-E2-L4-H3-L5-E3-L6-E4-L7-ES-
L8-E6, wherein “H” 1s a hehical domain, “L” is a loop domain, and “E” s a beta strand
domain; wherein:

{a}  the Hi domain is at least 18 or 19 anuno acids in length; residue 14 of the HI
domamnis Y, B, or E, and residue 18 of the Hl domaimis Dor E;

(b} the E3 domain is atleast 6, 7, &, ¢, or 10 amino acids in length and residue 2
of the E3 domain is R; and

{c) the ES domain is at least 10, 11, 12, 13, or 14 anino acids 1o length and
residue 9 of the ES domainisHor N

In various embodiments, 7 of the ES domain is M; the E6 domain i1s at least 9, 10, 11,
12, or 13 amino acids in length and wherein residue 5 of the E6 domain 1s V; residue 1 of the
L3 domamn s 8; residue 7 of the E3 domain is M and residue 5 of the ES domam 1 V) and/or
residue 7 of the ES domain is M, residue 3 of the E6 domain 1s V, and residue 1 of the LS
domain is §.

o other embodiments, the H2 domain is at least 5, 6, or 7 anuno acids i length, the
H3 domainis at least 9, 10, 11, 12, 13, or 14 amino acids mn length, the E1 domain is at least
3 or 4 amino acids i length, the E2 domain is at least 3 or 4 amino acids in length, and/or the
E4 domamn is at least 8, 9, 10, 11, or 12 amino acids i length.

In one embodiment, 1, 2, 3, 4, or all 5 of the following is true:

{a) residue 13 of domain Hl s F;

{b} restdue 1 of domain L3 s W,

{c) restdue S of domain ES 1s V or another hvdrophobic residuc;

{d) restdue 8 of domain E5 is A or L or another hydrophobic residue; and/or

{c) residue 11 of domain ES is W,

In another embodiment, 1, 2, 3, 4, 5, or all 6 of the following are truc:

{a) residue 2 of doman El is T or another hvdrophobic residue;

(b} residue 4 of domain H3 i F;

{c} restdue 6 of domain E4 s V or another hydrophobic residue;

{d) residue 8 of domain E4 1s L or another hvdrophobic residue;

{c) restdue S of domain E6 1s M or V or ancther hydrophobic residue; and/or

63 restdue 7 of domain E6 1s V or another hydrophobic residue.
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In a further ernbodiment, the protein comprises an aming acid sequence at least 30%,
35%, 40%, 45%, 50%, 55%, 60%, 65%, 70%, 75%, 80%, 85%, 90%, %1%, 92%, 93%, 94%,
03%, 96%, 97%, 98%, 99%, or 100% identical to the amino acid sequence selected from the
group consisting of SEQ 1D NO:1-181, or SEQ ID NO:1-3. In ancther embodiment, the
protein comprises the amino acid sequence of SEQ ID NG 4.

In one aspect, the disclosure provides proteins having luciferase activity, and
comprising an anmino acid sequence at least 30%, 35%, 40%, 45%, 50%. 35%, 60%, 65%,
0%, 75%, 80%, 85%, 90%, 91%, 92%, 93%, 949, 95%, 96%, 97%, 98%, 99%, or 100%
tdentical to the amino acid sequence of SEQ ID NG 1, wherein:

Residue 1418 Y, D, or F and residue 98 1s H or N; and

esidue 1815 D or E and residue 65 s R,

In various embodiments, the protein comprises one or both of A96M and M110V
substitutions relative to SEQ 1D NG 1; both of AS6M and M110V sabstitutions relative to
SEQ ID NG: 1; and/or an R60S substitution relative to SEQ 1D NO:1; R60S, A96M, and
M110V substitutions relative to SEQ 1D NG: 1. In other embodiments, the protein comprises
an amino acid sequence at feast 60%, 65%, 70%, 73%, 80%, 85%, 90%, 91%, 92%, 93%,

G4%, 95%, 96%, 97%, 98%, 99%, or 100% identical 1o the anino acid sequence selected
from the group cousisting of SEQ I NO: -3, or 1-181

In another aspect, the disclosure provides a protein comprising the formuala X1-Z1-

X2-£2-X3-73-X4-24-X3-Z3-X6-26-X7-£7-X8-Z8, wherein:

"l o/

X1 has an amino acid scquence at feast 50%, 55%, 60%, 65%, T0%, 75%, 0%, 85%,
90%, 91%, 92%, 93%, 24%, 95%, 96%, 97%, 989, 99%, or 1{0% identical to the anvno acid
sequence of MSEEQIRQFL RRFYEALD (SEQ ID NC: 182), wherein residue 14is Y,
D, or E and residue 18 is Dor E;

X2 has an amino acid sequence at feast 50%, 553%, 60%, 65%, T0%, 73%. 80%, 85%,

0%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, 99%, or 100% identical to the ammo acid

sequence of ADTAASLE (SEQ ID NO: 183);

X3 has an amino acid sequence at least 50%, 75%, or 100% 1dentical to the amino
acid sequence of TTHL (SEQ ID NO: 184);

X4 has an amino acid sequence at least 33%, 66%, or 100% identical to the anuno

]

acid sequence of VTE;
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X3 has an amino acid sequence at least 50%, 553%, 60%, 65%, 70%, 73%, 80%, 85%,
90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, 99%, or 100% identical to the amino acid

EWE

LEST (3EQ ID NO: 185);

sequence of

X6 has an amino acid sequence at least 50%, 553%, 60%, 65%, 70%, 73%, 80%, 85%,
90%, 91%, 92%, 93%, 94%, 95%, 926%, 97%, 98%, 99%, or 100% identical to the amine acid
sequence of QREIKSL EVR {SEQ ID NO: 186}, wherein residuc 2 is R;

5%, 60%, 65%, T0%, 75%, 80%, 85%,

s 0/0

X7 has an amino acid sequence at feast 50%, 53
90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, 99%, or 100% identical to the amine acid
sequence of VEVH VQLHATH (SECQ ID NO: 187);

X8 has an amino acid sequence at feast 50%, 53%, 60%, 65%, 70%, 753%. 80%, 853%,
0%, 91%, 929%, 93%, 94%, 95%, 96%, 97%, 98%, 99%, or 100% identical to the anmuimo acid
sequence of KHTVDATHHW EFR (SEQ ID NO: 188), whereinresidue BisHorN;

X9 has an amino acid sequence at feast 50%, 55%, 60%, 65%, 70%, 75%. 80%, 85%,
S0%, 91%, 92%, 93%, 94%, 95%, 6%, 97%, 98%%, 99%, or 100% identical to the amino acid
sequence of VITEM RVHINPTG (SEQ ID NO: 189); and

wherein Z1, 22, 23, 24, 25, 76, 27, and Z8 are independently present or absent, and
when prosent may comprise any amino acid sequence.

In another embodiment, the disclosure provides seif-complementing multipartite
protein shaving luciferase activily, comprising at least a first polypeptide component and a
second polvpeptide component, wherein the at least first polypeptide component and the
second polypeptide component are not covalently linked, wherein n total the at least first
polypeptide component and the second polyvpeptide component comprise domams X1-Z1-
X2-£2-K3-73-K4-F4-K5-Z5-X6-26-XT7-27-X8-£8-X9, wherein cach domain is as defined
herem;

wherein {a} each X domain is fully present within one polypeptide component of the
at feast first polvpeptide component and the second polypeptide component, and (b} none of
the at least first polypeptide component and the second polypeptide component include cach
of X1, X2, X3, X4, X5, X6, X7, X8, and X9.

In a further embodiment, the disclosure provides self-complementing multipartite
protein having luciferase activity, comprising at feast a first polypeptide component and a
second polypeptide component, wherein the at least first polypeptide component and the
second polypeptide component are not covalently linked, wherein in total the at least first

polypeptide component and the second polypeptide component compnse the secondary
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structure arrangement H-L-H2-L2-E1-L3-E2-L4-H3-L3-E3-L6-FE4-L7-E3-L8-E6, wherem
cach domain 1s as defined herein

o a further embodiment, the disclosure provides proteins having luciferase activity,
comprising the secondary structure arrangement H1-L1-H2-L2-E1-L3-E2-L4-H3-L5-E3-L6-
E4-L7-E5-L8-E6, wherein “H” is a helical domain, “L” 15 a loop domain, and “E” 1s a beta
strand domain; wherein:

{a) the H1 domain is at least I8 or 19 anuno acids m length; residue 14 of the H1 domamn
is Y, B, or E, and residue 18 of the HI domainis D or E;

{by the E3 domain is at least 6, 7, 8, 9, or 10 amino acids in length and residue 2 of the E3
domain s R; and

{c} the ES doman s at least 10, 11, 12, 13, or 14 amino acids in length and residue 9 of
the ES domain is Hor N

The disclosure also provides fusion proteins comprising:

{a) the proten or polvpeptide component of any embodiment; and

(b} one or more additional functional domains.

The disclosure further provides nucleic acids encoding the protein, polvpeptide
component, or fusion proteins of the disclosure, expression vector comprising the nucleic
acids operatively linked to a suitable control element, host cells comprising a protein,
polypeptide component, fasion protein, nucleic acid, and/or expression vector of the
disclosure; and kits compusing a protein, polypeptide component, fusion protein, nucleic
acid, expression vector, and/or host cell of the disclosure; and nstructions for theiruse. The
disclosure also provides methods for use of a protein, polypeptide component, fusion protein,

nucleic acid, expression vector, host cell, and/or kit of the disclosure.

Brief Description of the Figures

Figure 1: Generation of idealized scaffolds and computational design of de nove
fuciferases. {(a) Family-wide hallucination. Sequences encoding proteins with the desired
topology are optimized by Monte Carlo sarapling with a multicomponent foss fumction.
Structurally conserved regions are evaluated based on consistency with input residue-residue
distance and onentation distributions obtained from 35 experimental structures of NTF2-like
proteins, while variable non-ideal regions are evaluated based on the confidence of predicted
mter-residue geometiies calculated as the Ki~divergence between network predictions and
the background distnibution. The sequence-space MCMC-sampling incorporates both
sequence changes and nsertions/deletions (see Methods) to guide the hallucinated sequence
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towards encoding structures with the desired folds. Hydrogen-bonding networks are
meorporated into the designed structures to increase structural specificity. (b-d) The design
of luciterase active sites. {(b) Generation of DTZ conformers using AIMNet. {¢) Generation
of a rotamer mieraction field (RIF) fo stabilize the anionic DTZ and form hyvdrophobic
packing mteractions arcund the DTZ conformers. {d) Docking of the RIF into the
hallucinated scaffolds, and optimization of substrate-scaffold interactions using position-
specific score matrices (PSSM)-biased sequence design. (¢) Sclection of the NTF2 topology.
The RIF was docked into 4000 native small molecule binding proteins, excluding protems
that bind the huciferin sabstrate using more than § loop residues. Most of the top hits were
from the NTF2-like protein superfamily. Using the family-wide hallucination scaffold
generation protocol, we generated 1615 scaffolds and found that these yiclded better
predicted RIF binding encrgics than the native proteins. (£} Scaffolds generated with family-
wide halhucination sample more within the space of the native structures than previous
blueprint geverated scaffolds, and {g) have stronger scguence to structure relationships than
native or blueprint de novo NTF2 scaffolds.

Figure 2. Biophysical characterization of LuxSit. (3) Coomassie-stained SDS-
PAGE of purified recombinant LuxSit from E. colt. (b) Size-exclusion chromatography of
purified LuxSit suggested monodispersed and monomeric properties. {¢} Far-ultraviolet CD
spectra at 25 °C, 95 °C, and cooled back to 25 °C. Insert: CD melting curve of LuxSit at 220
. {d} Luminescence emission spectra of DTZ in the presence and absence of LuxSit. (e}
Structural alignment of the design model and AlphaFold? predicted model, which are 1 close
agreement at both backbone (left) and sidechan level (nght). (f-1) Site saturation mutagenesis
of substrate interacting residucs. Zoomed-in views {left) of design and AlphaFold2 models at
sidechain level llustrated the designed enzyme-substrate interactions of (), Tyr14-His98
core HBNets, (g), Asplé-Arg65 dvad, (b), n-stacking, and i, hydrophobic packing residucs.
Sequence profiles (rnight) are scaled by the activities of different sequence vanants: {activity
for the indicated amine acid) / {the sum of activitics over all tested amino acids at the
position}, Substitutions with increased activity (Ala®96 and Metl 10) are highlighted.

Figure 3. Characterization of luciferase activity in vitro and in human cells. (a)
Substrate concentration dependence of LuxSit, LuxSit-f) and LuxSit-1 activity. Numbers
mdicate the signal-to-background ratio at Vmax. (bFluorescence and lununescence mmaging of
bve HEK293T cells transiently expressing LuxSut-i-mTagBFP2; LuxSit-1 activity can be
detected at single-cell resolution. Lefl: fluorescence channel representing mTagBFP2 signal.
Right: total luminescence photons were collected during a course of 10 s exposure. Inserts:

6
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negative control, untransfocted cells with DTZ. The lunminescence images were acquired
mmmediately after adding 25 M DTZ withowt excitation light. Scale bar: 20 wm. 40X,

Figure 4. High substrate specificity of designed luciferases allows multiplexed
bioassay. {a} Chemical structures of Coclenterazine substrate analogs. (b) Activity of LuxSit-
1 on selected luciferin substrates. Luminescence image {top) and signal quantification
{bottom) of the indicated substrate in the presence of 100 nM LuxSit-1. LuxSit-1 has high
specificity for the design target substrate, DTZ. {¢) Heatmap visualization of the substrate
specificity of LuxSit-1, Renilla luciferase (RLuc), Ganssia tuciferase (GLue), engineered
NLue from Oplophorus luciferase. The heatmap shows luminescence for each enzyme on
cach substrate; values are normalized on a per-cnzyme basis to the highest signal for that
enzvme over all substrates. (d) Lumincscence enussion spectrmg of LuxSu-vDTZ and
RLuc/PP-CTZ can be spectrally resolved by 328/20 and 390/35 filters (shown in dashed bars})
and only recognize the cognate substrate. (&) Schematic of the multiplex luciferase assay.
HEKZ293T cells transicntly transfected with CRE-RLuc, NFkB-LuxSit-1, and CMV-CyOFP
plasmids were treated with cither Forskolin or human tumor necrosis factor alpha (ThFa) to
induce the expression of labeled hiciferases { f-g} Luminescence signals from cells can be
measured under either substrate-resolved or spectrally resolved methods by a plate reader. (f)
For the substrate-resclved method, luminescence intensity was recorded without a filter after
adding either PP-CTZ or DTZ. (g) For the spectrally resolved method, both PP-CTZ and
DTZ were added, and the signals were acquired using 528/20 and 390/35 filters
simultancously. In (f) and (g, the lower panel indicates the addition of Forskolin or TNFa.
Lunuinescence signals were acquired from the lysate of 15,000 cells in CelLytic™ M reagent
whife CyOFP fluorescence signal was used to normalize cell numbers and transfection
cHficiencies. All data were normalized to the corresponding non-stimulated control. Data are
presented as mean = SD {(n=3).

Figure 5. Proposed catalytic mechanism of coelenterazine-utilizing huciferases.
Density-functional theory (DFT} calculation suggested that the formation of an anionic state
is the essential electron source for the activation of triplet oxygen 'Oz}, Supported by both
28,29

theoretical’®”” and experimental evidence®®?) the next oxyegenation process is hikely through

a single clectron transfer (SET) mechanism in which the surrosnding reaction field could
highly nfluence the change of Gibbs free cuergy (AGser). Finally, the thermolysis of a
dioxctane light emitier intermediate can produce photons via the mechanism of graduatly
reversible charge-transfer-induced luminescence (GRCTIL), which is generally exergonic.
Since all the historical pieces of evidence are based on calculations in the virtual solvents or

7
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chemiluminescence n ideal organic solvents. The detailed mechanism of a luciferase-
catalyzed huminescence reaction has remained vnclear. We proposed that the keyv step of the
enzyme is to promoie the formation of an anionic state and create a suitable environment to
facilitate cfficient SET. Hence, the goal of this study is to design an enzyme reaction ficld
surrounding the substrate to stabilize the anionic substrate state and alter the local proton
activity, solvent polarity, and hydrophobicity for the efficient activation of *(».

Figure 6. Schematic representative of colony-based luciferase screening.
Computationally designed DNA sequences were provided in an oligo array, where the
fragments were amplified by PCR, assembled, and ligated into a pBAD bacterial expression
vector. The plasmid hbrary was used to transform DHIOB cells. Each colony grown on the
LB agar plate represented one luctferase design. The plates were sprayved with DTZ solution
and imaged to identify active colonies using a ChemiDoc™ imager. All active colonies were
moculated in 96-well plates, expressed, and purified to confirm individual lociferase activity.
Selected plasmids can then be sequenced to point out active design models that provide
msights into the design principle and enzyme functions or can be subjected to random
mutagenesis for further evolution. Insert: three huciferases were wdentified from this
screening. We refer to the most active and D'TZ-specitfic luciterase as “LuxSu”.

Figure 7. Expression, purification, and structural characterization of LuxSit
variants. (a-¢) The recombinant expression of (a) Lax8it, (b} LuxSit-, and {¢} LoxSit-fin E.
coli. Annotations for each lane are the following —~ 1: Pre-IPT(G; 2: Post-IPTG: 3: Soluble
fvsate; 4: Flow-through; 5. Wash; 6: Flusion; 7: Post-TEV cleavage; 8: Post-SEC, (d-f) Size-
exclusion chromatography of the purified (d) LuxSit: (@) LuxSit~1; and {f) LuxSit-f monomer.
{g-1) Deconvoluted mass spectrum of (g) LuxSit, (b) LuxSit-i, and (i) LuxSit-f. (§-k} Far-
ultraviolet circular dichroism (D) spectra (Left panel) of (§) LuxSit~i; and (k) LuxSit-f at
25°C, 95 °C and cooled back to 25 °C. CD melting curve at 220 mun (Right panchy. ()
Dimeric SEC peak was observed when LuxSit-1 was concentrated to high concentration {(~50
1w} mn Tris pH 8.0 buffer. Both dimeric and monomeric SEC fractions showed the expected
size on SIS PAGE and both peaks were catalytically active to erott luminescence inthe
presence of 25 uM DTZ.

Figure 8. Screening of a randomized NNK library at 66, 96, and 110 pesitions
and sequence alignment between LuxSit and its variants. We generated a fully
randomized library at 60, 96, and 110 positions to exhaustively screen all possible
combinations. Afier the colony-based screeming, we identified many colonies with strong
tuciferase activities with DTZ. Each colony was expressed individually in cach well of 96-
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well plates {1 mL colture) and punfied accordingly {sec Methods). (a) Individual
luminescence activity of each selected mutant was plotted and compared to the parent LoxSit.
Luminescence activities were measured in the presence of 25 pM DTZ. Lumsinescence
activity (REU} was shown as the integrated signal over the first 15 nun. Statistical analvais of
the amine acid frequency versus the luciferase activity at residue {(b) 60, {¢} 96, and {d) 110.
Among all selected mutants, Arg60 is contirmed 1o be mutable as Arg60 may be structurally
less well defined as it emanates from a loop and has no hvdrogen-bonding pariner. Ala%6
prefers larger sidechain {(Leu, lie, Met, and Cys), and Met110 favors hydrophobic residues
(Val, Tle, and Ala}. A newly discovered variant {R60S/A96L/M 110V} with more than 100-
fold higher photon flux over Lax8it was assigned LuxSit-i for its high brightness.

Figure 9. Sequence alignment of Lux-8it (SEQ 1D NO: 1), Lux-Sit-1 (SEQ 1D NGO
2}, and Lux-Sit-f (SEG 1D NO: 3). In the sequence aligament, nutations are highlighted. The
conserved catalvtic dyads of Asp18-Arg6S and Tyr14-His98 are shown.

Figure 1, Additional characterization of LuxSit variants, (a} Nommalized
emission kinetics of 15,000 intact Hela cells expressing LuxSit~1, 100 nM purified LuxSit-1,
or 160 oM purified LwxSit-f in the presence of S0 uM DTZ. The more extended emission
kinetics in Hela cells 15 likely due to the diffusion rate of DTZ across cell membranes. (b)
Normalized lununescence decay curves of LuxSit-1 in various pH buffers revealed a pH-
dependent catalvtic mechanism. (¢} Luminescent quantum vield was estimated from the
mntegrated luminescence signal until completely converting 125 pmol substrates to photons in
the presence of 50 nM corresponding luciferase (see Methods). All data points were plotted
as the average of tniplicate measurements.

Figure 11. Expression, localization, and huminescence activity of LaxSit-i in hve
HEKZ2937T and Hel.a cells. (a-b) Fluorescence imaging of live {a) HEK293T and (b} Hela
cells exprossing LuxSit-1-m TagBFPZ, which is untargeted or localized to the nucleus
(Histone2B), plasma membrane {(KRasCAAX), or mitochondria (DAKAP) celludar
compartiments. Scale bar, 10 um. {e~-d} Luminescence signals were measured with 15,000
mtact (¢} HEK293T or (d) HeLa cells in the presence of 25 pM DTZ in DPBS. Transfoction
efficiencies range from 60-70% for HEKZ93T cells and 5-10% for Hela cells. ()
Luminescence emission spectra acquired from LuxSit-1 expressing HEK2Z93T cells is
consistent with the emission spectra of recombinant LuxSit-1 purified from E. coli. {(f-g}
Luminescence signals were measured with 15,000 {f) intact LuxSit-1 expressing HEK293T
cells or {g) cell lysate in the presence of 25 uM indicated substrate in DPBS. Luminescence
mtensities were normalized to DTZ signal, showing high DTZ speeificity over other
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substrates in cell-based assavs. Data were shown as fotal himinescence signal over the first 20
min and were done in techmical triphcates. (k) Normalized lominescence infensity profile of
lines traversing across different cells (n=10) of main Fig. 3b luminescence mmage; lines
represent untransfected cells. Error bars represent £ SEM.

Figure 12, Substrate specificity of LuxSit-i and spectrally resolved huciferase-
fuciferin pairs allow multiplexed bioassay, (a) The orthogonality relationship between
LuxSit-1-DTZ and RLuc-PP-CTZ (Prolume Purple, roethoxy e-Coclenterazine) luminescent
pairs. Indicated amounts of each luciferase were mixed at different ratios totaling 100%. (b)
After the addition of both 25 pM DTZ and PP-CTZ substrates, filtered light from 528/20 and
390/35 were measured sinudtancously. Data are presented as mean & 8D {n = 3}, Heatmap
shows the luminescence signal for individual luciferase (100 oM) or 111 mixture in the
presence of the cognate or non-cognate (DTZ or PP-CTZ or both) substrates. Response

signals were acquired by a Neo2™

plate reader with 528/20 and 390/35 filters
simultancously. {¢) Multiplex luciferase assav 1 ive HEK293T after co~transfection of CRE-
RLuc, NFxB-LuxSit-, and CMV-CyQOFP plasmids and stimulation by Forskolin (FSK) or
human tumor necrosis factor alpha (TNFa). (d,e) 15,000 intact cells were assayed (see
Methods) by cither {d) substrate-resolved or (&) spectrally resolved modes after adding DTZ,
PP-CTZ, or both DTZ and PP-CTZ in DPBS without cell lysis. Arca-scanning of CyOFP
fluorescence signal was ased to estimate cell nombers and transfection efficiency. The
reported unit was RUU/an ; relative light units/flucrescence intensity measurements at
Ex./Ero.=480/580 nro. All data were normalized to the corresponding non-stimulated control,
Data are presented as mean + 8D (n =3},

Figure 13. Sccondary structure is shown mapped onto an exemplary protein of the

disclosure (SEQ IDNG: 1),

Detailed Description

All references cited are herein incorporated by reference in their endirety.

As used herein, the singular forms "a", "an” and "the" include plural referents unless
the context clearly dictates otherwise.

As used herein, the amino acid residucs are abbreviated as follows: alanine (Ala; A},
asparagine {Asn; N), aspartic acid {Asp; D), arginine {Arg; R}, cysteine {(Cys; C), ghitamic
acid {Ghy, E), glutamine (Gln; Q), glveine (Gly; ), bistidine (His; H), soleucine (He; ),

leucine (Lew: L, tysine (Lys; K}, methionine (Met, M), phenvlalanine (Phe; F), proline (Pro;
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P}, serine {Ser; 8}, threonine (Thr, T), trvptophan (Trp: W), tvrosine (Tyr, Y), and valine
{Val; V).

io all embodiments of polypeptides disclosed herem, any N-terminal methionine
residues are optional {i.¢.; the N-terminal methionine residue may be present or may be
deleted).

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

Unless the context clearly 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 cxclusive or exhaustive sense; that is 1o say, in the sense of
“including, but not limited to”. Words using the singular or plural number also include the

EENES

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

In a first aspect, the disclosure provides proteins having huciferase activity,
comprising the secondary structure asrangement H1-L1-H2-12-E1-L3-E2-L4-H3-L3-E3-L6-
E4-L7-E5-L8-E6, wherein “H™ is a helical domain, “L7” 1s a loop domain, and “E” is a beta
strand domain; wherein:

{a) the HI domain is at least 18 or 19 amino acids in length; residue 14 of the Hli
domainis Y, D, or E, and residue 18 of the Hi domainis Dor E;

{h) the E3 domain is at feast 6, 7, 8, 9, or 10 amino acids in length and residue 2
of the E3 domain 1s R; and

{c} the E3 domain s at least 10, 11, 12, 13, or 14 amino acids in length and
residuc 9 of the ES domain is Hor N,

As disclosed in the examples that follow, the proteins of the disclosure are non-
naturally occurring, have luciferase activity and share this recifed secondary structure
arrangement. The arrangement 1s shown with respeet to the amine acid sequence of SEQ 1D
MNO1m Figure 13, The inventors have conducted extensive studies to assess key residues in
the polypeptides for retaining huciferase activity and made a large number of modified
verstons of the polypeptides as detailed in SEQ 1D NO:4 and the examples that follow. The
required amino acids noted above are those involved in the catalytic dyads, as described
below and in the ¢xamples.

Except as noted, the different domains may be any suitable length.
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In one embodiment, residue 7 of the ES domain 1 M. In ancther embodiment, the E6
domain s at feast 9, 10, 11, 12, or 13 amino acids m length and residue 5 of the E6 domain is
V. In a further cmbodiment, residue 1 of the L5 domain is 8. In one embodiment, residue 7 of
the ES doman is M and residue 5 of the E6 domain s V. In a further domamn, residue 7 of
the B3 domain is M, residue 5 of the E6 domain is V, and residue 1 of the L5 domainis S, In
another embodiment, the H2 domain is at least 5, 6, or 7 amino acids in length, the H3
domain is at least 9, 10, 11, 12, 13, or 14 anuno acids i length, the E1 domamn s at least 3 or
4 amino acids in length, the E2 domain is at least 3 or 4 amino acids in length, and the B4
domain s at feast &, 9, 10, 11, or 12 amingo acids in length. In all these embodiments, one or
more of the recited domains may independently include amino acid residues. In ong
cmbodiment, one or more of the domains may independently mclude an additional 1, 2, 3, 4,
or 5 residues.

In one embodiment:

the H1 domain is 19 ammne acids in length;

the H2 domain 1s 7 amino acids in length;

the E1 domain s 4 amino acids in length;

the E2 domain is 4 amino acids in length;
the H3 domain is 14 amino acids in length;
the E3 domain 1s 10 amino acids in length;

the E4 domain is 12 amino acids in length;

the E5 domain is 14 amemo acids in dength; and

the E6 domain is 12 or 13 anuno acids n length.

The loop domains may be of any length and may include insertions, relative to the
sequences exemplified herein, of any residues or functional domains as deemed appropriate,
mcluding but not hmited to metal binding domains, drug binding domains, GPCR receptors,
protein switches, and small molecule binding domains.

In another embodiment, the proteins comprise an amine acid sequence at least 30%,
35%, 40%, 45%, 50%, 53%, 60%. 65%, 70%, 75%. 80%, 85%, 90%, 91%, 92%, 93%. 94%,
95%, 96%, 97%, 98%, 99%, or 100% identical to the amino acid sequence selected from the
group consisting of SEQ ID N{h 1-3, wherein residues in parentheses are optional and may be
present or may be deleted.

SEQ I NO:1 is the Lux-Sit construct disclosed herein. Figure 13 shows the domain

structure mapped onto the SEQ 1D NO:1 amino acid sequence.
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(M) SEEQIRQFL RRFYEALDSG DADTAASLEH PGVTIHLWDG VIFTSREEFR
EWFERLESTR _KDACREIRSL EVRGDTVEVE VQLHATHNGQ KHTVDATHHW
HERGNRVTEM RVHINPT (G} (SEQ ID NO:1)

SEQ D NG:2 is the Lux-8it~1 construct disclosed herein.
(M) SEEQIRQFL RRFYEALDSG DADTAASLFH PGVTIHLWDG VTFTSREEFR

EWFERLESTS KDACREIRSL EVRGDTVEVE VQLHATHNGQ KHETVDLTHHW
HERGNRVTEV RVHINPT (G} (SEQ ID NC:2;
SEQ D NO:3 is the Lux-Sit~f construct disclosed herein.

(M) SEEQIRCFL RRFYEALDSG DADTAASLFH PGVTIHLWDG

VIFTSREEFR

EWFERLEFSTR KDACOREIRSL EVRGDTVEVH VOLHATHNGO KHTVIMTHHW

HFRGNRVTEV RVHINPT (G} (SEQ ID NC:3).

In cach of the annotated sequences shown for SEQ D NO:1-3

{a) Bold and underlined and increased font size positions are Dyad 1 (catalvtic
residues) Y 14 (HI domain residue 14} + HO8 (ES domain residue 9);

{b} Bold and mcreased font size positions are Dvad 2 {catalytic residues) D18 (Hi
domain residue 9) + R65 (E3 domain residue 2},

{c) Increased font and not bolded positions are core packing {recogmition residues)
F13 {residue 13 of domain H1), 35 (residue 2 of domain E1), W38 {residue | of domain L3},
F49 (residue 4 of domain H3), V81 {residue 6 of domain E4), L83 (residue 8 of domain E4),
V94 (residue 3 of domain ES), A/L 97 (residue 8 of domain E5), W100 (residue 11 of domain
ES), M/V110 {residue § of domain E6), V112 {residue 7 of domain E6); and

{d} Underlined and not bolded positions are regions {foop domains or immediately
adjaceont) for splitting the enzyme or nserting other functional domains.

In some embodiments of the proteins, 1, 2, 3, 4, or all § of the following 15 true:

{a) residue 13 of domain Hi 15 F;

{h) residue | of domain L3 is W,

{c) residue 5 of domain ES is V or another hvdrophobic residue;

{d} residue § of domain ES is A or L or another hydrophobic residue; and/or

{c) residue 11 of domain ES s W,

o other embodiments of the proteins, the H2 domain ts 7 amino acids 1o length, the
H3 domam s 14 amino acids in length, the El domain 1s 4 amino acids i length, the E2
domain is 4 amino acids in length, and/or the E4 domain is 12 amino acids in length. In

further embodiments, 1, 2, 3, 4, 3, or all 6 of the following are truc:

13
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{a) residue 2 of domain El is T or another hvdrophobic residue;
(b} residue 4 of domain H3 i F;
{c) restdue 6 of domain E4 1s V or another hvdrophobic residue;

{d) residue 8 of domain E4 1s L or another hvdrophobic residue;

5 {e) residue S of domain E6 is M or V or ansther hydrophobic residue; and/or
9] residue 7 of domain E6 is V or another hydrophobic residue.

In another embodiment, the protem comprises the amino acid sequence of SEQ ID
NO4.
10 SEQIDNOH4

position 11 M, or absent

position 2: S, T

posttion 3: A E, K, 8§

position4: A, DL E K QR §, T
position 5: A, DL E, Q@

position 6: , ¢

position 7. E. K, R
position & A, D, E, KON, QR

position 9: F

position 10: O, N, V., W, Y, L
position 11 AL D E K QR
position 12: K, Q. R F

position 13: F

position 14 Y
position 15 A D E K, LLN. Q. R S

position 16 A

position 17: L

position 18: B

posttion 19: A, B, §

position 20: G

position 21 D

position 22: A
position 23: DL E, N,V

14
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position 24:

position 25;

position 26:

position 27:

position 28;

position 29:

position 30

KPR H

position 31:

D.P

posttion 32:

G

position 33:

T.V

position 34

ELLLNGRV.T

position 35:

I

position 36:

DEHKY

position 37:

L

position 38:

W

position 39:

D

position 40:

a

position 41:

LKRTV

position 42:

ELTV

posttion 43:

F

position 44;

EFRAKNRSTY

position 45.

K. TS

position 46.

K.QR

position 47:

AE

position 48;

E Q

position 49;

7

pasition 58

K.QR

position 31:

ADEKQS

posttion 52:

W

posttion 53:

F

position 54

EKRYV

position 35:

ADEKLQRT

PCT/US2023/060615
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position 56

L

position 37:

FHERY

position 58:

ALK

position 59

EXLQRT

position 60:

SR

position 61:

ADEKNQST

position 62:

ADEGNQ

position 63:

lLX

posttion 64:

A KR §,Q

position 65:

R

position 66

DLEH KRS

position 67:

LV

position 68:

E LTV K

position 69:

ADEKNQRS

position 70:

F L. M

position 71:

DEKQRSTY

position 72:

v

position 73:

ADEHLNR

position 74:

G,

posttion 75:

BN

posttion 76:

DEFLERTV

position 77

ﬁLl 8 N \Y

position 78:

DEFHLKLNRIY

position 79:

LV

position 80:

ELKNRSTV.H

position 81;

v

position 82:

LV, Q

position 83:

L

posttion 84:

DEHEKRY

posttion 85

A

position 86

DEFLENRERESTVY

position 87:

EFHLLEV.Y

16
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position 88: A, D E K, N, G R

position 89: G

position 8¢ E K, QR T

position 81 A, B E,H K P, Q

posttion 92 E HHK LRV

position 93 EL LK R T,V

position 94: 'V

position 95 ALELF G H K LN RS D

position 96: L, A, M

posttion 97 E H K, N, R T, V. A L

position 98 H

W, Y, H

position 99 E, F, LKL N, QR T Y,

position 100

AFTY,W

position 101

EFHKLQOQRVY

position 102:

F, W

position 103:

D EK R

position 104

G

position 103:

D,8 N

position 106

EH K OR

position 107

.V

position 108:

KRTV

position 109:

E KR

position 110

V. M

position 11§
v

DEFHEKNERESTW,

position 112:

A

position 113:

ADEHRKRSTV

position 114

i

position 115

V.Y

D.EFHLKN GRS,

position 116:

P

17
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position 117 D L. M, V. T

Position 118: G oris absent

In another embodiment, the proteins comprise an amino acid sequence at least 30%,
35%, 40%, 43%, 50%, 53%, 60%, 65%, 70%, 75%, 80%, 85%, 90%, %1%, 92%, 93%, 94%,
95%, 96%, 97%, 98%, 99%, or 100% identical to the amino acid selected from the group
congsisting of SECQ 1D NG:1-181, as shown in Table 1. SEQ ID N{O:5-181 in Table 1 arc re~
designed amino acid sequences based on LuxSit-t {SEQ 1D NO:2), with their luciferase

activities shown

Table 1
Name | SEQ Amino acid Acti | SEQ | Nucleotide seguence
ip Segquence wvity | ID
WO NO:
Y {NT
}
LuxS | 1 T5.21 200
it

RVH l"IP‘T‘ >

AA} TTAAGAGCC T‘:J}u\G TACGTGGCGATACCGE
GGAZ AG GCA""QTG ’"TGCHCGCCAC CAT?

32 (M} SEEQT Y 76301201 >L {codon optimized foxr B.
it-i EALD JGDALT_Z\J\\JLFI [ co
EGV TVLWDG\/"'"E‘T"R {A

3

! A TGGGATG GC (;rTTAC CTTTA
CAGCCCTGAAGAATTTCGTGAATGGTTTGARC
'CAGTAAAGATGCGCAGCGTE
AAG"”F—\ C (3'1‘ GGCGATACCG
CCOATA

B e

L

a '1‘ G ATTT
ATTGGCATTTTCGTSGCAATE GTGT
TTCETGTGCATATCAATCOGACT

02 | >LuxSit-i (codon  optimized for
human cell expr sion)
{(ATG) AGCGAGGAGCAGATCAGACAGTTCCTGA

GAGGCCCTGGATA

TTC
STTCALG COAGA

GTTCAGCACCAGCAAGGACGCCCAGAGAG
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AGATCAAGAGCCTGGAAGTTAGAGGEC!

CTAR
CTARA)

L34 203

o L sioen)

(’TL)AC"’“ SAGAACAGATTCGTCAGTTT
GTCGT T"“”“T‘-FGAA””GC"GCATAC"’“
CGGRTACCG

Etvel
N Ry

CAR

oMT {HW HERGNRVTEV
RVHINPT (G)

-

FVEKKEYEA

luxs | 18

~on

iti SALFFEDG 447 ATGCGGECGATG
0.3 QTETTQED 231 TTC GGATGGCA
386 T
TGG
VVLHAVIDGEERTVKE AGCAC (,Aq CA_HJA LAT GC r\J\A\, GC G
KHY FOWEGDQLVKVTY . T
SIEPL cC ( : '-'be\TCC”’”m”“TTG
i TCAAACTGAAACATT
TGR
3 421 205 TI‘(J}’I‘,:-J
7 30861 NACGCTTTTAT
TRIHLWDGITETTQEE 507
& MSEBEAQR 2.03 1 209
LDAGDAE 0407
TEIHLWDGTTERTQAE 74

FRAWFEELY INAK
REIVEFRVDGNKSTVT

"CGAATTTCGCGLGTGGTTTGAAG
VVLHAIYEGERERKRVLL TCGACCAGCCAGAACGCHAAACGTG

EHFTEWEGDRLVRVEY ] GAATTCCGCGTGGATGGCARCAAAA
SIVEL GCZ 'C(‘TGAC’CGTGGTGCTJJI\TGCGATTTACG
AAGETGAAGAAAAGAAAGTG
r"TL‘.C GAATGGGAAGGC w—«T"“"‘
i TGAGCATCGTGCCG

GAAGAAGAACAGCETGAATTTETGC
TATGEAAGT ZGATC
TACCGCGAG
s TGATTGAACTCTGGGAT GGTACCA
CGCGCGGEAATTTARAAGCGTGGTTT

GKKRVVE
EHEFEFEGRRLVKVS \/

18
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luxs | 8 ISEEEIRKFCERFYAA 95.7 {208 {ATG) ACGCGAAGRAGAAATTCECARATTTTGCG
iti LDAGDA! SSLEPDG 8507 A c : GCTGGATGCGGGCGATG
G, 3» TEIZLWDGKTERTQAE 2586 CCTGTTTCCTGATGGCA
442 FREWEVRLRSTSDDAR SATGGCAAAACCTTTC
RHITKLEVDGNVAEVE £le U\""TT CGCEGAAT GG TETTC
VVLRASYDGEEKVVAL CAU“A::‘C’GI“ATf.—.ATGCm,CJQGTC
KHVFRKFEGDKLVEVKY AACTGAARGTGGAT G("TAHC GTG
BEITPL
TG T T L\,l\ AT T T Lg:\
TGAAAGTTGARAA LnuC’CC(‘CTGGG {TAA)
1 ] MSEEAQREFVRREYE 119. i 20¢ TAAGAAGC 'xL: C’ ! ‘GAA'I‘T TET
i LDAGDAETASALEPDG 6126 T'\:GAz 5
& TOIYLWDGKTETTREE 835 AG
40 FRSWEVKLHSTSDNAK
RRVVEFRVEGNKAKVK
VVLKASINGKERTVLL A
EHFFEFEGDRKLVEVEY GCGTGGTTGAATTTAGAGTG ..AAGC -\A ADAG
RIRPL CGAAAGTAALAGTGGTGCTGAAAGCGAGCATTA
Z\' GGTAAAGAACGCACTCGETGCTGCTGGA? A'_ﬂ
AATTCGAAGGC /
GCATTCGC
luxs | 10 M3EE 45.8 ARAGAAGAR
it i_ LDAG G 8113 ‘““1‘1\ \
G, 3_ TEIYLWDGRVERTOQAE 22e GTTTCCTGATGGCA
443 E‘RAWT'VELRSKS IDAR ~GCCECGTETTTC
GNKADVR hl‘ GGTTTETGG
'G,MTGC’“J& {
ALA.'—AGT GGETC C AR C’"’"AC ACAT
i umﬁ""f‘(n {
luxs | 11 I‘/’“""“EI FVKREYE A 520. 1211
1t LDAG ¢ 3628 A""!",hm;\,u(,".‘( GA TG
_ I 196 AGCGCAT TTCC
454 FK3 Wf"f—’ "VJ}\F\?—JA“TCA' CTGTGGGATGE
REVVDLKVEGNKAYVE CACCCGETGAAGAATTTAAAAGCTGGTT
VVLRAIVNGEDKVVKL GCACCAGCGATGATGCGARACGCG
RHVEFRFEGDKLVEVHV ATCTGAAA AAGGLTAACAAAG
EIDPL CGET CAAGTTETGCTGCGCECGATCEGTGA
AQGC"(“AnJA- A-\JJJXUTGG-'T}\MAC IGCCETCATG
TGTTTAAATTTGAAGGCGATAAACTGSG 'CGAH’Z
TECAT TTF‘AAA' TEATCCGCTYGEEE (TA
luxs | 12 MSKEEQRRKEVERFYEA 65,7 {ATE) AGCARAGAAGAACA GC\:\.HJ\ATT
iti LOAGDAETASALEPDG 8991 AACC’“TTTTA"]—\J—\A’"”C CTG QATCC
0.3 TKIHLWDGTTERTRAE 316 CGCHZ\ACJ GC ATT
462 FRAWFVOLRSKSENAK
REVVAFEVDGNEKAKVY }‘1 AC\.U:CGC’GG]*J\""TTC\:U:,;\JTGGTT‘ 'GTGG
VVLEANYKGEERTVKL CAGCAAAAGCGAAAACGCGAAY
EHEFYFEGDELVEVNY SGCGTTTCAAGTTCGATGGCAA
KLEPYV CCAA GETTETGEETGCTEAAAGCANA
Al \GAACGCACCGETGAAACTGC
ARTTTTATTTTGAAGGCGATCATCTGGTGGAAG
TGAACGTTARAATTGARACCAGTGGE (TAA)

20
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13 I"S’DEQ
LDAGDA

{(ATG)AG
AAC”GCT""'“

REITK E':VE GNPAFVE
VVLRASYDGEDRTVKL 'IT GA H.'—SQ—\ GCAAAGATGCGAGCCGCG
F FEGDHLVEVYY AAAT AAATTTGAAGTG

GCGGAACAAATTCH GTGG
TTATGEC GuCC""’v”GCHTGC CGGTGATG
GATGGCA

luxs | 14 MSAEQIREFVAREFYAA
i LDAGDA HSA_FPJ\J

V‘ JLHASVDGEERTVAL cC \_L,VJC G\.JH AGCGCA f"nTGCGCGTAG/-w
RHREQFEGDRLVRVTV ATGTGGETGGCATTGGARGTGACCG!

EITPL

; GCC
S ACCGTT '\JJ-\_/‘U)&TA.!\.\:CCC(‘[.‘T'\}GC TAn)

TG

(NTGYT L-JA[‘
ARCGCTTTTATG
535 CG HZ\A CGU

i
ot
o
-
Ut

TEIYLWDGT
FRAWERRL
REVVSFRVDGNVADVE
VVLRARWI RVVE
RHRFVFEGDEVVRVEY

K
EIRPL

AG Gc,wT

AN N M

GAAC L(\ AGT
“J"f‘“ﬁ’ AAGGCG

GAAATTCG

(a2}
—

Iy
iy
&y

luxs | 16 M3ARED
iti LDAGDAETAS? PDG
0.3 TKIBLWDGTVENTQEE
424 FEAWEVKLRSTSENAK ""Pf Z\A""‘"’CAA<_.TCTGGSATCGTAC"“"?'\:TTJ\
REVTHFEVDFDK}\‘ A 'E ACACCL} CF‘}J—\GJ—\A TTT AARGCGTGETTTGTTA

~CRAAACGTG

CGCEAAACG

GALHJ—\‘LQ
TGGG{TAA)

GGARATT

17 MSAEAQ
L DAL:P

GCGGAR
TATE
SGAARACTGCAAGC
i CCGAAATTTATCTG
'(S‘IF‘I'RFE GNVAYVE AABRCCCAGGCGEEAAT
VVLRANFDGEEKTVR AACTGTATAGCARAAGC G_H_TAA"' C C
KH 1 l‘ Y FA,. ZDSLVRV GCGT TGCGTTTTGAAG
CGTA SAAGT GG
ATGGCCGAAGAAADGACCGTGC!
TTTTCTACTTTGAAGGTGATAGCCTY
TTGAAGTTACCATTGAACCGCTGGG (TA

CGAATTTGTGA

HACGTG\’:

1
sANe}

{ATG) AGCGARGAAGARATTAAAGAAT
GCCGCTTTT!
CCGRAACCGCAS

LS CCGAA]

18 MSEE IE\EE’WHFF&QH
LEL\GDA“'""

O

FRAWF
RHIVKLEVKGNPHA
VVLRARVDGEERVVEL
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RHIFEFEGDRLKRVEV Co
EIEPL TG

TTTTTGAATTTGAAGGCGATCETCTGARACGCS

TCGAAGTTGARATTGAACCGCTGGG (TAA)

12 2.34 1219 (ATG} AGCGAAG AATTCGTGAAT
LODAGDAETASALEPDG 8306 CG\.TTTT\I GAAGCGCTGGATGCGGE
TKIYLWDGIVESTKEE 842

CGLA&GCGCACTG TTTCCAGA
FRSWER rELI\ KSDNAK I
RHVVSLRVDGNVA
VVLEAE LN KVVEL
THTTKFEGDKLVEVNY
DINPL

20 26.0
G 5459
"‘KIYT_N:)CTV“ETO‘*E 572 CCGARDAC VJC’_/?\A.GC TTTAAAGATGGCA
FRAWFEKLYSTSDNAQ CCARARATTTATCTGTGGGATGGTACCETTTTTG

RHIVS FKVD N SY‘ B 'whﬂuAATTTCGC C TGTC’“TTT’?A!’—‘G\_
C GCAGCGCT

M
VCATTA

_A_\,U:'PG?—\}\GAHLML\GH\,UJ'"GA_H_AL "\'..L\CCC.;\L/'
TGTTCAAATTTGAAGGCGATCATGTGGTTGAGE
TGARAGTGARRATTGAACCGCTGGE { TAA)

EQKEF'WKKFL’“A 204221 {ATG) AGCGAAGAAGAACAGAAAGAA TTTTGG_H_
¢ A 32 1

AAAAT TACG TGC

GCG

0.3 T LWDGKTE "TQ]—\.& CAGAAACTGCGAGCEGCACTGTTTCCG!
519 FKAWEVDLKSKSDDAK CCAARATTCATCTCTGGGATGGTARALD

RYITKFKVDGNKAYIE CCA
VVLKA S‘l KGRKKKTVKL ATCT
SDKLVEVDV ATATTACCAAATT
CGTATATTGAAGT
L?xGG\_,AJ’\_U‘ AAAADGACCGTGAAACTG.

AGGCCGAATTTAAAGCGTGGET
GAAAAGCAAARAGCGAT LAT C CG }\AA"' GC T
CAAA

CCGCECAGTTTGAAGGCGATARACT GET
TGCAC”TTA(’C}\TTAAC’ CGOTEGE {TAA)
) 1647 § 222 | (ATG)AGCGRAGAAGCGATTCGCGAATTTGTGES
027 - TGCAGECGATG
)3 643 GCA
521 FPAWEVE LH‘ KSDNAQ TGEEATGETACCACCTTTC
REVVPLEVEGNRARVE WAA'"TTC\_U— GTGGTITGTGE
VVLKANYKGKEKTVREL ol
RHE F* FEGDALVEVRYV
luxs | 23 MSAEAIREFWRPFYEA 2.97 1223 GAT-\TT*TG 5C
iti LDAGDAETASALFEDG 6503 GCTGGATGCAGGCGR
6.3 TEIHLWDGETTFRTREE 11 TCTGTTTCCGGATEGCA
541 FRAWFVELYSTSDNAK TETGTGGEATEGTACCACCTTTC
BRIVSLEVD \LVE GTACGCGCGAAGAAT TTCECGCETEEY
VVLRASVGGEEKTVKEL AACTGTATAGCACCAGCGATAR "GCGAAAJGCA
KHEALFEGDRLVEVRY AARTTGTGAGCOTGCGCETTCAT GECGATCGCE
QIEPL CECTGE G

'GGTTGAAGTGGETG
AAGAAAAGACCGETGAAAC
SCCCTETTTGAAGGAGAT CGCCT

TGCGCGTGCAGATTGAACCGLTGGEG | TAn)

GTC

ERELE

22
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24 MSEEAQRKEVEREYKA 90,7 {ATE) AGCGAAGAAG!
LODAGDADTASALEPD 733 AAC”C’“TTTTE\C ADA
41z CGGRTACC
N3 "CAAAA
REVVSENVDGDVAEVE
VVLHANVRGELKTVKL
KHTFKFEGDRLVEVNY
LKPL
LU J\.MTTCG.AJ\U
TCAACGTGACCATTAALCE
25 MSAEAQREFWRPEYAA 225 (A "'C =GAA
ETASALEFPDG TEC GuCG’T"v"GCHT
T GTTT(“CA
TGGCAA D\D\C TTA
ELEVD CCGAZ ATGGTTTGAAA
KANINGEEKTVNL T \:!Tl T,?\GCZ-\_CCTCTGATA: CGCGAAAL
THEFQFEGDKLVEVNY AALTTACCGARACTGAAA TGCHTW
TINPL G ;
A\,
A LT
TGA/? CGTGACCATTAAC CWI"”"GGC TAn)
28 1.36 1226 (ATG}AGCGAAL A"‘T "\"G.L’\AI 5 (54
0055 }\AC’GCTTTTA
ADGK _HTQf—xE 287

FVDLYSRSDNAK
5 V*.\' DGNHAKIV

T’I""‘!‘ Ar‘\\:u p
TGAAATTARAC

WDGET
582 FRAWEVRLHSTSENAS X "Azl AA‘”CAA
RSIVSFRVEGNKALVE CCACCCAG
VVLRASVKGERERTVKL GCCTGCATAC
FEGDKLVEVNY

28 228 \
TATGC:
8.3 AAACTGCGAG TGGCA
584 CCCGCATTCATCTETGGGATGEARCCACCTTTA
CCACCCGTGRRGAATTTCECCCGTEGTTTGARA
AACTGCACGCGACCAGCGRARACGCECETCGCC
ATG
COTA GAAGTGATT
AGRAAAGACCGT
TGT
29

HI SE':V GNESKVK
VVLHAKINGEEVTVEL
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EHVYEFEGDKLKKVEV ATATTGTGAGCTTTGAAGTG ACGCFAAC]—\A]J“Z\
EIKPL GCAAAGT TA

AACAT

TGTATGAATTTGAAGGCGATAMACTGARAMAGS
TGGAAGTTGARATTARACCGCTGGG (TAA)

30 2.52 1 230 (ATG}AGCGAAATTGCGCAGCGCGAAT
LDAGDAETASJ-‘ LEPDG 3151 JLCC\.TTTT\'I\JL(" CGCTGGATGCGGETGATG
TEIYLWDGRTEFHTREE 348 CGGA:&\C GCAAGCGC r“CTG TTTCCAGATGGCA
FEAWFRELYSKSENAR CG I
RELITSFIVIGDIARIR
VVLRATT Y
NHVTHFEGDQLY. PVEV
SLEPL j T u\,GC-’%A

ITGGEE {TAA)

31

LE PD" 2011
TKIYLWDGTVEETKAL ]

TA (,nJC GTCC

FEAWEVELYSRSDNAQ CCARRAATTTATCTGT GGCA(‘CGCAC"’G uTT"‘“
RSITKFEVDGNTSRVV ARAAC AAA CGCAGTTTAARGCGTGGTTTGTGE

VVLEATVRGKERVVEL
EHVFEFEGDELKEVESY
EIHFL

ATAGCLG (“n\:k GATAA “CC""‘AG'?G( A

AAGH J“h,xp\‘ TG(:WTCH_A“”‘G-’QF—‘G\CP’T"’:
AGGCGATGAACTGARAGAAG
T’T‘(“A']" CCGCTGGG {TAA)

luxs | 32 44 232 P"G ATTTGETGA
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.4 WDGERVE 5 ARACCGCGAGCAGCCTGTTTCCT GATGGCA
841 SATTTATCTGTGGGATGGCEC
CCC CG TTTCGCGECET
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TTGRAGTTGAAATTGAACCGCTGGE (TAA)

MSEEEIKKFWEKFYNA
LDAGDADTASALFEDG
TEIHLWDGKTEKTQAE
FREWEVKLYSTSDDAK
REIVKLEVDGNVAYVE
VVLRANVDGEEKTVKL
RHVAVFEGDKLKEVKY

TIKPL

Y et

N
AN oI
d W =3
0w

(ATG) AGCGAAGAAGARAATTAAARAGTTTTGGG
ANPAATTTTATAACGCCCTGGATGCGGETGA!

ACTGCAAGCGUTCTGTTTCCGGALGGTA
AATTCATCTGTGGGATGGCARAACCTTTA

CGGAATTTCGCGAATGGTTTGTGA

-~ P

GAAAAGACCGET. CGCCATG
GTTTGAAGGCGAT CTGAANGAAG

TGARAAGTGACCATTAAACCGLTGGGE { TAA)

TGGCGGE

2
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134 100 334
1879
337 \
FRAWEYV CCAABATTC, TETGECATGECAAAACCTTTA
RRVTSFRVEGNEADVE GCACCCGCGCEEAATTTCETGCGTGGTTTGTEE
VVLEATVNGEKKRVRL AACTGCGTAGCACCAGCGAAAACGCIAAACGCE
RHRFLFEGDRLVEVYY GUGETGACCAGCTTTCGTGTGGAAG
GGT'G
TGTAT
257 335 {(ATG)
4740 AACGT
843 CEGARA
CCCTe
REVVEFKVDGNVADVY CCAL CGGAATTTC CATGGTTTGARA
VVLEANINGEKKVVKL AN AGCACCAGCGAGGATGCGAAACGCE
RHREFHFEGDKLVKVEV AR
EIEPL Co
AL AAARGAAAGTGGTTAAG ATC
A GCGATAAACTGGTOAAAG
TG TGARATTGAACCGCTGGG (TAA)
136 M LQREFVKREYEA 376. 1 336 (ATG) AGCGAAGA. ACAGCGCGAATT
LOAGDADTASALEPDG 0787 AACGCTTTTA
TKIHLWDGTTETTQAE 104 CGGATACCG
FRAWFEKLYSKSDNAK CCAAALT
RHVVSFRVEGNVAYVE CC
VVLHANFEGEEKTVSL A
KHIFKFEGDKLVEVEY A TAAA ALRGGCAACGTGE
KIXPL TGTGGAAGTGGTGCTGCATGCCAATTTTA
AAATTTE
luxs | 137 MIEEE YEA 3.70 4 337
;. LDAC "FDG 6288 GCCETTTTT?
TVIHLWDGKTERTQAE 874 CGGARACTGCGAGCEC GTTTCCTGATGGCA
FRAWEVELKSTSEDAK TC TGTGGGATGGCAAAACCTTTC
CAGGCGGAATTTCECELGTGETTTGTGE
AAAAGCACCAGCGAGGAT GCHAAACGTC
CTTECET TG
138 L.76 {328
i 7104
WDGKTERTQAR 354
FVKLHSTSEDAK
RRVVSFSVDGNVADVE AGGCGGAATTTCEC
VVLEANVNGEKKTVKL GCATAGCACCAGCGAAGATGCCAAACGCC
KHRFHFEGDKVVRVEV TGAGCTTTAGC SGTAACGTGE
S o GGAAGTGGET ATGTGA
ACGGCGAARAAGAAAACC ARACTGAAACAT
397, 1339
2411 CATGCGGE
587 CGCGTTETTTCCE
FREWEVELYSESDDAR cc TCTGETGGCATGGCCGCACCTTTA
REVVSLEVDGDPALVR CCACCCAGGCGGAATTTCGTGAATGGTTTGTGA
VVLRASYKGEERVVEL AACTGTATAGCGARAGCGATGATGCGCGCCGLG
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‘LEEGDELVEVRYV

AATTTCT
TTCCCGTL.'\JI\_/-\ATuquCC(‘l TGGG{ TAn)

140 174, 1 340 ATG)AGCGAAL ACAG CGEAAT
LEAGDAETASALEPDG 2522 }\ACG\.TTTT\. GAAGCGCTGEATGCGEGE
TEIHLWDGTVFRTRAE 46 CGGAAACTGCAAGCGCGLTGTTTCCAGA
FRAWFEQLYAESDDAK c HG/—U—\;&T TCATCTGTGGGAT
RETVSFRVEGNVSDVE
VVI KTVEL C A

GLORLVEVEY TARAGTGGAAGGCAALGT
GCGATGTGGAAGTGGTGCTGCATGCGAGCTAT
ATC
‘GAAG
TCGAAGT 1‘ CrAAA' TG 1‘\
141 1.13 4 341 TG} AGCGAR
4070 SGCTTTTA]
491 CCGCARGT T
FREWFVELRSTS E\' AK CCGARATTCEA "-“’”TGTGGGATCGCATTAC’”TT"‘”
REVVKFEVDGNKAKVE ATACCCAGGCGGAATTTCGCGARTGGTTTET
VVLKANINGEEKEVKL ¢! GCA\:( AC Ch{:k GAAAACGCGEAAACGTS
THTFEFEGDKLVEKVNY ~r\‘1‘0( ’J‘/‘ I‘AA
DIKPL
ACTGACCCATA
TTC AA\:-:C’CHT» AATTAGT GABAG
SGATATTAAACCGCTGG C "‘AA)
luxs | 142 MSAEETIREFVRREYEA 242 GAAG AATTTETGC
it LDAGD GT C AGCG TGCL: ATG

THE LWDGRTE RI‘Q7\P
FRAWEVRLRATSDDAS
REVVSLEVDGNVADVE

VVLHANVN CEWKV‘ /RL
VRVE

VT GGCA
CTTTC
'GTC—A

TTG /’—‘\_Z\GT TAF’C}\T GTGC

143 | MSKEEIKEFVKRFYQA 7. 1343 | {RTC)AGCAPAGARGAR
149 AACGCTTTTATCAGECGCT
.2 : COGARACAGCGAGCAGCC A
176 FRAWFEK] CCAMRATTTATCTGTGECATGGCARAGTCTTTA

REVTKLEVEGNVAYIE sz\AC\,LAu'\J_\_F\GAb TTTCGCGCGTGGTTTGE

VVLKANVNGEEKIVNL el -HC CA \.x_—xL,Lxu\_Z\_l \CGCGAAACG
THRKEYFEGDKLVEVEVY TTGE Z\ACCvH:‘ffGT =G
KIVPL GCEAACGTTA
TGACCCATA

e Ve
GAAG

TGGET

TGGE {TAA)

luxs | 144 MSEEEIREFVERFYEA 246, | 244 GAATTTGTGA
iti LDAGDAETASALFEDG ] LGGI\TF‘L\J\JCCG]J

G. :‘ TKIHLWDGTY TTTCCAGATGGCA
184 FRAWE GTTTA

TGANA
“CGCA

R “\'\' 5 FEV
1\./ v
KHIFHFEGDKLVEVEV

SIEPL

TGETGCTGAAAGCGAATATTA
GTGETGAAACTGAAACATA
NGGCGATARACTGGTTGAAG

GAGCATTGAACCGCTGGG (TAA)
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VEREYEA

REVVALRV EJNPAR
IVDGEERTVRL
EGDRLVEVRV

800 349
6247
408

STGGGATGGCATTS 1‘\("\‘1"1‘
ATACCCAGGCGGAATTTCGCGCGTEE
”CCT”.TA-AGCAC CHUU_,Z—\J«_KE\Tbk,' ' GC\/

TTGH '\,’:

AN Tc.TTCuAAqu GMTI

TGCGCGTTGAAATTGAACTGC

l46 MSEEAQREFVERED 346 (A TC GRAL GCH(‘I
LDAGDAETASAT avay TGGATG

TRIE

WDGRT
FRAL ELR
REVTSFRVDGNVAEVE
VVLHANINGEEKTVLL
KHREVFEGDRLVEVHV

EIKPL

CG T TCCA’“'QT’? =CA
cC SCACCTTTA
ce GTGGTTTGAAG
AN AG C’GH_ALMTGC GAAACGCGE
AR GCGTGGATGGCAACGT GG
CG TGCATGCCAACATCA

AAACATC

GCTTTGTETT ,'(;}U\C\.‘rf‘ GATCGCCTGE

TETGGARATTARACCGCTGGG (TAA)

M SAQRQFVRREYEA
LDAGDADTASALEPDG
TEITHLWDGRTEFRTRAE
FRAWFERLRATSADAR
RIVITSFEVDGDFARVE
VVLRA IVRL
RHYFOFEGDRLVRVEV
EIRPL

TGCA
CCCAGCGTCAGT

(A ’1’ G) ,L\Cm GAAGA
PAGCCCTGEAT GC" GC

CGCTAGCGCACTG
T TCTQGCAT

ATGGCGH "’TT TG
GGAA?TG TGCTGCGTGCGAGCT

ST
T GAmC: TTGAAATT

TCGC

FEAW !:‘L ELYSTSENA
REITSLKVEGNP/ H:‘J
VVL I“LZL‘II EGKEKTVNL

148 REYEA 1.76 1§ 348 (ATG) AGCARRAAGGCGC
"FDG 5031 TTTAC C
TKIYLWDGKTETTQAE 029 G GTTTCCTGATGGCA
FRAWEVELHSKSDNAK .TG FGGGATGGCAAAACCTTTA
:'\RI TKEFEVDGNKSYVE GCCGAATTTCGCGELGTGGTTTGTGG
VVLEANVNGKEEVVKL TAGCAAAAGCGATAA “GC’?L\AACGCC
GDKLVEVRY
5] e \A\_—:T(::.T GCTWLJ\AGCGAA TG/\
AAGTTGTGAAACTG
GGTT"?Pmu
TGGG{TAA)
149 245 "”CAATTTTGGC
FRAWEERLRAT SADAK
REIVSFRVDGDRADVE EC \,UT(:'«:\‘TT ’
VVLRAVVDGEEKEVKL GC G]—\ CAAGC’ ~CAGATGCGAAACGCE
EGDRLVRVEV AG “T’I""”’\:k PGGAT GGUGATCGCE
T’“"TTTTTL'«'—LRGGL, GATAGACTGGT
TTGKAGM”Q}L#\}\T'"Z\AA CGk,T GG {TAA)
luzs | 150 327.8 1 350 {(ATG) TCCGARAGAAGCGATTCGCGRATT
9011 ARCGCTTTTATGAAGCCCTGGATGCGGE
748 CCGARACCGCGAGCGCATTETTT CCAL

CCEAAATTCATCTGTGGCAT GGCAAAACCTTTC
GCACCCGCGCEGAATTTAAAGCGTGGTTTGAAG
AACTGTATAGCACCAGCGAAAATGCCARACGTS




WO 2023/137417 PCT/US2023/060615

KHWEFEFEGDHLVRVRYV AMATTACCAG Ca
DIKPL { wKAGTTGPLAGT TG
AAGGCGATCATCTGGTEOG
GTG ATTAAACCGLTGGGE {TAA)
151 82.4 {351 5) TCGGAZ ACAGCGCGAAT
LODAGDAETASALEPDG 90e7 CGTTTTTATGAAGCGCTGGATGCGGE
TVIHLWDGRTERTQAE G35 GAAACTGCGAGCGCTCTGTTTCCAGA
FRAWFEELYSTSEDAS TGAT
RHVVSFRVDGNRARVE
VVLHANIN TN
THYFHFEGDKLVEVEV
DIRPL GGAA -wTG TGCTG _H_TGC'”AHC}\T’"A
e C(;, o
152 133 352
8949
FVELKSKSEDAK CCGTGATTCA '“”TGI GL:LATCGCAA&AC’”TTL
REIVDFEVDGNVSRVK ATACCCGTGAAGAATTTCGCGCGTGGTTTGTGG
VVLHANYKGERRVVEL AACTGAAAAGCAAAAGT (~Axh(:ATL;C’?HAACCL G
EHVE IFEE:DRL VEVE? G
KIKFL
GAAGARARAG TTGTTCH_AL
'CATTTCGA \”—Q("CHTC- ;
TCGAAGTTARRATTAAACCGC
luxs | 153 MEEEEIREEFVKREYAA 126. { 353 {ATG) AGCGAAGAAGAAS 2
1 B 0138 AACGCTTTT. GGCG G
v [YLWDGTTE RI‘Q7\P 217 CGEAAACCGCAAGCGCACT SGCA
206 PR‘\T,“ VELYSRSDDAS CCGARATTTATCTGT '\JGGJ-\,TJUTAC\,J CTTTC
REVVDLKVDGNKAEVE GCA AGGCGGAATTTCGCGCGTGETTTGTGS
VVLKASVDGEERVVKL AACTGTATAGCCGCAG ("’GHTLATCC’"}\(""”GC”
VI
ATGGTGAA JA_/-\C(‘(,UT'\_Gv GAAACTG.
TCTTTGAATTCGAAGGCGATARAACT
TTGAAGTGACCATTGAACCGCTGGG (TAA)
154 1279 1 354 (AT} AGCGRAGAAGALCAGCGCGARATTTGTGA
815 AGAAATTTTATGAAGCGCT TGCGGGUGATG
43 CGGARACCGCA GCGTY TCCAL GCA
CCEAAATTCATCTGTGGCAT GETAAAACCTTTC
GCACCCAGGCGGAATTTCGTGCGTGGTTTGARAR
V \'L K}\I\I IN GEEKTVEKIL AR ELCY, r\Af‘ CACCA \.GL.,(_J\:\_Z\_’ \CGCGE 3_7-\/\ C el ]\
KHTFEFEGDKLKKVNY ARAT
EIVPL CGG
ACG
CCTe
TGAAT )
luxs | 155 MSEEAQREFVRRPFYEA L.87 4§ 355 {ATG G_/'-‘\ATT“JT =C
iti LDAGDAETASALFEDG 8369 GCCEC ""\f\GCGL1GGJ—\,TGCCGGCG]A
G. :‘ TKIYLWDGRVEETQEE 0389 CGGARARC GC.}\AGC ACTGTTTFCTGAT"?GCJ—\_
237 FRAWEVELRSTSENAR CCAA? TT‘"‘"
PRVVDFEVDGNVARVE ANAC
VVLHANIDGEEKTVRL AAC
RHIFKFEGDKLVEVEV GGG
TIEPL CGC -LvLZ\TCC GAACATT
ATC AAL;AH HAGAC CETGECGCC
~ CANGGOGATA
- \C CHTT GAACCGCTGGEG | TAn)
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CCAARATTTATCTGTGGGAT GGCATTACCTTTA
REVVRLEVDGNVAFVE CCACCCAGGCGEGAATTTCGCECGETEGTTTGTEE
VVLHASHRGEERTVLL "'AGCA("’C_‘—LUU_,ATCCGGCQ&CHJ—\bA
RHVFQFEGDRKLVKVEY

LDPL

3

ooTo
[CICEREY.

AUTT TGAAGGCGATAAACT
TTAGCATCGATCCGCTGGE (TAA)

luxs | 157 MSEKEQKEFWKKEYDA 357 GAAMPAGCAACAGAARAGAATTTTGGA
i LDAGDAETASALFPDG TATGATGCGCTGGATGCGGGCGATE
TTCCAGATGGCA
GTTTC
REIVSFRVDGNKSDVE GC CGCGAAGAATTCARA A.T GGTTTGTGA
VVLEANVNGEKKKVKL ANCTGAAAAGCACCTCGGAPAACGCCAAACGCA
KHVEFHFEGDKLVEVEV AMATTGTGAGCTTTAAAGCTGGATGETAACALAT
KIDPL ”TG """TQLLAQTGGTG TGGAAGCGAARCGTGA
1 158 29.5 1 358
i )
G. TEIYLWDGK! 389
25 FRAWFEELR
REVVKFEVEGNVAYVE
VVLKANHEKGKKEVVEL
FEFEGDKVVEVRY
EIXPL ’"TGC’”G?\_HJ—\G"?A CCAT
AACATG
GTT "A!\AJ
159 MEEERQE ”'x 4 5.55 | 359
LDAC 9778
TEI: 852 GTTTCCTGATGGCA

GCCGC CCTTTC
GTGGTTTGAAG
.A.L:C’fh(z" G CG AXAAA CGCELGECGCE
CTTEGE! TG
TGCTGGAAGCGGAATAT
TGTGGETGCGCCTGCGCCATG
AAGGTGATC
TCGAAATTGAACCGC

FRAWFEELYSQSENAR
REITRFEVDGNVSHVE
VVLEAEYEGEKRVVRL
PHVFEFEGDRLVRVEY

EIEFL

;‘)

7.86 1 360 ‘ATC,A("V‘GKAGAAGDLKA
S

REVVKFEVDG N[\AY\," -
V‘VI‘””V“ EKTVRL
EGDKLVEVKY

T GAAGAAT

CGT? GAAGT
ATGGGGAAGAANDGAC
AATTTCTGTTTE

TGAARGTEGAT

luzs | 181 MSEEDIREFVRRFYEA 574, 1 361 (ATG) AGCGAAGA AG]—\, GC
LDAGDADTAS 8009 GCCGCTTTTATGAAGCG TG

2 TK DGK 3 675 CGGA TAC CGCA 2\5 CGC T >CA
27 EWEVRLHSTSDDAR CCAALA STGGCATGGCAAAACCTTTA
REVVPLEVEGNPAHVE CCACCCG T GI\.F\ GAATTTCGTGAATGGTTTGTGA

VVLRASYQGEDRVVRL GACTGCATAGCACCAGCGATGATGCGCGCCGEE
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THEFLFEGDEVVEVHY
RIEPL
TGCATGTECG ;—, XCCFI TGGG! TAn)
162 4,37 1 362 {ATG) AGCGAAG CGEAAT T
LLI\GDAETAS_Z LEPDG 6641 CGCTTTTATGAAGCGCTGEATGCGGETGATG
TEIHLWDGRTFRTQAE 327 CGJAAA \.uu,TC’ "GCACTGTTTCCGGATGGETA
FROWFVKLHSTSADAR ATCTGTGGEGAT
RETITRFRVEGDVAHVE CAGAAT
VVLEHAS KTVEL y; T
RHVAHFEGDRKLVEVHYV CGCTTTAGAGTGCGAAGGTGATGTGG
DIEPL TGAAGTGGTCCTGCATGCEAGCATTE
TTTTEAAGGC
TATTGA
183 1f 363
585
'“KI‘.(T_JDCT'\/“ETRL‘E 249
FRAWEVELYSKSENAR
R "\NS FRVDGENVAEVE
HASFOGEDRVVRL .A.u( AAAAGCE AAAA“C( --‘-’_‘.(‘ ool \:CC
FEGDEVVEVEY
> TC"‘G LJ—\}\CP""'."
AAZ\TT"' AGGCGATGAAGTTGTTGAAG
TAGBRAGTTGATATTGAACCGCTGGE {'TAA)
luxs | 164 264 {ATG) AGCGAAGAAGTGCAGCECGAATTTTGGA
AACGCTTTT AGCG
CGGEAAACCGCEAGCGCATT
VE CCCGCATTTATCTGETGGGATGECCGCETT
REIVKFEVDGDVIYVE CCA AGGCGGAATTTCECGCGTEETTTG
VVLKANVDGEEKIVRL AACTGCGTTCGACCAGC ~CCCATCC"AAA-”G
RHVEFHFEGDRLVEVE AAATTETTABATTTGAA !
TGTTTCAT TT
TCGAAGTTGAAATCGAAC
168 143. 1 365 {ATE) TCTGRAGAAGAACAGC
i 1579 ARCGCTTTTATGAA GCT ZATG
2 337 CGGAMACCGCE GCACTT GCA
283 FRAWFEELHST aLJN AR CCCGCATTTATCTGTGGEEATGGCCECACCTTTA
REIVSFRVDGDVADVE CCACCCECGCCGAATTTCGCELGTGGTTTGAAG
VVLRANVNGEERTVRIL AR TAGCACCAGTGAAAACGCGCGCCGLS
r\H\/E‘HF:LERLVE‘r'T AV pavay TCGETGTGGATGGCGA
ELEPL CGC GGTG TGCEAA
A ‘
luxs | 1€6 MSEEACREFWRREYDA 2.29 1 268 ¢
iti LDAGDAETASALEFEDG 9830 GCC CCV‘L;GG:\TW GGGCGA
G :‘ TRIBLWDGRTEHTRAE 801 e TTTFCTGKTGGC_H_
286 FRAWEVELRSTSDDAK 014 A(‘”TT"‘"
REIISFEVDGNRIRVE L ‘(m'
VVLHANIDGEEKKVLL CGEA C’GZ\_T GATGCC AAACGCb
RHEFLFEGDRLVEVHV TG’ VGTGGATGECAACCGCA
EIKPL TGCATGCGAACATCG
GAAAAGAAAGTGCTG CGCCATG
GTTTGAAGGCGATCGCCTGETTGAAG
TGGARATTARACCGCTGGG {TAA)
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MSE EEIREE”“RE‘&KH 367 (ATG) AGCGAAGAA
LOAGDAET . ATCGCTTTTAT
CC ACCG
e L C(JA.A}\
REIVKLEVDGNEKAKVE
VVLEANVNGEERVVKL
EFEGDRLVKVTYV
luxs | 168 MSAEAIRD E‘V"T P FYA}\. 268 GCGGAAGCARATTCH
i LDAGDA GGCGC’”GCHTb
LEVDGNRARVE AGGCGEGA?
VVLEASVGGEEKTVR GTATAGCAC CA&C GATG UUGCGAﬂ CCGCGE
RHEFEFEGDQLVRVTV TT GATG(“TAACCGLG
EIEPL
T u\C\. GT *uu[\_/-\AT TGAR
169 439, | 363 (ATG} AGCGAARRA
o108 ARAR uTTTT\TGA;
TKIYLWDGK 5 CGl A’"‘Dx
FREWFEKLYSKSDNAK
RETVRKFKVEGNIZ
VILKANVD KVVE
KIVEFKFEG KEVKV
KIVPL
"J'.‘(: ’""-‘AAA'J”I""‘:’GAAG\; b
TTAAAGTCAAAATTG
luxs | 170 MIEE EEWKREYAA 376
ivi SAETASALEPDG \' (:CGA G
0.3 TEIHLWDGTVERTRAE GTTTCCGGATGGCA
308 FRAWEVDLHSKSDNAS CC“ Z\A‘T‘_"'CATT‘TGI GGGATGGTACCGTGTTTC
REITSFXVEGNKALVE .C’”AA""TTCGCI""GTG”TTT’?TGG
HASFKC H"R'“"K“’ :

VT,
THY

TGAAGARAL
TGAATTT GA}\

TCGA GARATT

371 {ATG)TC GPJ—‘&GPJJ
TATG

0.3 T ) 3 .'R.]—\.h AAACTGCGAGCGT GGC
309 FRAWERRLRATSEDAR CCGARATTCATCTAT G/\TIJL:T\C\,A TTTC
RRVVRLEVDGNVADVE GCACCCGCGCGGAATTTCGTGCGTGEETT
IASYRGEERVVR GTCTGAGAGCAACTAGCGARGATGCGCGCT

EFEGDRLVRVDV GTGT
PL

TGCGTUTGGAAG
CGAAL TG
TGAAGAACGCGTTGET
NCGAATTTGAAGGCGATCGCCTY
""TQA/—\.Z\T’-"C'? C

PP
ACGTT

172 MSEEEQROFVKREYEA 372 14
LDAGDSET A

FRAWE
REVVHFEVEGNVAYV E
VVLRASVGGEERVVRL

35 [

N
T
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RHVFHFEGDHLVEVEV

EIEPL
TGETTTCATTTCGAAGGCE jA"C’\l‘ TGGT
TCG/?\Z\GL GGAAATTGAACCGLTGGGE ! TAn)

173 5.97 1373 ATG) AGCGAAG ACAGCGCAAL
LDAGDAETAS_Z LEPDG 4429 }LL‘.‘\A\:TTTT\I GAAGCGCTGEATGCGGETGATG
TEIYLWDGTVEKTREE 855 CGGARAACCGCAAGCGCGLTGTTTCCTGATGGCA

ERAWEY r“LV SENAK CCGAAATTTATCTGCTGGGAT
RHTVDERY SKVK
KVVEL A ( PCGEAR
LVEVKV ATATT ¢ TTARAGTGGATGGCAA
GCARAGTGARAGTGATTCTGAAAGCGAACAT
ATGGETGAAGAAMALGETG
ATTTTCTGTTTEAAGGCE A’I’ CATC
TGAAGGT AAATTCATC STGGE{TAA)
174 173, 1374
7187
284 TGTTTCCAGATGGCA
FRSWEVELKS r(u]:"\' AK CCGAA‘L{L'TCA"“”’TGI GGEATGGCAAAACATTTC
REKVVSFEVEGNKARKVK ATACCCAAGAAGARATTTCGCAGCTGGTTTGTCG
VVLEASYKGEEREVKL AACTGAAAAGCAAAAGCGATAA “GC" AAACGCA
G SDKLVEVNY AL G CT'I "A \CAAAG
175 275
) ' ‘ AGARATTTT

3.3 T P‘HTH EE 335 CGEARACCGCC

330 VE LYSPSE’\'AK CCGAARLTTC] L‘\,TGT\JGGJ\,TJUUKAM
RHIVKFEVDGDRKAYVE -CGAAGAATTTAARGAATGET
VVLYAKIGGEEKVVKL "GTATAGCCGTTC 'xGHﬁfA"‘CC’”AfA”G
KHEFLEFEGDKLVEVNV

T7 G
CGGTGAAGAAALAGTGGET
AATTTCTGTTTGAGGGCGEAC KRAL,A
TTAACGTGARAATCS ’—u’\CCGCTGGG {TAA)
178 53,71 376 (ATE) AGCGAAGAAG
5120 ARCGCTTTTATABRA
4 CGGATACCGCA AGCC T CCAL:
2 CCCARATCTTCCTETGEEAT GGCAAAAC C‘l"l"ﬁZ‘x
REX v"\/S LKVEGNEKAYVE ARACCAAAGAGGAATTTCGCCAATGGTTTGTGA
VVLHANYRKGEKKEVEL A —A_/’-‘wuhf‘(,’mklu\uL,LnT G.’\_T(‘(../\J; s_/’-\/\Cf‘t
THIFEFEGDRKVVEVEY
TIVPL .'J ! L;C GAACT
TTTTTGAATTT
TTGAAGT uACC'-.T GTGCLGCTG

luxs | 177 MSEEEQROFVEKEFYEA 243, 1277 {ATG) AGCGAAGAAGAGCAGT 3

iti LDAGDAETASALEFEDG 3538 A GAAGCGCTGGATGCG

G, S‘ TEIZLWDGEKT QAE 255 GCGAGC TTTCC’AGK {

3% FRAWFERLYSTSENAR TCTGEIGGGATGS ’J‘Ar\'—\h( “TT"‘D
PHVVDEFRVEGNVADVE ATTTCGCGCCTEG
VVLHEATKDGEEHTVRL =TATZ \GC ACCAGCGAPAATGCGCSE
RHKFEFEGDELVRVEV ATGTCGTGGATTTTCGTETGGAAGECAACGTGE
VIEBPL CCGAT LU‘TT'T\‘.‘LLF&\ZT('CTG T LvLATCCGz—\ CAAAG

Al ACCETGECGCC CGTCATA
A ‘T**b]\. GAA --rf‘(J"" SANCTGGTGCGECE
TGGA «\.GTTJTCHTT GARACCGCTGGG (TAA)
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MOAEAQREFWARFYARA 1.87 1378 {ATG) AGCGCGGAAGCGCAG GCGPAT'*"‘"
LDAGDADTAS? 5120 CGCGCTTTTA G

i DGKY 24 CGGATACCGC

FRAWFVELRSTSADAK CCGARATTTATCTGTGGGATGE (,A!\Au G
REIVSFEVDGNPASVD GCACCCGCGAAGAATTTCGCECGETGGTTTGTEE

"GCAGCACCAGCGLCGATGCGAAACG
SAGCTTTGAAGTGGAT GGTARCCG
GATGTGGTGCTGCATGC
ACCGTGCATC

VVLHASVNGEEHTVHL
HHEFEFEGDRLVRVRY

179 i 3739
VVLREANL duE‘"’PT\ S
RHVEHFAGDRLVRVEV T
SIRPL s,,AG}\T GTG GDLAGT G
GT'G
TETTT Bt TGETGECGECG
TTGAAGTGAGCATT V\JC CC(‘CTGGC {TAA)
180

AT
CCGCTTTTATGAAGCGCTGEATGCGGETGA
GATACCGCAAG ’?CA"""GmTTCC";’}f’—‘U GGCA

347. 1380 ""F,,Z‘ >C
/

TRIHLWDGTTETTRAE 77
“'RAT\’" VDLYSKSDAAK

AGCCT Ln}u\(}
GA:*AC 'GARAGTAGT GCTGA_HA GC"%AZ\CTA TA
AAGGTGAAGAAAAG CAACTGGRAACATA
AATTCGAAG £
ACCATTAMACCGATGGE {(TAA)

QYOO c,

In another aspect, the disclosure provides protein having luciferase activity,
comprising an amino acid sequence at least 30%, 35%, 40%, 43%, 50%, 35%, 60%, 65%,
0%, 75%, 80%, 853%, 90%, 91%, 92%, 93%, 94%, 939, 96%, 97%, 98%, 99%, or 100%
wdentical to SEQ 1D NO: 1, wherem

Residue 14is Y, D, or E and residue 98 is H or N

Residue 18 18 D or E and residue 65 is R,

The proteins of this aspect are non-naturally occurring. In one embodiment, the
percent identity relative to the reference soquence is carried out by sequence alignment with
the Needleman-Wunsch algorithin, a common sequence alignment tool for those of skill in
the art, which allows for msertions and deletions.

In one embodiment, the protein comprises one or both of A%6M and MIIOV
substitutions relative to SEQ 1D NG: 1. In ancther embodiment, the protein comprises
comprising an R60S substitution relative to SEQ ID NGO 1. In a frther embodiment, the
protein comprises R60S, A%M, and M110V substitutions relative to SEQ IDNO:1. In
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another embodiment, any substitutions relative to SEQ 1D NO:1 at residues F12, 135, W3§,
F49, V81, L83, V94, A 97 WI00, M110, V112 are conscrvative amino acid substitutions. In
one embodiment, the protein comprises an amino acid sequence at least 609, 65%, 70%
75%, 80%, 85%, 90%, 91%, 92%, 93%, 94%, 95%, 96%%, 97%, 98%, 99%, or 100% identical
to the amino acid sequence selected from SEQ ID NO:1-3. In another embodiment, the
protein comprises an amino acid sequence at least 60%, 65%, 70%, 73%., 80%, 85%, 90%,
1%, 92%, 93%, 94%, 93%, 96%, 97%, 98%, 99%., or 100% identical to the amino acid
sequence selected from SEQ ID NG: 1-181.

In another embodiment, the proteins comprise the formula X1-Z1-X2-22-X3-Z3-X4-
Z4-X5-25-X6-26-XT7-L7-X8-Z8, wherein

X1 has an amino acid sequence at least 50%, 53%, 60%, 65%, 70%., 75%, 80%, 83%,
S0%, 91%, 92%. 93%, 94%, 95%. 96%, 97%, 98%, 99%, or 100% identical to the amino acid

sequence of MSEEQIRQFLRRE

YEALD (SEQ ID NO: 182),wherein residue 141isY,
D, or E and residue 18 is Dor E;
X2 has an amino acid sequence at least 50%, 53%, 60%, 65%, 70%, 75%, 80%, 83%,

G09%, 91%, 92%. 93%, 94%, 95%, 96%, 97%, 98%. 99%, or 100% identical to the aminge acid

sequence of ADTAAS
X3 has an amino acid sequence at least 509, 75%, or 100% identical o the amino

acid sequence of TIHL

ID NO: 184;);

X4 has an amino acid sequence at leas 66%. or 100% identical fo the amino
acid sequence of VIEF;

X5 has an amino acid sequence at least 50%, 55%, 609, 65%, 70%, 75%, 80%, 859

80%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, 99%, or 100% identical to the amino acid

sequence of EEFREWFERLEST (SEQ ID NC: 183});
X6 has an amino acid sequence at least 50%, 55%, 609%, 65%, 70%, 75%, 80%, 85%,
80%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, 99%, or 100% identical to the amino acid
sequence of QREIKSLEVR (SEQ ID NO: 186), wheremn residue 2 is R;
X7 has an amino acid sequence at feast 50%, 53%, 60%, 65%, T0%, 73%. 80%, 85%,
0%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 9896, 99%, or 100% identical to the amino acid
sequence of VEVHVQLHATH (SEQ ID NO: 187;);
X8 has an amino acid sequence at feast 50%, 53%, 60%., 65%, T0%, 73%. 80%, 85%,
0%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 9896, 99%, or 100% identical to the amino acid

sequence of KHTVDATHHWHFR (SEQ ID NO: 188), wherein residue 8isHor N,
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r

X9 has an amino acid sequence at least 50%, 553%, 60%, 65%, 70%, 73%, 80%, 85%,
90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, 99%, or 100% identical to the amino acid
Sequencee of VIEMRVHINPTG (SEQ ID NO: 189): and

wherein Z1, 72, 723, 74, 25, 76, 77, and 78 are independently present or absent, and
when present may comprise any aming acid sequence.

In one embodiment, 1,2, 3,4, 5,6, 7, or all 8 of the following are true

21 comprises SGD;

£2 comprises HPGV  {SEQ ID NO: 190);

23 comprises WDG;

Z4 comprises TSR

£5 comprises RKDA {SEQ ID NO: 191);

Z6 comprises GDT;

2T comprises NGG;

£8 compﬁses GNR; and

wherein 0, 1,2,3,4,5,6, 7 orall 8of £1, £2 73 74, 725,26, 77, and Z8 further
comprising an additional polypeptide domain.

In one embodment of all of the protems of the disclosure, amino acid substitutions
relative to the reference protein are conservative amino acid substitutions. As used hersin,
“conservative amino acid substitution” means a given amino acid can be replaced by a
residue having similar phvsiochemical charactenstics, ¢.g., substituting one aliphatic residue
for another {such as He, Val, Leu, or Ala for one another}, or substitution of one polar residue
for another {such as between Lys and Arg; Glu and Asp; or Gln and Asn). Other such
conservative substitutions, ¢.g., substitutions of entire regions having similar hvdrophobicity
characteristics, are known. Proteins comprising conservative aming acid substitutions can be
tested in any one of the assays described herein to confirm that a desired activity, is retained.
Amino acids ¢an be grouped according to similanties in the properties of their side chains {in
A. L. Lehmnger, in Biochemistry, second ed ., pp. 73-73, Worth Publishers, New York
(19733 (1) non-polar: Ala (A}, Val (V}, Leu (L), He (I}, Pro (P}, Phe (F), Trp (W), Met (M};
(2) uncharged polar: Gly (G}, Ser (8), Thr (T}, Tys (C), Tyr (Y, Asn (N), Gln {Q); (3) acidic:
Asp (D), Glu (B): (4) basie: Lys (), Arg (R), His (H). Alicmatively, naturally ccourring
residues can be divided into groups based on conunon side-chain properties: (1) hydrophobic:
Norleacine, Met, Ala, Val, Leu, He; (2) neutral hydrophilic: Cys, Ser, Thr, Asn, Gln

acidic: Asp, Glu; (4) basic: His, Lys, Arg: (5) residues that influence chain orientation: Gly,
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Pro; {6) aromatic: Trp, Tyr, Phe. Non-conscervative substitutions will entail exchanging a
member of one of these classes for another class. Particular conservative substitutions
mnclude, for example; Ala into Gly or into Ser; Arg into Lys; Aso mto Gln or into H is; Asp
mto Ghu: Cys mio Ser; Gln into Asn; Glu into Asp; Glv into Ala or into Pro; His mto Asn or
wte Gln: e into Lew or into Val: Lew into He or into Val; Lys into Arg, into Gln or into Glu;
Met mto Leu, into Tyr or into e, Phe into Met, into Lew or into Tyr: Ser into Thr: Thr into
Ser; Trp uto Tyr; Tyr into Trp; and/or Phe tato Val, into He or mto Leu.

In another embodiment, the disclosure provides seif-complementing multipartite
protein having luciferase activity, comprising at least a first polypeptide component and a
sccond polypeptide component, wherein the at least first polypeptide component and the
second polvpeptide component are not covalently linked, wherein in total the at loast first
polypeptide component and the second polypeptide component comprise domamns X1-Z1-
X2-£2-K3-23-Xd-Z4-X5-Z5-X6-26-XT7-27-X8-Z8-X9, wherein cach domain is as defined
above; and

wherein {a) each X domain is fully present within one polypeptide component of the
at feast first polvpeptide component and the second polypeptide component, and (b} none of
the at least first polypeptide component and the second polypeptide component include cach
of X1, X2, X3, X4, X5, X6, X7, X8, and X9,

The split proteins are non-naturally ocourring. The split proteins comprise at least a
first polypeptide component and a second polypeptide component in which X domains are
preserved while split points are taken only inthe 2 domains. In other words, each X strand or
(X1, X2, X3, X4, X5, X6, X7, X8, and X9) 13 fully present within one polypeptide
component of the at least first polypeptide component and the second polypeptide
component, while the protein is split mnto separate components at a £ domain {(of Z1, 22, 73,
24,725 %6, 727, and 78), wherein the Z domain that the split occurs at may be absent, or may
be partially present i one or both of the first and second polypeptide components. By way of
non-limiting example, in various crabodiments of a split luciferase protein, the first
polypeptide component and the second polypeptide component may comprise cornponents as

exemplified 1 Table 2.

Table 2
Example First polypeptide component Second polvpeptide component
COmprises COmprises
i: Splitat 22 N1-Z1-X2-(22) (£2)-K3-Z23-X4-74-X5-75-X6-
26-X 177 -X8-Z8-XY
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2: Split at 74 X1-22-K2-22-X3-Z3-X4~(Z4) | (£4)-X5-23-X6-26-X7-L7-X8~
Z8-X4
3: Splitat 26 KVd2-K2-22-X3-23-K4-Z4~ | (£6)-XT-L7-X8-28-KY
KE-Z8-X6~-(Z6}
4: Sphtat Z8 X1-Z2-X2-E2-X3-23-Kd-Z4- | (Z8)-X9
X5-25-X6-26-XT7-27-X8~(28)

In various embodiments, the split may oceur at Z4, £5. 26, or 27

In another embodiment, the disclosure provides self-complementing multipartite
protein having luciferase activity, comprising at least a first polypeptide component and a
second polvpeptide component, wherein the at least first polypeptide component and the
second polypeptide component are not covalently linked, wheremn n total the at least first
polypeptide component and the second polyvpeptide component comprise the secondary
structure arrangement HI-L1-H2-L2-E1-L3-E2-L4-H3-L.5-E3-L6-E4-L7-E3-L8-E6, wherein
cach domain s as defined above;

wherein {a) each H and E domam s fully present within one polypeptide component
of the at least first polypeptide component and the second polypeptide component, and (b}
none of the at least first polypeptide component and the second polypeptide component
melade all of the H and E domains.

In this embodiment, the split proteins comprise at feast a first polvpeptide component
and a second polypeptide component in which H and E domains are preserved while split
points are taken only inthe L domains.  In various emboduments, the split occurs at L4, L5,
L6, L7, or L8,

The split proteins of these embodiments are only active when they are brought
together, and thus are conditionally active.

In another embodiment the disclosure provides fusion proteins comprising:

{a}  the protein or polvpeptide component of any embodiment or combination of
embodiments herein; and

{h) ong or more additional functional domains.

Agused herein, a “functional domain” is any polvpeptide that can be usefully fused to
the luciferase protein or split protein component of the disclosare. By way of non-limiting
examples, the one or more additional functional domains may comprise a diagnostic
polypeptide, any protein that ove nught want to localize within a cell, tissue, or organism; efc.

{n another aspect the disclosure provides nucleic acids encoding the protein, protein
component, or fusion protein of any embodiment or combination of embodiments of the

disclosure. The nucleic acid sequence may comprise single stranded or double stranded RNA
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{such as an mRNA) or DNA i genomic or ¢DNA form, or DNA-RNA hybnds, cach of
which may include chemically or biochemically modified, non-natural, or derivatized
nucleotide bases. Such nucleic acid sequences may comprise additional sequences useful for
promoting expression and/or purification of the encoded polypeptide, including but not
fmited to polvA sequences, modified Kozak sequences, and sequences encoding epitope
tags, export signals, and secretory signals, nuclear localization signals, and plasma membrane
focalization signals. It will be apparent to those of skill 1u the art, based on the teachings
herein, what nucleic acid sequences will encode the polypeptides of the disclosure. In
various non-limiting embodiments, the nucleic acid may comprise the nuclestide sequence of
any one of SEQ 1D NO:200-380, wherein residues in parcutheses are optional and may be
present or absent,

in a further aspect, the disclosure provides expression vectors compnsing the nucleic
acid of any aspect of the disclosure operatively linked to a suitable control sequence.
"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 tinked to the nucleic acid sequences of the disclosure are mucleic acid
sequences capable of effocting 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 thereof. Thus, for example, intervening untransiated yet transcribed
sequences can be present between a promoter sequence and the nucleic acid sequences and
the promoter sequence can still be considered "operably linked” o the coding sequence.
{Other such control sequences mclude, but are not hmited to, polvadenylation signals,
ternunation signals, and ribosome binding sites. Such expression vectors can be of any type,
mchiding but not limited plasmid and viral-based expression vectors. The control sequence
used to dave expression of the disclosed nucleic acid sequences in a mammabian syster may
be constitutive {driven by any of a vanety of promoters, including but not limited to, CMV,
SV40, RSV, actin, EF) or inducible (driven by any of a number of inducible promoters
mcluding, but not himited to, tetracvcling, ecdysone, steroid-responsive)}. The expression
vector must be replicable in the host organisms either as an episome or by infegration nto
host chromosomal DNA. In various embodiments, the expression vector may comprise ¢
plasmid, viral-based vector, or any other suitable cxpression vector.

{n another aspect, the disclosure provides host cells that comprise the sucleic acids,
expression vectors {1.e.; episomal or chromosomally integrated), non-naturally occurring
polypeptides, fusion protein, or compositions disclosed herein, wherein the host cells can be
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either prokaryotic or eukarvotic. The cells can be transiently or stably engineered to
meorporate the nucleic acids or expression vector of the disclosure, using technigues
mcluding but not hmited to bacterial transformations, calcium phosphate co-precipitation,
electroporation, or liposome mediated-, DEAE dextran mediated-, polveationic mediated-, or
viral mediated transfection.

The disclosure also provide kits, comprising:

{a) the protein, polypeptide component, fusion protein, nucleic acid, expression
veetor, and/or host cell of any embodiment or combination of embodiments herein; and

(b} istructions for their use.

In one cmbodiment, the kits further comprise diphenylterazing (DTZ).

In another aspect, the disclosure provides methods for use of the protein, polypeptide
component, fission protein, nucleic acid, expression vector, host cell, and/or kit of any
preceding claim for any suitable purpose, including but not limited to use luminescent
reporting assayvs, diagnostic assavs, cellular localization of targets of interest, cellular
imaging, gene editing, live animal imaging, cancer labeling, CART-cells reporting, secreted
assay, gene delivery, tissue engineering, etc. Additional details can be found in the examples.

in another aspect, the disclosure provides methods for making a luciferase,
comaprising de nove design using the methods of any embodiment disclosed herein, starting
with the protein comprising the amino acid sequence of SEQ 1D NG:381. The examples
provide detailed methods for de novo design of fuciferases for DTZ. As described 1n the
exaraples, the macthods mvolve designing a shape complementary catalviic stie that stabilizes
the anionic state of DTZ and lowers the SET energy barrier, assuming that the downstream
dioxetane light emutter thermolysis steps are spontaneous. To stabilize the anionic specics of
DTZ, we focused on the placement of the positively charged guanidinium group of an
arginine residue to micract with the antonic touidazopyrazinone core.  To computationally
design such active sites, the inventors first used AIMNet to generate an ensemble of antonic
DTZ conformers (Fig. 1b). Next, around each conformer, the inventors used the RiFgen
method to cnumerate Rotamer Interaction Fields (RIFs) on 313 gnds cousisting of millions of
placements of amino acid sidechains making hydrogen bonding and nonpolar interactions
with DTZ (Fig. 1¢}. Additionally, the mventors included an argimne guanidinigm group near
the deprotonation site at the nitrogen of imidazopyrazinone (N1 atom) in the RIF. RiFdock
was then used to dock each DT conformer and associated RIF w the central cavity of cach
scaffold to maximize protein-DTZ interactions. An average of eight sidechain rotamers
mclading an arginine to stabilize the anionic imidazopyrazinone core were posttioned in ¢ach
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pocket (Fig. 1d). For the top 50,000 docks with the most favorable sidecham-DTZ
mteractions, the inventors optimized the remainder of the sequence (Fig. 1d) for high-affinity
bindmg to DTZ with a bias towards the naturally observed sequence vartation to ensure
foldability. During the design process, pre-defined hydrogen bond networks (HEBNets) in the
scaffolds were kept tntact for structural specificity and stability, and interactions of these
HBNet side chains with DTZ were explicitly required in the RiFdock step to cusure
preorganization of residucs essential for catalysis. Inthe first sequence design phase, the
identities of all RIF and HBNet residues were kept fised, and the surrounding residues were
optimized to hold the sidechain-DTZ interactions in place and maintain structural specificity.
in the sccond sequence design step, the RIF residue identitics (except the arginine) were also
allowed to vary, to identify apolar and aromatic packing inferactions missed in the RIF due to
binning effects. During sequence design, the scaffold backbone, sidechains, and DTZ

substrate were allowed to relax m Cartesian space.

Examples

Summary

Be novo enzyme design has sought to introduce active sites and substrate binding
pockets predicted to catalyze a reaction of interest into geometrically compatible native
scaffolds™, but has been Himitad by a lack of suitable protein structures and the complexity of
native protein sequence-structure relationships. Here we describe a deep-leaming based
“family-wide hallucination” approach that geverates large numbers of idealized protein
structures containing diverse pocket shapes and designed sequences that encode them. We
use these scaffolds to design artificial luciferases that selectively catalyze the oxidative
chemiluminescence of the svnthetic luciferin substrates, diphenvlierazine (DTZ) through the
placement of an arginine guanidiniwm group adjacent to an anion species that develops
during the reaction in a high shape complementarity binding pocket. For both lncifenin
substrates, we obtain designed fuciforases with high sclectivity; the most active of these is a
small (13.9 kDa) and thermostable (Tv>95°C) enzyme with a catalytic efficiency on DTZ
{kea/Kn = 10° MIs!) comparable to native luciferases but with much higher substrate
specificity. The design of highly active and specific biocatalysts from scratch with broad
applications in biomedicing is an important milestone for computational enzyme design, and
our approach should enable the design of a wide range of new and usefu! luciferases and

other enzymes.
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Study

Biolaminescent light produced by the enzvmatic oxidation of a luciferin substrate i3
widely used for binassays and imaging 1o biomedical rescarch. Because no excitation light
source 18 needed, huminescent photons are produced 1n the dark which results in higher
sensitivity than fluorescence imaging in live ammal models and in biological samples where

35

autofluorescence or phototoxicity is a concern™ . However, the development of fuciferases as
molecular probes has lagged behind that of well-developed fluorescent protein toolkits fora
number of reasons: (1) very fow native hueiferases have been wdentified: (1) many of those
that have been identified require muitiple disulfide bonds to stabilize the structure and are
therefore prone to mistolding in mammalian cells; (1) most native luciferases do not
recognize svathetic luciferins with more desirable photophysical propertics; and (iv)
multiplexed imaging to follow multiple processes in parallel using mutually orthogonal
tuciferase-luciferin pairs has been limited by the low substrate specificity of native
fuciferases.

We sought to use de novo protein design to create new luciferases that are small,
highly stable, well-expressed i cells, specific for one substrate, and need no cofactors to
function. As we are not constrained to natural luciferase substrates, we chose a syathetic
tuctferin, Diphenvlterazine (DT7) as the target substrate duo to its good quantum vield, red-

14,13

shifted emission®, favorable i vivo pharmacokinetics'®', and lack of required cofactors for
emission. Previous computational enzyme design studies have primarily repurposed native
protein scaffolds i the PDB, but there are fow native structures with binding pockets
appropriate for DTZ, and the effects of sequence changes on native proteins can be
sopredictable. To circumvent these limitations, we set out to generate large numbers of ideal
protein scaffolds with pockets of the appropriate size and shape for DTZ, and with clear
sequence-structure relationships to factltate subscquent active site incorporation. To wdentify
protein folds capable of hosting such pockets, we first docked DTZ mto 4000 native small
molecule binding proteins. We found that many NTF2 (nuclear transport factor 2}-like folds
have binding pockets with appropriate shape-complementary and size for DTZ placement

{Fig. 1e), and hence selected the NTF2-like superfamily as the target topology.

Family-wide hallucination

Native NTF2 stractures have a range of pocket sizes and shapes but also contain non-
wdeal features such as fong loops which compromise stability. To create large numbers of
wdeal NTF2-like structures, we developed a deep-learning based “family-wide hallucination”

59



10

15

20

25

30

WO 2023/137417 PCT/US2023/060615

9,26

approach that integrates unconstrained de novo design'®? and fixed backbone sequence
design approaches™ to enable the generation of an essentially unlimited number of proteins
having a desired fold (Fig. 1a). The fasuly~-wide hallucination approach uttlizes the de novo
sequence and structure discovery capability of unconstrained protein hallucination'®? for
loop and variable regions, and structure-ginded sequence optimnization for core regions. We
employed the trRosetta™ structure prediction neural network™, which is effective in
identifving experimentally suceessful de novo designed proteins and hallucinating sew
globular proteins of diverse topologies. Starting from sequences and predicted structures of
2,000 naturally occuarring NTF2s, we used trRosetta™ to optimize the amino sequence of
conserved core and variable loop regions. Protein core idealization was carried out with a
topology-specific loss function over core residue pair geometries {sce Methods) and variable
foop optimization, by optimizing sequence length and identity to maximize the confidence of
the neural network in the predicted structure. To further encode structural specificity, we
mcorporated buried, long-range hydrogen-bonding networks. The resulting 1615 fanidy-
wide hallucinated NTF2 scaftolds provided more shape complementary binding pockets for
DTZ than native small-molecule protein binding proteins (Fig. 1e). This approach samples
protein backbones closer to native NTFZ-like proteins {(Fig, 1) and with better scaftold
quality metrics than a previous non deep-learning approach” (Fig. 1g).

We chose the NFTZ scatfold of SEQ 1D NO:381 from which to design luciferases for

DTZ, as described in detail below.

»»»»»»»»»»»»»»»»»»»»» _H98 W100dlo7nb clean 00CL

MSEEEIRQFLRREYEAFDKGDVDTEASLEFHPGVT IHVWOQGITEFTSREELREWVERFLENEKD

MOREILSLEVRGDTVEVHEVOVHT THNGOKY TEDVTHHWE FRGHRVTE

IRVHVNPT

D NO:381)

Be novo design of luciferases for BTZ

Standard computational enzyme design generally starts from an ideal active site or
theozyme consisting of protein fumctional groups surrounding the reaction transition state that
is then extrapolated into a set of existing scaffolds™?. However, the detailed mechanism of
native marine luciferases is not well defined as only a handful of apo-stracteres and no holo-

2425 {/

stractures have been solved excluding calemm-regulated photoproteins). Both guantum

28,29

chenustry calculations™? and experimental data®? suggest that the chemiluminescent
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reaction proceeds through an anionic species and that the polanty of the surroundings can
substantially alter the free encrgy of the subsequent single electron transfer (SET) process
with triplet molecular oxvgen ('O2). Guided by these data (Fig. 5), we sought to design a
shape complementary catalytic site that stabilizes the antonic state of DTZ and lowers the
SET energy barrier, assaming that the downstream dioxetane light enpitter thermolvsis steps
are spontancous. To stabilize the antonie species of DTZ, we focused on the placement of the
pasitively charged guanidiniwm group of an arginmne residue to nteract with the antonic
imidazopyrazinone core.

To computationally design suach active sites into large numbers of hallucinated NTF2
scaffolds, we first used AIMNet'® to gencrate an ensemble of anionic DTZ conformers (Fig.
1b). Next, around each conformer, we used the RiFgen method’ ™ o enumerate Rotamer
Interaction Fields (RIFs) on 3D grids consisting of millions of placements of amino acid
sidechains making hydrogen bonding and nonpolar interactions with DTZ (Fig. 1c).
Additionally, we included an arginine guanidinium group near the deprotonation site at the
nitrogen of imidazopyrazinone (N1 atom) in the RIF. RIFdock was then used to dock cach
DTZ conformer and associated RIF in the central cavity of each scaffold to maximize
protein-DTZ interactions. An average of eight sidechain rotamers including an arginine {o
stabilize the anionic mudazopyrazinone core were positioned in cach pocket (Fig, 1d}. For
the top 50,000 docks with the most favorable sidechain-DTZ interactions, we optimized the
remainder of the sequence using RosettaDesign™ (Fig. 1d) for high-affinity binding to DTZ
with a bias towards the naturally observed sequence vanation to ensure foldability. During
the design process, pre~-defined hvdrogen bond networks (HBNets) in the scaffolds were kept
mtact for structural specificity and stability, and interactions of these HBNGet side chains with
D17 were explicitly required in the RIFdock step to ensure preorganization of residues
cssential for catalysis. In the first sequence design phase, the idendities of all RIF and HBNet
residues were kept fixed, and the surrounding residues were optimized to hold the sidechain-
DTZ mteractions 1n place and maintain structural specificity. In the second sequence dosign
step, the RIF residue identities {except the argimne) were also allowed to vary, to idenufy
apolar and aromatic packing interactions nussed in the RIF due to binning effects. During
sequence design, the scaffold backbone, sidechains, and DTZ substrate were allowed to relax
m Cartesian space. Following sequence optimization, the designs were filtered based on
ligand-binding energy, protein-ligand hydrogen bouds, shape complementarity, and contact
molecular surface, and 7982 designs were selected and ordered as pooled oligos for
experimental screening.
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Sereening and characterization of DTZ specific luciferases

Oligonucleotides encoding the two halves of cach design were assembled into full-
length genes and cloned into an E. col expression vector {see Methods). A colony-based
screening method was used to directly image active luciferase colonies from the hbrary and
the activitics of selected clones were contirmed using a 96-well plate expression (¥ig. 6).
Three active designs were identified; we refer to the most active of these as LuxSit (Latin: let
fight existy, LuxSit is the smallest known luciferase with 117 residues (13.9 kBa).
Biochemical analysis, inclading SDS-PAGE and size exclusion chromatography (Fig. Zab
and Fig. 7), indicated that LuxSit is highly expressed, soluble, and monomeric from E. colt
expression. Circular dichroism (CID) spectroscopy showed a strong far UV CD signature,
suggesting an organized o-f structure. CD melting experiments showed that the protein is
not folly unfolded at 95 °C, and the full structure is regained when the temperature is dropped
(Fig. 2¢). Incubation of LuxSit with DTY resulied in lummescence with an emission peak at
~480 nm (Fig. 2d), consistent with the DTZ chemiluminescence spectrum. While we were
not able to determine the crystal structure of LuxSit, the AlphaFold2® predicted structure is
very close to the design model at the backbone level (RMSD = 1.3 A) and over the side
chains mnteracting with the substrate (Fig. 2¢). The designed LuxS8it active site contains
Tyri4-His08 and Aspl8-Arg6S dyads; with the midazole nitrogen atoms of His®8 making
hvdrogen bond interactions with Tyrl4 and the O atom of DTZ (Fig. 2}, The center of the
Arg63 guanidinium cation is 4.2 A from the N1 atom of DTZ and Aspl$ forms a hidentate

hydrogen bond to the guanidmium group and backbone N-H of Arg6$ (Fig. 2g).

Activity optimization

To better understand the contributions to catalysis of LuxSit, the most active of our
tuciferase designs, we constructed a site saturation mutagenesis (SSM) hibrary in which every
mutation was made at every pocket residuc one at a time {sec Methods). Fig, 2f-i illustrate
the amino-acid preferences at key positions. Arg65 is highly conserved, and tts dyad partner
Aspl8 can only be mutated to Ghu {which reduces activity), suggesting the carboxylate-
Arg6S hydrogen bond is important for huciferase activity. In the Tyr14-His98 dyad, Tyri4
can be substituted with Asp and Glo, while His98 can be replaced with Asn. As all active
variants had hvdrogen bond donors and acceptors at these positions, the dyad may help
mediate the electron and proton transfer required for lumunescence. Hydrophobic (Fig. Zh)
and n-stacking (Fig. 2i) residues at the binding mterface tolerate other aromatic or aliphatic
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substitutions and generally prefer the amino acid in the original design consistent with model-
based affinity predictions of mutational effects. The A96M and M110V mutants increase
activity by 16-fold and 19-fold over LuxSit respectively {Table 4). Optimization guided by
these results vielded LuxSit-f (A96M/M110V) with strong inithial flash emission and LuxSit-1
(R60S/AGGL/MI1OV) with more than 100-fold higher photon flux over LuxSit (Fig. 9).
Overall, the active site saturation mutagenesis results support the design model, with the
Tyri4-His98 and Aspl8-Arg65 dvads playing key roles in catalysis and the substrate-binding
pocket largely conserved.

The most active catalysts, LoxSit-f and LuxSie-1 were both expressed solubly in E.
coli at high levels and are monomeric {(some dunerization was observed at the high protein
concentration, Fig, 71) and thermostable (Fig. 7i-k}. Similar to native CTZ-utilizing
tuciferases, the apparent Michachs constants K of both LuxBit-f and LuxSit-1 are in the low
uM range (Fig. 3a) and the lummnescent signal decays over time due to fast catalytic tarnover
(Fig. 10a). LuxSit+t is a very efficient enzyme with a kea/Ev of 10° M5! The luminescence
signal is readily visible to the naked eve, and the photon flux (photon 571} is 38% greater than
the native Renifla reniformis huciferase (RLuc) (Table 33. The DTZ luminescent reaction

catalyzed by LuxSit-1 is pH-dependent (Fig. 13h), consistent with the proposed mechanism.

Celhsdar imaging and multiplexed bicassay

As luciferases are commonly used genetic tags and reporters tor the study of cellular
functions, we evaluated the expression and function of LuxSit-1 1o live mamumalian cells.
LuxSit-i-mTagBFP 2-expressing HEK293T cells had DTZ speaific luminescence (Fig. 3b),
which was maintained following targeting of LuxSit-1 to the nucleus, membrane, and
mitochondria (Fig, 11). Native and previously engineered fuciforases are quite promiscuous
with activity on many huciferin substrates (Fig. 4ac), possibly due to their large and open
pockets (a luciferase with high specificity to one luciferin substrate has been difficult to
control even with extensive directed evohtion™). In contrast, LuxSit-i exhibited exquisite
specificity to its target luctforin with 50-fold selectivity for DTZ over bis-CTZ (which differ
only n a benzylic carbon;. Overall, the specificity of our designed luciferases 18 much

36,37

greater than native huiciferases™®” or previously engineered luciferases™.

The high substrate specificity of LuxSit-i might allow multiplexing of luminescent
reporters through substrate-specific or spectrally resolved luminescent signals (Fig. 4¢ and
Fig. 12ab). To explore this possibility, we tracked two independent signaling pathways
{cAMP/PKA and NF-«B) by placing the expression of either RLue or LuxSit-t downstream
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of the NF-«B or cAMP response clement promoters, respectively (Fig. 4e). Imaging inthe
presence of the substrates for the two laciferases (PP-CTZ for RLuc and DTZ for LuxSit-1)
one at a tue (Fig. 4f) can clearly distinguish known activators of the two pathways. Because
the huminescence of the two reactions occurs at different wavelengths, we were also able to
{Fig. 42} simultancously assess the activation of the two signaling pathways in the same
sample in either wntact HEKZ937T cells or cell fysates (Fig. 12¢-e) by providing both

substrates together and monitoring lwmimescence at different wavelengths.

Conclusion

Computational enzyme design o date has been constrained by the number of
available scaffolds, which hmits the extent to which catalytic configurations and enzyme-
substrate shape complementarity can be achieved'® ¥, The use of deep-learning to generate
large numbers of de novo designed scaffolds here eliminates this restriction; moving forward,
the more aceurate Rose TTATld™® and AlphaFold? ™ should enable still more effective
protein scaffold generation by leveraging famuly-wide hallucination abilities. The diversity
of scaffold pocket shapes and sizes enabled the exploration of a range of catalytic geometries
and the maximization of substrate-enzyme shape complementarity; to our knowledge. no
native Juciferases have folds similar to LuxSit, and the two enzymes have high specificity for
fully synthetic luciferin substrates that do not exist in nature. With the incorporation of 2-3
substitutions that provide a more complementary pocket to stabilize the transition state,
LuxSii-i bas higher activity than any previously de nove designed enzyre; the kea/K of 106
Ml s in the range of native luciferases. This is a notable advance for computational
enzyme design, as tens of rounds of directed evolution were required to obtain catalvtic
proficiencies in this range for a designed retroaldolase, and the structure was remodeled
considerably®’; in contrast, the predicted differences in ligand-sidechain interactions between
LuxSit and LuxSit-1 are very subtle. Achieving such high activities directly from the
computer remains an outstanding goal for computational enzvme design. The small size of
LuxSit makes 1t well suited as a genetic tag for capacity-limited viral vectors, biosensor
development, and fusions to proteins of interest. On the basic science side, the small size,
simplicity, and high activity make Lox5it-1 an excellent model system for computational and
experimental studies aimed at improving understanding of the luciferase catalytic
mechanisme. Extension of the approach used here to create sunilarly specific new luciferases
for synthetic luciferin substrates beyond DTZ and h-CTZ would considerably extend the
multiplexing opportunities Hlustrated m Fig, 4 or with the microscopy phasor*!, leading to
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widely useful multiplexed huminescent toolkits. More generally, our famuly-wide
hallucination method opens up an almost unhmited number of new scaffold possibilities for
substrate binding and catalyvtic residue placement, which s particularly tmportant in cases
where the reaction mechanism, and how to promote i, are not completely understood: many
stractural and catalvtic hypotheses can be readily enumerated with different catalytic residae
placements in shape and chemically complementary binding pockets. While huciferases are
wique 1o catalyzing the emission of hight, the chemical transformation of substrates into
products is common to all enzymes, and the approach developed here should be readily

extendable o a wide vartety of chemical reactions.

Table 3. Photoluminescence properties of selecied LuxSit varants

L(fy3 Kear Ky Vinax Keat / *"&M
(%) (I/8) (M (photon s molecule™)  (x10°MIs )
)
Luxfit-i 14.5£1.8 2.5 2.5 (.36 1.0
LuxSit-f 109415 18 8.9 (.20 0.2
Riuc 530 4.9 1.5 0.26 3.3

a. meants. d., 0=3 (technical triplicates). LOY (lurainescent guantum vicld) measurements
were pedormed by consoming 125 prood of DTZ (w/ LuxSit-i, and LuxSit-I) or CTZ (w/
RLuc) in 50 ul, PBS with 50 nM comresponding reconmbinant luciferases. b. All LQY values
were estimated relative to the reported quantum vield of RLuc*?. All values were calculated
by the assumptions of the simplest Michaelis-Menten kinetics model, excluding potential
substrate/prodact inhibition or enzyme modification during the reaction™

Methods

1. Materials and sencral methods

Synthetic genes and oligonucleotides were purchased from Integrated DNA
Technologies or GenScrnipt. The synthetic gene was inserted between Ndel and Xho! sites of
a pET2%+ vector, containing an N-terminal hexahistidine tag followed by a TEV protease
cleavage site and a C-terminal stop codon. Restriction endonucleases, 35 PCR polymerase,
and T4 hgase were purchased from NEB. Plasmid DNA, PCR products, or digested
fragments were purified by Qiagen DNA purification kits. DNA sequences were analyzed by
Genewiz. Coelenterazine (CT7) was purchased from Gold Biotechnology. Diphenylterazine
(T2}, pyndyl! diphenyhterazine (8pyDTZ), and Furimazine (FRZ) were purchased from
MedChemExpress. All other coelenterazine analogs (bis-CTZ: bisdeoxyveoelenterazine; -
CTZ: f-Coclenterazine; e-CTZ: e-Coelenterazime-F; PP-CTZ: methoxy e-Coglenterazine; v-

CTZ: v-Coelenterazine. All other chemicals were purchased from Sigma-Aldrich or Fisher
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Scientific and used without further punification. To identify the molecular mass of cach
protein, intact mass specira were obtained via reverse-phase LC/MS on an Agilent 62308
TOF on an AdvanceBio RP-Desalting column and subsequently deconvoluted by Bioconfirm
software using a total entropy algorithm . AKTA pure M with UNICORN 6.3.2 Workstation
control (GE Healtheare) coupled with a Superdex™ 75 Increase 10/300 GL column was used
for size exclusion chromatography. DNA and protein concentrations were determined by a
NanoDrop™ small-volume 8 channel UV/vis spectrometer. T spectra and C1) melting
experiments were performed by the default setting on a J-1500 Circular Dichroism
Spectropolarimeter (Jasco}. All himinescence measurements were acquired by a Biotek
Synergy Neo2™ Multi-Mode Plate Reader. To convert relative arbitrary unit (RLU) to the
number of photons, Neo? plate reader was calibrated by determining the chemiluminescence
of fuminol with known guantum yield in the presence of horseradish peroxidase and
hydrogen peroxide in K203 agueous solution as previousty described®. SDS PAGE and
fuminescence images were captured by a Bio-Rad ChemiDoc™ XRS+. Images were

analvzed using the Fiji image analysis software.

2. General procedures for protein production and purification

Lemo2 I{DES) strain was used for transformation with the pET29b+ plasoud
encoding the gene of interest. Transformed cells were grown for 12 h in TB medium
supplemented with kanamycin. Cells were inoculated at 1:30 ratio in 100 mL fresh TB
mediom, grown at 37 °C for 4 h, and then induced by PTG for an addmional 18 hat 16 °C.
Cells were harvested by centrifugation at 4,000g for 10 min and resuspended in 30 mL lysis
buffer (20 mM Tris-HCI pH 8.0, 300 mM NaCl, 30 mM imidazole, and Pierce™ Protease
Inhibitor Tablets). Cell resuspensions were lvsed by sonication for 5 min {10 s per evcle}.
Lysates were clanfied by centrifugation at 24,000z at 12 °C for 40 min and pre~equilibrated
with | mE of Ni-NTA mickel agarose at 4 °C for § b, The resin was washed twice with 10 mL
wash buffer and then cluted 10 1 mL chution buffer (20 mM Tris-HC pH 8.0, 300 mM NaCl,
300 mM inudazole). The cluted proteins were purified by size exclusion chromatography
PBS. Fractions were collected based on A280 trace, snap-frozen in liguid nitrogen, and stored

at ~80 °C,

3. Computational design of idealized scaffolds

Our generation of idealized NTF2-scaffolds can be divided into four parts: (3.1)
Generation of seed-structures, (3.2} optimization of backbone geometries using trRosetta™-
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based hallucination, (3.3) generation of structure~conditioned sequence models to bias design,

(3.4} design and filtering.

3.1 Generation of seed structures

We thought to increase the set of NTF2 structures by complementing experimentatly
resolved structures from the PDB with highly accurate models generated by trRosetta™?. To
achicve this, we first collected 85 NTF2-like protein structurcs from the PDB based on
SCOPe annotation {(d. 17.4 SCOPe v2.03). Corresponding sequences were then used as
queries to collect sequence homologs from UniProt™ by performing 8 iterations of hhblits at
1e-20 e-value cutoff against uniclust30 2018 08 database; default filtering cutoffs were
rehieved (-maxfilt 100000000 -noffmax 20 -nodiff ~reahign_max 10000000} to maxmmize the
number of the output hits. All the hits were redundancy reduced using cd-hit*® with a
sequence identity cutoff of 60% yielding a set of 7,573 candidates for modeling.

To generate mputs for structure modeling with trRosetta™, we built multiple
sequence alignments {(MSAs) for each of the 7,573 selected sequences with Ahblits usimg a
more conservative e-value cutoff of 1e-30; the resalting MSAs were also complemented by
hits from hmmsearch against uniref100 (release-2019 11} with the bit-score threshold of 115
{i.e. ~1bit per position). After joinung the above two sets of alignments and filtering them at
90% sequence 1dentity and 753% coverage cutoffs, onlv sequences with more than 30
homologs in the corresponding MSAs were retained for modeling (2,005 sequences). The
filicred MSAs along with information on the top 25 putative structural bomologs as identified
by khsearch against the PDBI00 database of templates were used as inputs to the ternplate-
aware version of trRosetta™ to predict residue pair distances and orientations. Network
predictions were then used to reconstruct fill atom 3D structure models using a Rosetta™-

based folding protocol described previously™.

3.2 Hallucination of idealized NTE2s

Seeking to idealize the native structure seeds, we reasoned that trRosetta™, a
convolutional residual neural network, which predicts residue-~residue orentations and
distances from sequence, could serve as a key component in a protein wdealizer. Previously,
this network has been used to generate diverse proteins that resemble the “ideal” structures of
de novo designed proteins by changing the protein sequence to optinuze the contrast (KL-

divergence) between the predicted geometry and that of randomly generated sequences’®.
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For our purpose, the desired fold-space is not diverse but instead focused on the
NTF2-like topology. To gugrantee generation of ideal stractures within this fold-space, we
implemented a now fold-specific loss~function, which biased haliucinations based on
observed geometries in native crystal structures. As many experimentally characterized
NTFZs contain non-ideal regions, we began by creating a set (y) of trimmed but ideal NTF2s
by manually removing non-ideal structural elements such as kinked helices, and long or
rarely observed loops. For cach seed structure, we then used a structure-based sequence
alignment method {see 3.3) to find equivalent positions between the seed structure and .
Restdue pairs were considered to be in a conserved tertiary motif { TERM)} if there were 5 or
more equivalent positions m . The smooth probability distributions based on observed
geometries in y were then computed. For distances we used a Gaussian distribution with
mean equal to the true distance denoted by D and standard deviation denoted by o equal to
0.5 A. The probability density function for distances d is given by:

1

_{d — DY
2a¢ )

f’(d,' o, 6}') =

1) 2
VAT eXP

Using this density fumction one can construct a categorical distribution for binned
distances by evaluating this function at the centers of the bins and then normalizing by a sum
of all valucs 1n ditferent bins. Suntlarly, a von Mises distribution was uscd for omega angle
smoothing with probability density function given by f{w; 11, &) = N{x} explx cos{w — )]
where N (7} 1s a normalizing constant, {2 is the crystal value, k is the inverse variance chosen
to be 100, and @ is the smoothed angle. For phi and theta angles a von Mises-Fisher bhur is
given by f{x: i1, 1) = N(x) explr u” xIwhere N{x) is a normalizing constant, g is a unit
vector on a 3D sphere corresponding to the phi and theta angles from the crvstal structure, x
is a smoothed wut vector, and x is the inverse variance chosen to be 100,

Next, we converted those probability distributions to energy landscapes (ie - negative
log likelihoods) and sought to minimize the expected energy. This soft restraint encouraged
the network to seck out the consensus structure, while still allowing deviations where needed.

Specifically, we formulated the fold-specific loss as:

" LN
L= % |gz-m
fold 2 € (w8 ol if=1k=1

m, = {lifiand jare ina TERM; ¢lse O

L
(s )l 3 m

3
x4} ij=1
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where p 18 the network prediction and s 15 the smoothed probability distribution of the
conserved residue pairs. For the second part of the loss function and similar to previous
work'”, we sought to maximize the Kullback-Leibler (KL} divergence between the predicted

probability distribution and a background distribution for all 1j residue pairs not in a TERM.

L N, L
L,== X Y XTA-m)p In{p /b N}/ L (1 ~m)
hatl e {dwbdl] ij=1k=1 A S L L i

where b is the background distribution and Ny is the namber of bins in each probability
distribution (Na = 37, Nos, = 23, Ny = 13). Briefly, # is calculated by a network of similar
architecture to trRosetta™ trained on the same training data, except it is never given

sequence information as an input. The final loss is given by:

L= Legig + Lpan

We used a Markov Chain Monte Carlo (MCMC) procedure 1o search for sequences
that trRosetta™ predicted to fold into structures that minimize this loss function. We allowed
four types of moves with different sampling probabilities: mutations {(p=0.55), insertions
{p=0.15), deletions (p=0.15), and moving segments {(p=0.15). Mutations randomly changed
one amino acid to another, with an equal transition probability for all 20 amino acids.
Insertions mserted a new amino acid (all equally likely} into a random location subject to the
Kl-divergence loss. Deletions deleted a random residue from the same locations. Finally, we
also allowed “segments” to move, cutting and pasting themselves from one part of the
sequence to another, while maintaining the same overall segment order. Here, a “segment™ ia
a continuous stretch of amine acids all subject to fold specific loss, often composed of a
single strand or helix. Starting from a random sequence of an initial length (typically 120

ammo acids}, we used the standard Metropolis eritena to accept or reject moves:

Ay =min{l, exp(—(L; — Ly} / T)]

where Ajis the chance of accepting the move at step 1, Li is the loss at the current step, Li is
the loss at the previous step and T is the teraperature. The temperature started at 0.2 and was

reduced by half every 5k steps. Generally, it took 30k steps to converge.

Al A2EL AW TRASUIMA LAV AL AL RN DAV SR L
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Given the complexity of the NTF2-like protein fold, we hypothesized that it was
necessary 1o impose sequence design roles to disfavor alternative states (negative design).
Towards this end, we computed a structure-~-conditioned multiple sequence alignment based
on native NTF2-like proteins. Specifically, we used TMalign®® to superimpose each of the
2005 predicted native structures (from 3.1} onto each hallucmated backbone (from 3.2} Next,
to find structurally corresponding positions, we implemented a structure-based dynanuc
programming algorithm, similar to the Needleman-Wunsch algorithm®’. However, instead of
using the amino acid similarity as the scoring metric, we used a tunable structure-based score
function. After aligning the two structures, we scored the structural similarity of any two
residucs by cmipirically weighting several mctrics: (1) Distance between Ca atoms, (2)
differences between backbone torsion angles {phi and psi} backbone torsion angles and (3}
the angle {degrees) between the vectors pointing from Co to OB in each residue. To calculate
the unweighted score for each component, we normalized cach by a maximum possible value
{180 degrees for angles and 10A for distances) and included a “set point” that approximately
delineated when we judged a metric fo indicate two residues to be more similar than not.
Values above this setpoimt are positive, indicating two restdues are similar and values below

the set point indicated two residues are dissimilar,

Scoreynweigniea = (Set_point — value) / max_value

Each value was scaled by its normalized weight and summed to give an overall
similarity score between any two amino acids.

These simifarity scores were used as the sinulargy metric in our dynamic
programming algorithm, 1 place of the typical BLOSUM®62 sinularity metric. We used a gap
penalty of .1 and an extension penalty of 0.0, Finally, after concatenating all the structure-
conditioned aligned sequences, we used PSI-BLAST-exB°*! to compute sequence
redundancy weighted log-odds scores for each amino acid at cach position (position-specitic

scoring matrices, PSSMas).

3.4 Design

To design the resulting backbones, we sought, in addition to the sequence pattermns
captured in the PSSM (3.3), to further specify the backbone conformation and functionalize
the pocket, by mstathng entire hydrogen bonding networks from native NTF2-hike protemns.
We compiled two sets of hydrogen bonding networks: a set for the cavity containing 85

networks and another set of networks connecting the C-ternunal region of the first helix with
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the third beta~strand containing 25 networks. In 20 independent atterapts for each backbone,
we randomly grafied a network from each set, fixed the identities of hydrogen bonding
residues, and designed the sequences for all other positions under PSSM constraints. The
resulting models were filtered for various backbone quality metrics and for maintenance of
hvdrogen bonding networks in the absence of constraints, resulting in a total of 1615

idealized scaffolds.

4 RiFdock wning files

The hicrarchical search framework of RifDock is a powerful way to search through 6-
dimensional rigid body orientations. While originally designed to work with physics-based
forceficlds, the scoring machinery can casily be modified to do other thungs. A system was
added called “Tuning Files” that allows one to tune the energetics of nifdock by “requiring”
specific interactions. Specified interactions can range from specific hydrogen bonds, to
specific bidentates, and even to specific hydrophobic imteractions. The specifics are that
dunng the RifGen stage, each stored rotamer is compared against a list of definitions in the
Tuning File. If the rotamer satisfies a definition, it is stored into the RIF with a “Requirement
Number”. Later during Rif Dock, these Requirement Numbers are available during scoring
and the presence or absence of certain rotameric treractions may be used to penalize or even
completely discard dock solhutions. In this work, the Tuning Files were used to require the
specific hydrogen bond interactions between the arginine and the secondary amine in the

pyrazine ring of the colenterazine-like substrate.

5 Designing theozyme archifectures wnto de nove NTE2 scaffolds

De novo design of luciferases can be divided into three mamn steps - scaffold
construction, substrate placement with required interactions, and sequence design. With the
wdealized NTF2-like scaffolds in hand, we selected 3 diverse rotamers from AIMNet and used
the Rotamer Interaction Field (RIF) docking method®' to exhaustively search a large space of
mteracting side chains to the anionic form of DTZ. Chemucally, deprotonation of Ni
hydrogen is the first step to forming an anionic species (Fig. 8). We first generated RIF using
RifGen’! to guide placement in the protein scaffolds. We required the placement of a
positively charged Arginine sidechain by a tuning file {see below}) to stabilize the formation
of negative charge N1 atom where the deprotonation occurs inttially and enumecrated large

numbers of possible sidechain mteractions with the rest of DTZ.
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Rifdock was then used to hierarchically search for the best combination of RIF to
place on the nput backbone. Although the negative charge can move to another
electronegative atom O1 via resonance of the imidazopyrazinone core, it is unclear which
anionic species is more critical for the huciferase-catalyzed huminescence enussion. Thaus, we

¢t REFdock place the polar rotamers on the basis of hydrogen-bond geometry to U1 and
apolar rotamers to DTZ without specific requirements. In the next docking step, we parsed
the -scaffold res argument with a list of residue mumbers as scaffold backbone positions that
were annotated as pocket residues to allow a hierarchical search of RIF placement. We only
allowed the RIF placements in the pocket residues and left pre-defined bydrogen boud
networks (HBNets) intact. After RFdock, we continued for Rosetta™ sequence design
where the score function was reweighted for higher buried unsat_penalty”” and the aming
acid selection was biased by giving a pre-gencrated PSSM file via SeqprofConsensus task
operation. This would mininuze buried unsatisfied residucs and jncrease pre-organized
architechures in the core that are known to be beneficial for a eatalvtic pocket™. Two rounds
of FastDesign calculation were included: we restricted the RIF rotamers and core HBNets to
repacking in the first round while we allowed other residues for re-design based on PSSM
during the Monte Carlo simulated annealing procedure. After the surrounding residues were
optimized to retain the RIF interactions, we allowed the re-design of RIF rotamers, to find
efficient aromatic and hydrophobic packing around D77 while catalytic residues (the N1
requirement) were still limited to only repacking. The final set of designs was obtained after
filtering by higand-binding interface energy, shape complementanty, contact molecular

surface, number of HbondsToResidue, and the presence of N1_hbond.

6. Structure prediction of LusSit with AlphaFold2 and companson to design model

To computationally assess the accuracy of the LuxSit design model, we performed
single sequence structure prediction using AlphaFoldZ. AH models were ran with 12 recycles
and generated models were relaxed using AMBER™ . The model with the highest pLDDT

t=J

was used for comparison to the Rosetta™ design model and structural superpositions were
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performed using the Theseus alignment tool to deternuine backbone RMSD between the

design model and AlphaFold2 model™.

5. Computational SSM experument o estimate mudation binding free energy

Rosetta™ cartesian_ddg application®*%was used to computationally estimate enzyme
and substrate binding free energy. The LuxSit design model was relaxed beforchand in
cartesian space with the substrate~-bound. For the 21 postitons that were experimentally
screened for single mutation effects on huciferase activity, each residue was computationally
mutated into other amino acid types and packing and cartesian relaxation was perfonmed to
evaluate the final score in REU. This procedure was applicd three times in parallel for both
substrate-bound and apo-states. The average of the three calculation results was used to
calculate the relative binding free encrgy (ddGuing} by subtracting the total score of the apo-

state from the complex state.

9. Construction and screening of designed luciferase libraries

The construction of assembled gene libraries was described previously in detai®’. In
brict. the amino acid sequences of all designed luciferases were first reverse-translated into E.
colt codon-optimized DNA sequences. All DNA sequences were categorized into multiple
sub-pools by the gene length (~500 designs per sub-pool}. Each gene was subsequently split
wnto two fragments {fragment A and fragment B) and added outer and inner primer scquences
tothe 57 and 3" end {¢.g.. Outer oligoA Sprumer + design_balf A + Toner oligoA 3primer
and Tnner_oligoB_Sprimer + design_half B + Guter_oligoB 3primer). All oligos were
ordered in one Twist 250nt Oligo Pool. To constract the Hibrary of each sub-pool, polymerase
chain reaction (PCR) with oligoA Sprimer/oligoA 3primer or
oligoB Spnmer/oligoB 3primer oligonucleotide pairs was used to amphity the individual
fragment A or fragment B from each sub-pool. The pool-specific sequences were removed
with Uracil Specific Excision Reagent (USER) followed by NEB End Repair kit. Cuter
primers {oligoA_Sprimer and oligoB 3primer) were then used for fragment A and fragment
B assembly and amplification. The assembled full-length fragment was digested with
Xhol/HindHI and ligated into a predigested pBAD/His B vector. All ligation prodacts were
used to transform ElectroMAX™ DHI0B Cells, which were next plated on 156 qum = 15 num
LB agar plates supplemented with carbenicillin and L-arabinose. We sequenced 30 random
colonies and 11 of the sequences were n our designed library. The plates (~2000 eolonies per
plate} were incubated at 37 °C overnight to form bacterial colonies and left at 4 °C for
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another 24 h. To directly image tuminescence activity from bacterial colonies, we sprayed the
PBS solution containing 30 uM DTZ to each agar plate, waited for 2 min, and the
lurainescence images were acquired and processed with Bio-Rad ChenmiDoc XRS+. After
screening 15 plates, active colonies were collected for sequencing, protein expression, and
other downstream characterization where LuxSit was selected from three active designs

shown catalytic signal above background.

10, Construction and evaluation of LuxSit site saturation mutasenesis ibraries

To create bbraries of each single amino acid substitution at residues 13, 14, 17, 18,
35,37, 38,49, 32, 33, 56, 60, 65, 81, 83, 94, 96, 98 100, 110, and 112, forward oligos
mixture with degenerate codons (NDT, VHG, and TGG = 1:1:0.1 ratio) and an overlapped
reverse oligo were ased to amplify the plasmid of LuxSit. The resulting PCR products were
circularized by Gibson Assembly protocol and were subsequently used to transform
ElectroMAX™ DHI0B Cells. The cells were plated on 150 mo x 15 mm LB agar plates
supplemnented with carbenicillin and L-arabinose, meubated at 37 °C overmight, and left at
4 °C for another 24 h. As described in the screening of luciferase libraries, colony-based
screening by spraying DTZ solution was used to identify active colonies. Inactive colonies
were also randomly picked. As a result, a total of 32 colonies were picked for cach residue
library. 32 x 21 individual colonies were grown in 1 mL of TB supplemented with
carbenicillin and L-arabinose in 96-well decp-well culture plates. The plates were shaken at
37 C overnight (~16-18 b) on 96-well plate shakers at 1,100 rpov. Cells were pelleted by
centrifugation at 4,000g for 15 min in a tabletop centrifuge. Media was discarded and the cell
pellets were resuspended 1n 0.2 mL BugBuster HT Protein Extraction buffer. The plates were
transferred back to 96-well plate shakers and mmcubated at 1,100 rpm for an additional 30 min.
Cellular debris was pelicted again by centrifugation at 4,000g for 15 min, soluble lysates
were transferred {0 a new semi-deep 96-well plate, and incubated with 10 pl of magnetic Ni-
NTA beads for 30 min to aliow binding. The magnetic extractor was used to first transfor the
beads from the binding plates to wash plates with 200 pl. IMAC wash buffer in each well,
and then transfer the beads to elusion plates containing 30 pl. IMAC elution buffer in cach
well. The concentrations of all proteins in each well were determined by the Bradford assay
directly. The elution sohution in each well was used to make a 25 pL protein solution at
mdicated concentration and mixed with 25 ul. of 50 uM DT PBS solution. The
tuminescence signals were acquired over a course of 15 nun while the actual point mutation
was identified by sequencing. Thus, the mutation-to-activity relationship can be mapped. To
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evaluate whether these beneficial mutations are synergistic, we ordered mdividual mutants
with combinatorial mutations at restdue 14, 60, 96, 98, and 110 (seec Table 4), expressed, and
purified these LuxSit vanants for kinetic, emission spectra, and luminescence indensity. We
wdentified four mutants that can produce 47 to 77-fold more photons than the parent LuxSit.
We assigned one of which, LuxSit-f (AS6M/M110V), for is strong mntial flash emission.
Since the mutations at residue 96 and 110 are robust and mutations at residue 60 are versatile,
we generated a fully randomized Lbrary at 60, 96, and 110 positions to exhaustively screen
all possible combinations. After the colony-based screening, we dentified many colonies
with strong luciferase activities with DTZ (Fig. 8). Among all selected nuutants, Arg60 is
confirmed to be mutable, Ala96 prefers larger hydrophobic sidechains (Leu, Ue, Met, and
Cys). and Met110 favors hydrophobic residues (Val, le, and Ala). A newly discovered
mutant RE0S/A96L/MTI0V with more than 100-fold higher photon flux over LuxSit was

assigned LuxSit-1 for its high brightness.

11, & vitre characterization of photoluminescence properties

For Michaelis-Menten kinetics measurements, 25 ub of senal diluted DTZ substrate
in Tris pH 8.0 buffer was added into the wells of a white 96-well half-area microplate
containing 25 ul. of purified luciferases (final enzyme concentration: 100 nM; substrate
concentrafion: 0.78 to 30 pM). Measurements were taken every 1 min (0.1 s infegration and
10 s shaking between cach interval) for a total of 20 min. Initial velocities were estimated as
the average of the light mntensities from the first three data points to fit the Michaclis-Menten
equation. Al relative arbitrary unit (RLU) per second values were converted to photon/s by
the laminol-H202-HRP calibration method® . Following the equation: Luax = LQY % ke x [E],
1max i5 the maximal photon flux {photon 5™, {E] is the total enzyme concentration, and Vimax
is the maximum photon flux per molecule {(photon 57 molecule™) from the fitting of the
Michaelis-Menten equation. To determine the lununescent quantum vields, 25 pl of 5 pM
individual substrate in PBS was injected into 25 ub PBS containing 100 oM corresponding
fuctferase. DTZ was used for all LuxSiu variants while CTZ was used as the substrate of
native RLuc. The luminescence signals were monitored until the reactions were completed
(0.1 s integration and measurements were taken every § s for a total of 40 mim}. The sum of
himinescence photon counts was normalized to the total photon counts of RLuc/CTZ pair
{(LOQY = 5.3 = 0.1%)® to derive relative luminescent quantum yields of LuxSit variants (Fig,
18}, keae values for each individual enzyme were caleulated using the equation: ke = Vimax /
LGY. To record emission spectra, 25 g of 50 uM DTZ in PBS were injected into 25 pb. of
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280 nM pure huciferases and the emission spectra were collected with 0.1 s integration and 2
nm increments from 300 to 700 nm. /» vitro laminescence activity measarements of LoxSit-1
expressing HEK293T or Hel.a cells were done similarly as 15,000 iotact cells or lysates were
used in the assay nstead of purified luciferases. To evaluate the substrate specificity, 25 pL.
of 50 M substrate analogs in PBS were added to 25 uyl. of 200 nM indicated huciferases, and
the signals were recorded over 20 min. Data were shown as the total luminescence signal
over the first 10 min. We normalized the data by setting the highest enussion substrate at

100%.

12 Circular dichroism (CD)

Puritied protein samples were prepared at 15 uM in pH 7.4 10 mM phosphate buffer.
Spectra from 190 nm to 260 nm were recorded at 23 °C, 30 °C, 75°C, 95 °C, and after
cooling back to 25 °C. Thermal denaturation was monitored at 220 nm from 25 °Cto 95 °C
(17C per min nerements). T values were not reported because no obvious mflection pomnts

of the melting curves.

13, Mammalian cell culture and transfection

HEK?293T and Hela cell lines were maintained at 37 °C with hwoudified 5% CO»
atmosphere and cultired in Dulbecco's Modified Hagle's Mediam (BMEM, GIBDO)
supplemented with 10% fetal bovine serum (FBS, Sigmaj. Cells were transfected with
Turbofectin™ 8.0 {Origene) with 500 ug of plasmid DNA. After 24 hat 37 °Cima Cs
imeubator, the medium was removed, and cells were collected and resuspended 1n Dulbecco’s

phosphate-buffered saline (DPBS).

14, Fluorescence Microscopy and image analvsis

Cells were washed twice with HESS and subsequently imaged in HBSS in the dark at
37°C. Rught before imaging, celis were incubated with 25 uM DTZ. Epifluorescence tmaging
was conducted on a Yokogawa CSU-X1 microscope equipped with a Hamamatsu ORCA-
Fusion scientific CMOS camera and Lumencor Celesta light engine. Objectives used were:
10x, NA .45 WD 4.0 mm, 20« NA 1.4, WD 0.13 mm, and 40x, NA (.95, WD 0.17-0.23
mn with correction collar for cover glass thickness (0.11 mm to 9.23 mm} (Plan Apochromat
Lambda}. Imaging for BFP utilized a 408 nm laser, 432/36 an dichroic, and a 440/40 nm
emission filter (Semrock). Exposure timnes were 200 ms for BFP and 10 s for luminescence.
All epiffucrescence experiments were subsequently analyzed using NIS Elements software.
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15, Mudtiplex dual-laciferase reporter assay for the cAMP/PRA and NE-«B pathways

HEK293T cells were grown in a tissue culture-grade white 95-well plate and
transfected with indicated CRE-RLuc, NFxB-LuxSit+, and CMV-CyOFP plasmids. 24 h
after transfection, the mediom was replaced by 2 uM of Forskolin (FSK} or 300 ng/mL
human tamor necrosis factor alpha (TNFo) in regular cell media. 23 h after stimulation, the
cells were resuspended in DPBS by pipette mixing. 25 pl of DPBS contating 30,000 mntact
cells was mixed with 25 b of CelLytic M for 15 min to make cell lyvsates. For mtact cell
assay, 25 pL. of DPBS containing 15,000 intact cells was mixed with 25 pL of PP-CTZ
{(2uM) or/and DTZ (10uM) in DPBS. For coll lysate assay, 25 ul. of cell ysate was added to
25 ul of PP-CTZ (2uM) or/and DTE (10uM} to imtiate luminescence reactions. The signals
were recorded every 1 min for 3 total of 10 mun. The light signals were collected in the
substrate-resolved mode without filters and with 52%/20 and 390/35 filters under the
spectrally resolved mode. Arca scanning the fluorescence mmtensity of CvOFP at 480 nm
{excitation wavelength) and 380 nm {emission wavelength} was used to estimate the total cell
pumbers and transfection efficiency. The reported unit was the average of the first 10 min
luminescence (RLU) over the relative fluorescence units {a.u.}. To denive fold-of-activation,
all values were normalized to the corresponding non-stimulated control.

Statistical analvsis

Mo statistical methods were used to pre~-determine the sample size. No sample was
excluded from data analysis. Results were reproduced using different baiches of pure proteios
on different days. Unless otherwise indicated, data are shown as mean + s.d., and error bars in
figures represent 8.d. of technical triplicate. Data were analyzed and plotted using GraphPad

Prism 8, seaborn, and matplotlib.

Supplementary Information

Table 4 Enzvmatic and photoluminescence properties of LuxSit and s mutants

Amax Ky Vo (107 photon §7 Relative
(1) (uhy molecule™)y emission
intensity®

LuxSit 478 18314 1.2 0.32(0.29-0.37) 1
(GOR/96A/98H/1 10M)
YI4E 478 12.6(9.9-16.1) 0.190.17-0.21) 0.95
RoOC 476 45.2(28.7-78.9) 0.57(0.44-0.8) 1.35
AS6] 476 17.5(12.1-25.9) 1.3(1.1-1.5) 4.32
A96M 476 4.8(3.1-73 0.0(5.3-6.9) 16.4
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HI8N 476 29.3(22.1-39.8) 0.17(0.15-0.2) (.48
M110C 478 67.5(43-121) 0.4(0.3-0.6) 0.64
M1V 480 30.3(22.7-41.5) 7.1(6.2-8.4) 10.3
GOC/O6I/98H/110C 476 11.3¢6.3-20.2) 0.12(0.1-0.16) .39
6OR/961/98N/110C 76 8.7(3-7.4) 0.02(0.017-0.022 0.12
GOR/OGI/98H 10T 480 4.3(2,7-6.8) 0.05(0.043-8.059) 027
60C/961/98H/ 110V 47 6.3(4 8-8.3) 14.7(13.4-16.2) 771
SOC/FGM/IBN/L IOV 474 9.7(5.6-17 4} 0.13(0.1-0.16) 0.5
HOC/9OM/ASH/ L IGC 47 30.9(18.3-57.2 2.44(1.9-3 4) 4.26
GOR/OGI/ISN/LIOV 476 7 2(5.4-9.5) 0.32((.29-0.35) 1.39
HOR/961/8H/LIOY 482 10.8(8-14.6) 12.9(11.7-14.5) 475
GOC/OCM/ISH/L 10V 476 7.0(4.8-10.2) 3.9(14-18. 1) 0.3
14E/60C/96M/OSH/ IOV 478 8.0(4.0-15.8} 0.16(0.12-0.2) 1.0
GOR/DSM/IEN/L IOV 474 8.({(5.3-12.2) 0.044¢0.04-0.05) 021
60C/96M/OEN/LIOC 476 17.4(13.4-22.8) 0.016(0.015-0.018) 0.08
GOCAGT/9RNIOT 476 24 7(18.7-33.4) 0.03¢0.026-0.035) G.11
HOR/GEM/OSH/LLOC 474 23.4(13.9-35 8) 0.28(0.24-0.35) (.58
GOC/O6T/98N/1IOV 480 80.9(43.3-222}) 0.83¢0.55-1.8) 1.81
HOR/GOM/OBH/LIOV 420 8.6.7-11.9) 19.7(17.9-21.9) 63.9
(LuxaSit-f)

GOR/OGM/G8N/ 10T 476 9.3(7-12.2) 0.019(0.017-0.021) (.96
608/96L/A8H/110V 482 2.5¢1.9- 3‘3) 36.1(33.7-38.6) 153

(LuxSit-1)
a. mean (95% Cl)., n=3 {fechnical triplicates); b. integrated luminescence intensity over the
first 20 min. All values were normalized to the signal of LuxSit with 25 uM DTZ in Tris pH 8.0
buffer.

Table 5. Amino acid and DNA sequences of de novo luciferases in this work
The seguences (underlined) below contain a PolyHis-TEV or PolyHis tag for protein
purification (which are optional and may be present or deleted)

>LuxsSit {codon <>pt,i, X
TAGCCATCACCACCATCACCATGGCTAGCGGT! G "AGA' T ’"I‘ﬁ\, TTCCAAGGAAGCATG
AGRACAGATTCGTCAGTTTCTGCGTY H ( "TGGATAGCGGCCATGCGGAT
ACCGCT GL,\:-AG\.\.TL;-TTTCATK,\,\:GG\,GTVA(‘f“\ ATTCATCTGTGGGATGGLCGTTACCTTTACCAGC
i T\AGAA”"T“"GTG’ ATGGTTTGAACGTCTGTTTAGCAC AGATGCGCAGCGTGAAATT
AAGTACGTGGCCGATACCGTGGAAGTGCATGTGCAGTTGCACGCGACCCATAATGGEE
C“.u—\_H.ﬂ\L TACCGTAGATCGCAACCCATCATT GGCATTTTCETGGCAATCGT GTCACCGAAATG
TC

T
GTGECATATCARTCCGACCGGCTAR {3EQ ID NO: 193)

\"uxq*' t-f

NLYFQGMSEEQIROFLR EALDEGDADT! " DGVIFTSR
REKDAQREIKSL GDTVEVEVOLHATENGQOKH _,I’"“h“hhk RGNRVTEVRY

NTJ rTz\CﬂT‘ CCAAGGAATGAGC
TAGCGGCGATGC GCPT;\ C

CGTTACCTTTACCAGCCGT

-CGTGACA? TTCATCﬁG¢qL—x-.
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GAAGAATTTCGTCAATGCTTTGAACGTCTGTTTAGCACCCGCAAAGATGCGCAGCGT GAAATTAAG

AGCCTGGAAGTACGTGGCGATACCGTGGARGTGCATGTGCAGTTGCACGCGACCCATAAT GGCCAG

ARRCATACCGTAGATATGACCCATCATTGGCATTITTCETGGCAATCEGTGTGACCGAAGTGCETGETG
A

CATATCAATCCGACCGGCTAR {(SEQ ID NG: 195}

MGSHHHHHHGS GSENLYFQGMSEEQIRQFLRREYEALDSGDADTAASLIHEGVT IDGVTEFTSR
EEFREWFERLESTSKDAQREIKSLEVRGDTVEVHVQLH C HTVDLTHHWHFRGNRVTEVRY
HINPTG (SEQ ID NO: 196)

>LuxSit-1i {codon optimized for E. cclli expression)

"’TCC’ GG@A TGAGC

ATGGETAGCCATCACCACT TCACCAMGC“AGCGGIAG‘CAbAl“TT“TA
GAAGARACAGATTCOTCAGT T TCTGCETCOT T TTTAT GAAGCGUTGGAT
CPGOGAGCCTETTTCATCCGGECETGACAATT CATCTETEGE GTTAC
TTTCGTGAATGGTTTGAACGTCTCTTTAGCACCAGTAAAG GCGCACbGTvA,“ﬁTAAU
SGAAGTACGTGGCEATACCETGGAAGTGCATCTGCAGTTGCACGCEACCCATAAT GGCCAS
ACCGTAGATTTGACCCATCATTGGCATTTTCETGGCAAT CETGT GACCGARAGTTCETGTS

CZ TZ-\T\,’APM:Vw-xCC\J\zCr' VA \ST‘Q ID NO: 197}

{codon oio""irmz for humar

sion)

:"can Fm”“”CAlﬂPG r GAGGCCCTGGATAGCGE C
SCTETGGCACGEOGTCACCTTCACT

GCARGGACGCCCAGAGAGAL
SAACTGCACGTGCAGCTECACGCCATACACAALD
T GACCCACCACTGECAC TTCAGAGGCARCAGAGT CALC GAGETS

C’C'GL,\,TMA (SEQ ID NO: 198)

GG ;’\:\“Tk AG
AGCCTGGAAG
ACOACA CC\ -

Sl s i

CATCAATCCCA
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We claim
1. A protein having luciferase activity, comprising the secondary structure arrangement
HI-L1-H2-L2-E1-L3-E2-L4-H3-L3-E3-L6-E4-L7-E5-L8-E6, wherein “H” 13 a helical
domain, “L.” is a loop domaimn, and “E” is a beta strand domain; wherein:

{a) the H1 domain 1s at least 18 or 19 amino acids 1o length; residue 14 of the Hi
domainis Y, D, or E, and residue 18 of the Hi domainis Dor E;

{b) the E3 domain is atleast 6, 7, §, 9, or 10 amino acids in length and residue 2
of the E3 domam 1s R; and

{c) the ES domain s at feast 10, 11, 12, 13, or 14 amino acids in length and

residue 9 of the ES domainis Hor N,

2. The protein of claim 1, wherein residue 7 of the E3 domain is M.
3. The protein of claim 1 or 2 wherein the E6 domain is at feast 9, 10, 11, 12, or 13

amine acids in length and wheremn residue 5 of the E6 domainis V.

4. The protein of any one of claims 1-3, wherein residue | of the L3 domain is S
5. The protein of any one of claims 3-4, wherein residue 7 of the ES domain 1s M and

residue 5 of the E6 domain s V.

6. The protein of any one of clamms 3-4, wherein residue 7 of the ES domainis M,

residue 5 of the E6 domain 1s V, and residue 1 of the LS domain is S.

7. The protein of any one of claims 1-6, wherein the H2 domain is at least 5, 6, or 7
amino acids m length, the H3 domamn is at least 9, 10, 11, 12, 13, or 14 amino acids 1 length,
the E1 domain is at least 3 or 4 amino acids in length, the E2 domain is at least 3 or 4 amino

acids m length, and/or the E4 domain is at least 8, 9, 10, 11, or 12 amino acids in length.

3. The protein of any one of claims 1-7, wherein:
the H1 domain is 19 amino acids in length;
the H2 domain is 7 amino acids in length;

the E1 domain 15 4 amino acids in length;
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the 2 domain is 4 amino acids in length;

the H3 domain is 14 amino acids in length;

the E3 domain ts 10 amino acids in length;

the E4 domain is 12 amino acids in length;

the ES domain 1s 14 amino acids in length; and

the E6 domain s 12 or 13 aming acids in length

g The protein of any one of claims 1-8, wherein 1, 2, 3, 4, or all § of the followmg is
true:

{a) restdue 13 of domain Hl is F;

{b} residue | of domain L3 1s W,

{c) residue S of domain E3 is V or another hydrophobic residue;

{d) residue 8 of domain E3 is A or L or another hydrophobic residue; and/or

{c) residue 11 of domain ES is W.

10, The protein of any one of claims 8 or 9, wherein 1, 2, 3, 4, 5, or all 6 of the following
are troe:

{a} restdue 2 of domain EI ts | or another hydrophobic residue;

{b) residue 4 of domain H3 is F;

{c) residue 6 of domain E4 1s V or another hydrophobic residue;

{d) residue 8 of domain E4 is L or another hydrophobic residue;
5] residue 3 of domain E6 138 M or V or another hydrophobic residue; and/or

() residue 7 of domain E6 18 V or another hyvdrophobic residue.

11, The protein of any one of claims 1-10, comprising an amino acid sequence at least
30%, 35%, 40%, 45%, S0%, 35%, 60%, 65%, T0%, 75%, 80%, 85%, 90%, 91%. 92%, 93%,
94%, 95%, 96%., 97%, 98%, 99%. or 100% identical to the amino acid sequensce selected

from the group consisting of SEQ ID NO:1-181, or SEQ 1D NG:1-3.
12, The protein of claim 11, comprising the anuno acid sequence of SEQ ID NG:4.

13, A protemn having luciferase activity, comprising an aming acid sequence at least 30%,

35%, 40%, 45%, 50%, 55%, 60%, 65%, T0%, 75%, 80%, 85%, 90%, 91%, 92%, 93%, 94%,

>

87



10

15

20

25

WO 2023/137417

PCT/US2023/060615

95%., 96%, 97%, 98%, 99%, or 100% identical to the amino acid sequence of SEQ 1D NG 1,
wheremn:
Residue 141sY, D, or F and residue 98 1s H or N; and

Residue 18 1s D or E and residue 65 s R.

14, The protein of claim 13, comprising one or both of A96M and M110V substitutions
relative to SEQ D NG 1.

15, The protein of claim 13, comprising both of A9%M and M110V substitations relative
to SEQ ID NG

16.  The protein of any one of claims 13-13, comprising an R60S substitution relative to
SEQ IDNO: 1.

17, The protein of claim 16, comprising R605, A96M, and M 110V substitutions relative
to SEQ IDNG: 1

18, The protein of any one of claims 10-14 and 16, wherem any substitutions relative to
SEGQ ID NGO at restdaes F12, 135, W38, F49, V81, L83, V94, A97, W100, M110, and/or

Y112 are conservative amino acid substitutions.

19, The protein of any one of claims 13-18, comprising an amino acid sequence at least
60%, 63%, T0%, 5%, 80%, 85%, 90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, 99%,
or 100% wlentical to the amino acid sequence sclected from the group consisting of SEQ ID

NG: -3, or 1-181

20, The protein of any onc of claims 11 and 13-19, whercin any substitutions relative to

the reference sequence are conservative amino acid substitutions.

21, A protem comprising the formula X1-21-X2-22-X3-23-X4-Z4-X5-25-X6-£6-X7~
ZT-X8-Z8, wherein:
X1 has an amino acid sequence at least 50%, 35%, 60%, 65%, 70%, 75%, 80%, 85%,

0%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, 99%, or 100% identical to the amino acid

38
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SeGUSnCe of MSEEQIRQFL R RFYEZ
D, or E and residue 18 is Dor E;

D {(SEQ ID NCO: 182), whercinresidue 1418Y),

X2 has an amino acid scquence at feast 50%, 553%, 60%, 65%, 70%, 75%. 0%, 85%,
0%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, 99%, or 1{% identical to the ammo acid
5  sequence of ADTAASLFE (SEQ ID NO: 183);
X3 has an amino acid sequence at least 50%, 75%, or 100% identical to the amino
acid sequence of TIHL (8EQ ID NO: 184);
X4 has an amino acid sequence at least 33%, 66%, or 100% identical to the amino
acid sequence of VTE;

10 X5 has an amino acid sequence at least 50%, 55%, 60%, 65%, 70%, 75%, 80%, 85%,
G0%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, 99%, or 100% identical to the aming acid
sequenee of ERFREWFERLFST (SEQ ID NO: 185);

X6 has an amino acid sequence at least 50%, 55%, 60%, 65%, 70%, 75%, 8§0%, 85%,
G0%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, 99%, or 100% identical to the aming acid

15 sequence of QREIKSLEVR (SEQ ID KNO: 186}, wherein residue 21s R;

X7 has an amino acid sequence at least 30%, 55%, 60%, 65%, 70%, 75%, 80%, 85%.
G0%, 91%, 92%, 93%, 94%, 95%, 96%, 97%. 98%, 9%, or 100% identical to the amino acid
sequencee of VEVEVQLHATHE (SEQ ID NO: 187);

X% has an amino acid sequence at least 30%, 35%, 60%, 65%, 70%, 75%, 80%, 85%.

20 909, 91%, 92%, 93%, 94%, 95%, 96%, 97%. 98%, 99%, or 100% identical to the amino acid
sequence of KHTVDATHHWHER (SEQ ID NO: 188), whereinresidue 8isHorN;

X9 has an amino acid sequence at least 50%, 53%, 60%, 65%, 70%, 75%, 80%, &3%,
0%, 91%, 92%, 93%, 94%. 95%, 96%, 97%, 98%, 99%, or 100% identical to the amino acid
sequence of VIEMRVHINPTG (SEQ ID NO: 189); and

25 wherein 21, £2, 73,74, 73, 76, Z7, and Z8 are independently present or absent, and

when present may comprise any aming acid sequence.

22 ¢ protein of clawm 21, wherein [, 2, 3, 4, 3, 6, 7, or all 8 of the followmng are true

Z1 comprises SGD;
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Z6 comprnises GDT;

27 comprises NGQ; and/or

Z8 comprises GNR; and

wherein 0, 1,2,3,4,5,6, 7, orall of 21, 22, 73, 74, 75, 26, 77, and Z8 further

comprise an additional polypeptide domain.

23, A selfecomplementing multipartite protein having luciferase activity, comprising at
least a first polypeptide component and a second polypeptide component, wherein the at least
first polvpeptide component and the second polypeptide component are not covalently finked,
wherein 1o total the at least first polypeptide component and the second polypeptide
component comprise domains X 1-£1-X2-£2-X3-£3-X4-74-X5-75-X6-26-X7-Z7-X8-£8~
X9, wherein cach domain is as defined in claims 21-22;

wherein {a} cach X domain is fully present within one polypeptide component of the
at least first polypeptide component and the second polvpeptide component, and (b) none of
the at least first polvpeptide component and the second polyvpeptide component inchude cach
of X1, X2, X3, X4, X5, X6, X7, X8, and X9.

24, The self-complementing multipartite protein of claim 23, wherein the split occurs at

24,25 26, 0r 27

25 A self-complementing multipartite protein having huciferase activity, comprising at
least a first polypeptide component and a second polypeptide component, wherein the at least
first polypeptide component and the second polypeptide component are not covalently hinked,
wherein in total the at least first polypeptide component and the second polypeptide
component comprise the secondary structure arrangement Hi-U1-H2-12-E1-L.3-E2-L4-H3-
L35-E3-L6-E4-L7-E5-L8-E6, wherein cach domain is as defined 1n any one of claims 1-9;

wherein (3} each H and E domain is fully present within one polvpeptide component
ofthe at feast first polvpeptide component and the second polypeptide component, and (b)
none of the at least first polypeptide component and the second polypeptide component

include all of the H and E domaiuos.

26, The self-complementing multipartite protein of claim 25, wherein the split ocours at

14,13, 16, L7. or L8.
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27. A fusion protein comprising!
{a) the protein or polypeptide component of any preceding claims; and

(b} one or more additional functional domams.

28. A mueleic acid encoding the protein, polypeptide component, or fusion protein of any

preceding claim.

29 The nuclewc acid of claim 28, comprising the nucleotide sequence of any one of SEQ

1D NO:200-380.

30.  An expression vector comprising the nucleic acid of claim 28 or 29 operatively linked

1o a suitable control element.

31, A recombinant host cell comprising the protein, polypeptide component, fusion

protein, nucleic acid, and/or expression vector of any preceding claim.

32, A kit comprising:
{a) the protein, polypeptide component, fusion protein, nacleic acid, expression

veetor, and/or host cell of any preceding clainy and

(b} instructions for their use.
33, The kit of claim 32, further comprising diphenylterazine (DTZ).
34, A method for using the protein, polypeptide component, fusion protein, nucleic acid,

expression vector, host cell, and/or kit of any preceding claim for any suitable purpose,
mehuding but not lmited to luminescent reporting assays, diagnostic assays, cellular
localization of targets of mterest, cellular imaging, gone editing, live animal upaging, cancer
labeling, CART-cells reporting, secreted assay, gene delivery, and tissue engineermg,

35, A method for making a luciferase, comprising de novo design using the methods of
any embodiment disclosed herein, starting with the protein comprising the amino acid

sequence of SEQ ID N(:381.



