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Methods to imbue polymeric materials with new structures and functions

[001] This invention was made with government support under the National Science
Foundation, grant numbers 2002182 and 2021739. The government has certain rights in the

invention.

[002] Introduction

[003] Ribosomally synthesized and post-translationally modified peptides (RiPPs) are a unique
class of natural products (https://doi.org/10.1039/DONP00027B). Their synthesis begins with a
ribosomally translated precursor peptide that is elaborated further by enzymes that convert one
or more traditional peptide linkages into those that contain heterocycles, D-amino acids,
intrachain crosslinks, and backbone and side chain modifications (Fig. 1). Ribosomally
translated precursor peptides contain two functional units - an N-terminal leader peptide that
recruits one or more modifying enzymes and a C-terminal core peptide on which the modifying
enzyme(s) act (Fig. 2) DOI: 10.1039/c2np20085f. Many RiPP natural products have been
identified and include the FDA-approved analgesic ziconotide (DOI: 10.1002/cmdec.201200513)
as well as compounds with antibiotic, antiviral, and antitumor properties. A common RiPP
modification is installed by a family of enzymes known as heterocyclases (Fig. 3).
Heterocyclases catalyze the cyclization of a serine, threonine, or cysteine side chains to form an
azoline heterocycle, which is dehydrogenated to yield an unsaturated azole heterocycle (Fig. 3).
Azole heterocycles appear quite often in small molecule

drugs .https://doi.org/10.1021/jm501100b.

[004] Relevant Literature

[005] Goto and Suga developed in vitro translation systems for the rapid prototyping of
heterocyclase substrates (DOI: 10.1016/j.chembiol.2014.04.008;
https://doi.org/10.1246/cl.160562). These systems were applied to study the influence of
flanking sequences on the activity of the heterocyclase enzyme PatD. This work demonstrated
that PatD activity is insensitive to polypeptide sequences flanking the core peptide. However,
PatD was found to be sensitive to deletions and point mutations within the leader peptide.

[006] Bowers, Goto, Hicks, and Suga combined in vitro translation, chimeric leader peptides,
and unnatural amino acids (UAAs) to create a semi-synthetic approach to synthesizing
thiopeptides such as thiocillin and lactazole (https://doi.org/10.1021/jacs.8b11521). This
platform was used to investigate the influence of core peptide point mutations as well as

deletions and insertions within the leader peptide on the activity of the heterocyclase enzyme
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LynD. Generally, core peptide point mutations were tolerated, but leader peptide modifications
impacted yield. All changes introduced into the core sequence were natural a-amino acids.

[007] Recently, Goto and Suga utilized in vitro translation and flexizyme-mediated tRNA
charging of UAAs to further explore the substrate scope of PatD
(https://doi.org/10.1002/cbic.201900521; https://doi.org/10.1002/anie.201910894). These works
demonstrated that PatD, which natively accepts sulthydryl and hydroxyl nucleophiles, also
accepts amino nucleophiles. PatD also tolerated methylene insertion within the side chain, which
gave rise to 6-membered heterocyclic products. Further, modifications to the side chain
substituent of cysteine and threonine gave rise to 5-membered heterocycles with non-natural
substituents.

[008] Onaka, and Suga extended their work on PatD substrate tolerance by utilizing in vitro
translation to recapitulate the biosynthesis of lactazole A (doi: https://doi.org/10.1101/807206).
This work demonstrated that the heterocyclase LazD tolerates expansion and contraction of the
macrocyclic loop of lactazole A. Further, UAAs and -amino acids were tolerated within the
macrocyclic loop. However, these unnatural residues were located at positions distant from the
residues targeted for heterocyclization by LazD.

[009] Other researchers have studied the substrate tolerance of native heterocyclases. Early
work from Jaspars, Naismith, and Smith explored the substrate tolerance of PatD and TruD [68].
PatD and TruD were found to cyclize selenocysteine residues to yield selenazolines. In a later
work, this in vitro synthesis scheme was expanded to include the heterocyclases LynD, MicD,
and TenD [69]. A mutational study established that heterocyclases tolerate a variety of a-amino
acid substitutions within the core peptide sequence.

[010] Jaspars and Naismith developed a set of constitutively active heterocycases in which the
leader sequence is fused directly to the enzyme, such as LynD and MicD. These constructions
are referred to as “fusions” (such as MicD fusion) (DOI: 10.1038/nchembio.1841). In line with
previous studies of TruD (DOI: 10.1002/anie.201306302) and PatD (DOI:
10.1016/j.chembiol.2014.04.008) this work found that native LynD retains limited activity
towards leaderless core peptides. Fusion of the leader peptide to the N-terminus of LynD led to
the creation of a constitutively activated variant, LynD_fusion. LynD_fusion processed
leaderless core peptides, but point mutations impacted the efficiency of heterocyclization.
Recently, this concept was used to constitutively activate the heterocyclase MicD, and study the
processivity of heterocyclases (https://doi.org/10.1021/acs.biochem.9b00084).

[011] Migaud, Naismith and Westwood have since explored the substrate tolerance of
constitutively activated heterocyclases (https://doi.org/10.1002/0pen.201600134;
https://doi.org/10.1002/cbic.201500494). These efforts demonstrated that LynD_fusion tolerates
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the insertion of a 4-unit polyethylene glycol spacer or azidoalanine within the core peptide.
However, much like work from Goto, Onaka, and Suga, these modifications were made at
positions distant from the residue heterocyclized by LynD_fusion.

[012] Gaps in knowledge with respect to heterocyclase substrate scope

[013] Existing approaches to the synthesis of novel compositions of matter using RiPP
heterocyclases have notable limitations. Studies have demonstrated that heterocyclases process
core peptides containing multiple proteinogenic a-amino acids, but studies of substrates
containing non- natural monomers have been severely limited. No study has reported
heterocyclase activity for a substrate containing a non-a-amino acid residue at position +1 or -1,
or incorporated a non- natural backbone monomer at the +1 site. Reliance on the paradigm of
leader peptide-directed modification has provided valuable insight into the biochemistry of
native heterocyclases, but makes it difficult to apply the chemistry to valuable substrates such as
antibodies, cytokines, replacement enzymes, or other therapeutic proteins. No study has
modified the activity, processivity, or selectivity of native heterocyclases. These limitations

restrict the structural diversity of compounds accessible via heterocyclase biosynthesis.

[014] Summary of the Invention

[015] We demonstrate that constitutively active dehydratase enzymes involved in RiPP
biosynthesis can accept substrates containing multiple, diverse, non-a-amino acid monomers at
positions flanking the reaction site. We demonstrate that this reactivity can be used to engineer
therapeutic proteins that express at higher levels, resist degradation, alter immune reactions, and
encode functions that add additional value, such as but not limited to targeting the protein to
distinct cells or tissues.

[016] The invention expands the chemistry of the heterocyclase MicD in multple unique ways.
We reveal that multiple, structurally diverse aromatic rings are tolerated at the +1 position that
precedes the site of cyclization. We reveal that multiple, structurally diverse beta-3-amino acids
are also tolerated at the +1 site. We reveal that aramid monomers are tolerated at the -1 site.
Finally, we reveal that MicD can introduce an azoline heterocycle into one or more loops of
GFP to generate proteins with altered and improved properties.

[017] The invention provides methods and compositions

[018] In an aspect the invention provides a method of polymer engineering: deploying a
constitutively active dehydratase enzyme of RiPP biosynthesis to accept a substrate containing a
non-a-amino acid monomer at a position flanking the reaction site.

[019] In embodiments:
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[020] the polymer is or comprises an amino acid polymer (e.g. peptide, polypeptide or protein),
or hybrid polymer or any polymer compatible and operable with the disclosed constitutively
active dehydratase enzyme of RiPP biosynthesis to accept a substrate containing a non-g-amino
acid monomer at a position flanking the reaction site;

[021] the polymer is or comprises an antibody, cytokine, replacement enzyme, or therapeutic
protein;

[022] the method imbues a polymeric material with new structures and/or functions;

[023] the method introduces a non-native backbone modification to expand and/or improve
protein function;

[024] the method is used to engineer a therapeutic protein to express at higher levels (ease or
improve production), resist degradation, improve thermal and proteolytic stability, alter
immunogenicity, antigenicity or immune reactivity, or encode a function that adds additional
value, such as but not limited to targeting the protein to distinct cells or tissues;

[025] the enzyme catalyzes formation of an azole (e.g. oxazole or thiazole) ring;

[026] the enzyme is selected from heterocyclases MicD, PatD, and LynD.

[027] the method provides a protein therapeutic fused to a RiPP natural product, synthesized in
a single step, without a separate chemical bio- conjugation step (which requires significant
optimization), without sequential or separate purification steps, and/or in situ.

[028] multiple, structurally diverse aromatic rings are tolerated at the +1 position that precedes
the site of cyclization, e.g. Benzoic acid, tetrafluoro-benzoic acid, 2- amino benzoic acid, 2-
amino-5-methoxy benzoic acid, 2-aminopyridyl, and coumarin;

[029] multiple, structurally diverse beta-3-amino acids are tolerated at the +1 site, e.g. beta-3-
isoleucine;

[030] aramid monomers are tolerated at the -1 site; and/or

[031] the enzyme (e.g. MicD) introduces an azoline heterocycle into one or more loops of a
target protein (e.g. GFP) to generate proteins with altered and improved properties.

[032] The invention encompasses all combinations of the particular embodiments recited

herein, as if each combination had been laboriously recited.

[033] Brief Description of the Drawings

[034] Fig. 1. Examples of post- translational modifications installed by enzymes associated
with RiPP biosynthesis.

[035] Fig. 2. Overall topology of a RiPP substrate. The modification enzyme (shown in red) is
recruited to (and activated by) the leader sequence to act on the peptide core at one or more

positions.
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[036] Fig. 3. General reaction catalyzed by dehydratase enzymes such as MicD, PatD, and
LynD. In some cases, a second enzyme performs a second dehydration step to convert the
azoline into an azole.

[037] Fig. 4. The chemical reaction catalyzed by dehydratase enzymes such as MicD. The
target site contains the amino acid that participates directly in the dehydration reaction. This site
is flanked on the N-terminal side (the +1 site) as well as the C-terminal side (the -1 site).

[038] Fig. SA-B. MicD accepts diverse benzoic acid monomers at the +1 site. (A) Benzoic
acid; (B) tetrafluoro-benzoic acid; (C) 2- amino benzoic acid; (D) 2- amino-5-methoxy benzoic
acid; (E) 2-aminopyridyl; and (F) coumarin.

[039] Fig. 6. Conversion of a peptide containing a beta-3-isoleucine residue at position +1 into
the azoline product using MicD-fusion.

[040] Fig. 7. Conversion of a peptide containing a non-a-amino acid substrate at the -1
position using MicD-fusion.

[041] Fig. 8A-F. Overview of cyclodehydratase/dehydrogenase chemistry. (A) Scheme
illustrating the natural conversion of a serine, threonine, or cysteine-containing polypeptide into
a oxazoline or thiazoline-containing product through the action of MicD? and subsequent
dehydrogenation into an oxazole or thiazole through the action of ArtGox.” (B) Natural
substrates for MicD*’ and ArtGox™® consist of a core sequence that includes the reaction site and
an extended upstream leader sequence. (C) Fusion of the leader sequence to the N-terminus of
MicD generates a constitutively activated enzyme MicD-F that processes leaderless substrates.?
(D) This invention: MicD-F and ArtGox accept polypeptide substrates containing diverse non-
a-amino acid monomers, including aramids, at the +1 and -1 site. MicD-F and ArtGox can also
install thiazoline and thiazole linkages within globular proteins such as (E) mCherry and (F)
Rop.

[042] Fig. 9A-D. MicD-F and ArtGox tolerate diverse non-proteinogenic, non-a-amino
acid monomers at the +1 site. (A) Scheme illustrating the conditions used for the reaction of
ArtGox and/or MicD-F with substrates containing non-a-amino acid monomers N-terminal to
the reaction site (+1 site). (B) Yields of thiazoline 2(a-i) and thiazole (3(a-i)) products obtained
for substrates containing non-a-amino acid monomers at +1 site. Extracted ion chromatograms
illustrating the products of (C) MicD-F and (D) MicD-F + ArtGox-catalyzed reactions.

[043] Fig. 10A-C. MicD-F and ArtGox tolerate diverse non-proteinogenic, non-c-amino
acid monomers at the -1 site. (A) MicD-F and ArtGox reactions of substrates with non-a-
amino acid monomers immediately C-terminal to the site of cyclization. (B) Yields of thiazoline

5(a-i) and thiazole (6(a-i)) products obtained for polypeptide substrates with non-a-amino acid
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monomers at position -1, immediately C-terminal to the reaction site. Extracted ion
chromatograms illustrating the products of (C) MicD-F and ArtGox-catalyzed reactions.

[044] Fig. 11A-D. (A) mCherry variants evaluated as substrates for ArtGox and/or MicD-F.
Each variant contains the sequence MCAYDG inserted following the residue shown. LC/MS
analysis of mCherryC+ both (B) before and (C) after reaction with 50 mol% MicD-F or (D) 50
mol% MicD-F and 80 mol% ArtGox. Data reported are normalized counts from deconvoluted
mass spectra. Asterisk indicates the molecular weight of the parent protein without a mature
chromophore (+22 Da).

[045] Fig. 12-A-F. MicD-F and ArtGox act in tandem to install thiazoline and thiazole
backbones within globular proteins. (A) Cartoons illustrating the sequences of RopC, RopM,
and RopN and the conditions used for MicD-F-catalyzed cyclodehydration (left arrow) or
tandem cyclodehydration/dehydrogenation catalyzed by MicD-F and ArtGox (right arrow). (B)
Wavelength-dependent circular dichroism spectra of RopC, RopM, and RopN at [monomer] =
20 uM in 10 mM phosphate, 100 mM NaCl, 150 pM TCEP, pH 7.0 and 25°C. (C) LC/MS
analysis of the reaction of RopC, RopN, and RopM with MicD-F under the conditions shown in
panel (A) above. The characteristic loss of 18 mass units upon cyclodehydration is evident for
both RopC and RopM; the reaction of RopM was incomplete under these conditions. (D)
Treatment of RopC with MicD-F and ArtGox under the conditions shown in panel (A) above led
to clean conversion into the corresponding thiazole (RopC-Z). (E) The wavelength-dependent
CD spectra of RopC-U and RopC-Z compared to RopC; these data are not corrected for
contributions due to the thiazoline or thiazole linkage. (F) The melting temperatures of RopC,
RopC-U, and RopC-Z (after refolding) are almost identical.

[046] Fig. 13A-G. Conformational effects of thiazoline and thiazole formation. (A) The open
chain and cyclized analogs Ac-AACA-NH, were examined. Initial conformational searches
were conducted using MacroModel (OPLS4 force field). All species within 4 kcal/mol of the
global minimum were geometry optimized using DFT (B3LYP/6-31G**, SM8 solvent model)
and re-ranked. (B-E) Lowest energy conformers are superimposed for different energy cutoff
values. (F) A rigid 6-bond motif (green) describes all identified conformers within 2.72 kcal/mol
of the global minimum for the thiazoline. (G) A similar 7-bond motif describes the thiazole
conformers. k/m = kcal/mol. For images of all structures within 4.08 kcal/mol of each global
minimum, see Supplementary Materials.

[047] Fig. 14A-C. Characterization of MicD-F and ArtGox purified via Ni-NTA affinity
chromatography. (A) SDS-PAGE analysis of 4 ug of protein separated using a 4-15% mini-
PROTEAN TGX gel run at 120 V for 60 minutes. Total protein content was visualized via

Coomassie Blue staining and band intensities were quantified using the gel analysis tool of FIJ L’
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(B) Deconvoluted mass spectrum of MicD-F sample. (C) Deconvoluted mass spectrum of
ArtGox sample. As expected, the N-terminal methionine residue was found to be excised from
both enzymes during expression in E. coli.*”

[048] Fig. 15. Effect of time on the extent of MicD-F-promoted cyclodehydration of the model
peptide ICAYDG. Examination of the extracted ion chromatograms at 1, 2, and 4 h indicated
that reaction of ICAYDG with 5 mol% MicD-F was complete after 4 hours at pH 8.0 and 37°C.
[049] Fig. 16. UHPLC analysis of MicD-F-catalyzed cyclodehydration of substrates 1a-i.
Thiazolines 2a-i are the sole reaction products when substrates 1a-i are treated with 5 mol%
MicD-F at pH 8.0 and 37°C for 4 hours. Each panel shows the UHPLC trace (detection at 280
nm) of the indicated reaction mixture at the 4 hour time point for reactions that contained or
lacked MicD-F. Contaminating signals identified from the absorbance baseline (dashed
absorbance trace) are highlighted in grey and marked with an asterisk.

[050] Fig. 17A-C. Optimization of conditions for one-pot cyclodehydration and
dehydrogenation of the model peptide ICAYDG by MicD-F and ArtGox. (A) Reaction of the
substrate [ICAYDG with 5 mol% MicD-F and 0 - 80 mol% ArtGox at pH 8.0 and 37°C. Mass
spectra of reaction mixtures containing the indicated concentration of ArtGox at (B) 4 hours and
(C) 16 hours show that 40 mol% ArtGox and 16 hours of reaction are required to yield full
conversion to the thiazole product. The ratio between the +1 amu isotope and the +2 amu isotope
(boxed, red) was monitored to confirm complete conversion to the desired thiazole product.
[051] Fig. 18. UHPLC analysis of one-pot cyclodehydration and dehydrogenation of substrates
la-i by MicD-F and ArtGox. Thiazoles 3a-e are the sole reaction products when substrates la-e
are treated with 5 mol% MicD-F and 40 mol% ArtGox at pH 8.0 and 37°C for 16 hours. Excess
flavin mononucleotide coelutes with substrates 1f-i. Therefore, UHPLC analysis cannot
determine the extent of reaction for these substrates. Each panel shows the UHPLC trace
(detection at 280 nm) of the indicated reaction mixture at the 16 hour time point for reactions
that contained MicD-F and ArtGox (red absorbance trace). Retention time of the parent peptide
as given by Fig. 16 is provided for reference (black absorbance trace). Contaminating signals
identified from the absorbance baseline (dashed absorbance trace) are highlighted in grey and
marked with an asterisk.

[052] Fig. 19. Optimizing reaction conditions for the MicD-F-catalyzed cyclodehydration of
the model peptide ICIAYDG. Extracted ion monitoring indicated that treatment of ICTAYDG
with 50 mol% MicD-F for 24 hours at pH 8.0 and 37°C led to complete reaction.

[053] Fig. 20. Optimizing reaction conditions for one-pot cyclodehydration and
dehydrogenation of the model peptide ICIAYDG in the presence of MicD-F and ArtGox. The

ratio between the +1 amu isotope and the +2 amu isotope (boxed, red) was monitored to confirm
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complete conversion to the desired thiazole product. The mass spectral data indicates that
reaction with 50 mol% MicD-F and 8 mol% ArtGox for 24 hours at pH 8.0 and 37°C was
sufficient for complete conversion to the thiazole-modified peptide.

[054] Fig. 21A-C. Effect of pH on one-pot cyclodehydration and dehydrogenation of peptides
containing non-a-amino acid monomers at the -1 site. (A) MicD-F and ArtGox reactions of
substrates with non-a-amino acid monomers immediately C-terminal to the site of cyclization.
(B) Yields of thiazoline 5(a-i) and thiazole (6(a-i)) products obtained for polypeptide substrates
with non-a-amino acid monomers at position -1, immediately C-terminal to the reaction site. (C)
Extracted ion chromatograms illustrating the products of MicD-F and ArtGox-catalyzed
reactions.

[055] Fig. 22A-C. Tolerance of non-a-amino acid backbones at the site of cyclization. (A)
Cyclodehydration reaction of substrates ITAYDG and IXAYDG (where X = L- or D-B’-
threonine) with 50 mol% MicD-F at pH 8.0 or pH 9.0 and 37°C for 24 hours. These conditions
led to significant cyclodehydration of the model substrate ITAYDG. However, no
cyclodehydration of substrates containing a B°-amino acid was observed at either (B) pH 8.0 or
(C) pH 9.0.

[056] Fig. 23. Characterization of mCherry variants purified via Talon affinity
chromatography. SDS-PAGE analysis of 4 pg of protein separated using a 4-15% mini-
PROTEAN TGX gel run at 200 V for 30 minutes. Total protein content was visualized via
Coomassie Blue staining. As previously 1rep01rted,10’11 boiling of the mCherry constructs for
SDS-PAGE analysis yielded two lower molecular weight fragment bands due to backbone
hydrolysis. Band intensities were quantified using Bio-Rad Image Lab Software (Hercules, CA).
[057] Fig. 24A-E. Characterization of mCherry variants purified via Talon affinity
chromatography. Deconvoluted mass spectrum of (A) mCherryC+, (B) mCherryC-, (C)
mCherry174+, (D) mCherry192+, and (E) mCherry211+. Parent protein is shaded in grey and
mature protein containing the mCherry chromophore (-22 Da) is shaded in red. The
mCherry211+ variant, which displayed poor chromophore maturation, was excluded from
further analysis due to presumed folding defects.

[058] Fig. 25A-E. Cyclodehydration of (A) mCherry variants upon treatment with 50 mol%
MicD-F (pH 9.0, 37°C) for 24 hours. Under these conditions (B) mCherryC+ was nearly
completely converted to the cyclodehydration product while (C) mCherryC-, (D) mCherry174+,
and (E) mCherry192+ gave no evidence of cyclodehydration.

[059] Fig. 26A-E. Cyclodehydration of (A) mCherry variants upon treatment with 50 mol%
MicD-F (pH 9.0, 42°C) for 24 hours. Under these conditions (B) mCherryC+ was nearly
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completely converted to the cyclodehydration product while (C) mCherryC-, (D) mCherry174+,
and (E) mCherry192+ gave no evidence of cyclodehydration.

[060] Fig. 27. Characterization of Rop variants purified via Talon affinity chromatography. All
contained an N-terminal FLAG purification tag, and one of five ten-amino acid sequences in
place of the native Asp30-Ala31 sequence of Rop. They also all contained a C-terminal 6xHis
purification tag. SDS-PAGE analysis of 4 pg of protein separated using a 4-15% mini-
PROTEAN TGX gel run at 200 V for 30 minutes. Total protein content was visualized via
Coomassie Blue staining. Band intensities were quantified using Bio-Rad Image Lab Software
(Hercules, CA).

[061] Fig. 28A-E. Characterization of Rop variants purified via Talon affinity
chromatography. Deconvoluted mass spectrum of (A) RopN, (B) RopM, (C) RopC, (D)
RopCG4, and (E) RopC-.

[062] Fig. 29A-B. (A) Size-exclusion chromatography (SEC) traces for purified samples of
RopC, RopM, RopN, RopC-U, and RopC-Z both before and after refolding. Note that RopC-Z
remains heterogeneous even after temperature-induced refolding. (B) Temperature dependent
CD analysis of RopN, RopM, and RopC.

[063] Fig. 30A-B. Optimizing conditions for the cyclodehydration of RopC by MicD-F. (A)
Effect of [MicD-F] on the conversion of RopC (grey bars) into RopC-U (green bars) after 16 h
at 25°C. Conversion was minimal even at the highest [MicD-F] used (50 uM). (B) Effect of
[MicD-F] on the conversion of RopC (grey bars) into RopC-U (green bars) after 16 h at 37°C.
Conversion was highest at the highest [MicD-F] used (50 uM).

[064] Fig. 31. Optimization of one-pot cyclodehydration and dehydrogenation of RopC by
MicD-F and ArtGox. The deconvoluted mass spectrum indicated that reaction with 50 mol%
MicD-F and 80 mol% ArtGox for 24 hours at pH 9.0 and 37°C was sufficient for complete
conversion to the thiazole-modified protein.

[065] Fig. 32A-D. Cyclodehydration of RopC is Cys44-specific and requires the C-terminal
AYD recognition sequence. A) Control Rop constructs, RopC- and RopCG4, were designed to
test the importance of Cys44 and the C-terminal AYD recognition sequence in cyclodehydration
of RopC by MicD-F. B) RopC demonstrated near complete cyclodehydration upon treatment
with 50 mol% MicD-F for 16 hours at 37°C and pH 9.0. C) RopC-, which is a cysteine to
alanine mutant of RopC, displayed no cyclodehydration under the tested reaction conditions. D)
RopCG4, which substitutes the C-terminal AYD recognition sequence with a triglycine
sequence, also displayed no cyclodehydration under the tested reaction conditions.

[066] Fig.33. RopC-Z requires refolding to display cooperative unfolding behavior. An initial

temperature melt monitoring ellipticity at 222 nm yielded a monotonically increasing melt curve
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(squares). After returning the sample to 25°C a second temperature melt monitoring ellipticity at
222 nm yielded a two-state transition (circles) characteristic of cooperative unfolding. Data
reported (n = 1) is representative of behavior observed in three trials, two of which monitored

the initial melt at 208 nm instead of 222 nm.

[067] Description of Particular Embodiments of the Invention

[068] Unless contraindicated or noted otherwise, in these descriptions and throughout this
specification, the terms “a” and “an” mean one or more, the term “or” means and/or. Itis
understood that the examples and embodiments described herein are for illustrative purposes
only and that various modifications or changes in light thereof will be suggested to persons
skilled in the art and are to be included within the spirit and purview of this application and
scope of the appended claims. All publications, patents, and patent applications cited herein,
including citations therein, are hereby incorporated by reference in their entirety for all purposes.
[069] Expanded substrate scope at +1 position. Tolerance to diverse aromatic +1 site residues.
We explored the extent to which MicD fusion would accept non-a-amino acid substrates at the
+1 position (Fig. 4). We focused first on diverse benzoic acid derivatives, and discovered that
peptides containing diverse aromatic groups at the +1 position were excellent substrates for
MicD fusion, undergoing cyclization to the products shown in virtually quantitative yield under
standard reaction conditions (Fig. 5).

[070] Tolerance to diverse aromatic +1 site residues. We explored the extent to which MicD
fusion would accept non-a-amino acid substrates at the +1 position (Fig. 4). We focused first on
diverse benzoic acid derivatives, and discovered that peptides containing diverse aromatic
groups at the +1 position were excellent substrates for MicD fusion, undergoing cyclization to
the products shown in virtually quantitative yield under standard reaction conditions (Fig. 5).
[071] Tolerance to beta-3-amino acids at +1 site. We explored the extent to which MicD fusion
would accept b3-amino acid substrates at the +1 position (Fig. 6). We demonstrated that b3-
amino acids are excellent substrates for MicD fusion, undergoing cyclization to the products
shown in virtually quantitative yield under standard reaction conditions (Fig. 6).

[072] Tolerance to diverse -1 site residues. We next sought to explore the extent to which
MicD fusion would accept non-a-amino acid substrates at the -1 position (Fig. 7). We
demonstrated that peptides containing aramid monomers at the -1 position were also excellent
substrates for MicD fusion, undergoing cyclization to the products shown in virtually
quantitative yield under standard reaction conditions (Fig. 7).

[073] The invention provides numerous practical applications. Currently, if one sought a

protein therapeutic fused to a RiPP natural product, that material would need to be synthesized
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in multiple steps and would likely include a chemical bio- conjugation step that often requires
significant optimization. Here, the desired material can be prepared in a single step, even in situ,
and purified only once. The invention can be used to improve the ease of production of
therapeutic proteins, (b) improve the thermal and proteolytic stability of therapeutic proteins, (c)
add a targeting function to a therapeutic protein, (d) modulate the immune response to a
therapeutic protein, etc.

[074] Example: Redirecting RiPP biosynthetic enzymes to proteins and backbone-
modified substrates

[075] Abstract: Ribosomally synthesized and post-translationally modified peptides (RiPPs)
are peptide-derived natural products that include the FDA-approved analgesic ziconotide as
well as compounds with potent antibiotic, antiviral, and anticancer plropelrties.3 RiPP enzymes
known as cyclodehydratases and dehydrogenases represent an exceptionally well-studied
enzyme class.” These enzymes work together to catalyze intramolecular, inter-residue
condensation®* and aromatization reactions that install oxazoline/oxazole and thiazoline/thiazole
heterocycles within ribosomally produced polypeptide chains. Here we show that the previously
reported enzymes MicD-F and ArtGox accept backbone-modified monomers—including
aramids and beta-amino acids—within leader-free polypeptides, even at positions immediately
preceding or following the site of cyclization/dehydrogenation. The products are sequence-
defined chemical polymers with multiple, diverse, non-a-amino acid subunits. We show further
that MicD-F and ArtGox can install heterocyclic backbones within protein loops and linkers
without disrupting the native tertiary fold. Calculations reveal the extent to which these
heterocycles restrict conformational space; they also eliminate a peptide bond-both features
could improve the stability or add function to linker sequences now commonplace in emerging
biotherapeutics. Moreover, as thiazoles and thiazoline heterocycles are replete in natural
products,”” small molecule drugs,®® and peptide-mimetic therapeutics, ' their installation in
protein-based biotherapeutics can be deployed to improve or augment performance, activity,
stability, and/or selectivity. This invention provides a general strategy to expand the chemical
diversity of the proteome beyond and in synergy with what can now be accomplished by
expanding the genetic code.

[076] Introduction

[077] Ribosomally synthesized and post-translationally modified peptides (RiPPs) are peptide-
derived natural products that include the FDA-approved analgesic ziconotide"* as well as
compounds with potent antibiotic, antiviral, and anticancer plropelrties.3 RIPP biosynthesis begins
with a ribosomally synthesized polypeptide whose N-terminal leader sequence (~20 - 110 aa)

recruits one or more endogenous enzymes capable of diverse post-translational modification
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(PTM) of an adjacent C-terminal substrate sequence.”'' Researchers have leveraged this leader-
dependent mechanism to direct RiPP PTM enzymes to C-terminal substrate sequences
containing diverse non-canonical a-amino acids (nc—oc—AAs).lz’13

[078] Cyclodehydratases and dehydrogenases represent an exceptionally well-studied class of
RiPP enzymes.3 These enzymes work together to catalyze intramolecular cyclizati0n3’4 and
subsequent aromatization reactions that install oxazoline/oxazole and thiazoline/thiazole
heterocycles within polypeptide chains (Fig. 8A, B). Previous work has shown that the
cyclodehydratases PatD' and TruD" support leader sequence-dependent oxazoline/thiazoline
formation within substrates containing nc-a-AAs adjacent to'® or at the cyclization site itself.'”™
' In related work, it was shown that a chimeric leader peptide could direct the cyclodehydratase
LynD15 and the dehydrogenase TbtE™ to install thiazol(in)es within substrates containing nc-o-
AAs adjacent to the cyclization site.”’ Finally, reconstituted lactazole biosynthesis,” including
the cyclodehydratase-dehydrogenase pair LazDE/LazF, was found to install oxazoles and
thiazoles within polypeptide substrates containing o-hydroxy, N-methyl, cyclic a-, and B3—amin0
acids® at sites distal from the site of heterocyclization (> 4 residues away).

[079] Previous work has also shown that certain cyclodehydratase enzymes retain activity for
leader sequence-free substrates when the leader peptide is provided in rrans (Fig. 8C).***
Building on this observation, Naismith and coworkers engineered a family of cyclodehydratases
in which the leader peptide is fused to the N-terminus of the cyclodehydratase catalyst as
opposed to the N-terminus of the substrate polypeptide. These constitutively activated enzymes,
notably LynD Fusion (LynD—F)25 and MicD Fusion (MicD-F)*® act in a leader peptide-
independent manner to promote the cyclodehydration of polypeptides containing a C-terminal

Ala-Tyr-Asp (AYD) recognition sequence.**>*

In complementary work, Schmidt and
coworkers demonstrated that two dehydrogenases, ArtGox and ThcOx, also accept leaderless
peptide substrates.” Taken together, these enzymes represent a fully leader-free route towards
polypeptides (and proteins, vide infra) containing mRNA-programmed thiazole and oxazole
linkages. Indeed, some tolerance for non-canonical a-amino acid residues has been reported:
LynD-F was shown to install a thiazoline in a peptide substrate containing 3-azido-L-alanine
positioned 4 residues away from the site of cyclization,28 and the combination of LynD-F and
ArtGox installed a thiazole in an AYD-containing peptide with a polyethylene glycol spacer 2
residues from the site of cyclization.27

[080] Here we report that MicD-F*** and ArtGox”** act together to process polypeptide

. . : 11 30-35
substrates containing diverse translation-compatible

aramid and B-amino acid monomers,
even at sites directly flanking the reaction site (Fig. 8D). We show further that MicD-F**** and

ArtGox”** process substrates even when the CAYD sequence is positioned at the C-terminus of
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mCherry, a large (-barrel protein, or embedded within the loop of the dimeric a-helical bundle
protein Rop; the products are folded, globular proteins containing a conformationally restricted,
fully unnatural, heterocyclic backbone. To the best of our knowledge, these studies represent the
first example of leader-free azol(in)e biosynthesis within polypeptides containing diverse non-a-
amino acid monomers flanking the site of cyclization, and the first report of a cooperatively
folded protein containing a post-translationally installed heterocyclic ring.36 The effects of the
embedded heterocycle on local conformational flexibility are examined computationally,
providing important insight into the backbone restrictions that could be leveraged to improve the
physio-chemical properties of therapeutic proteins. This work represents a general strategy to
expand the chemical diversity of the proteome beyond and in synergy with what can now be
accomplished by expanding the genetic code.

[081] Results

[082] MicD-F and ArtGox accept substrates with diverse structures at the +1 site

[083] We began by exploring the tolerance of MicD-F for sequences containing non-o-amino
acid monomers at the +1 site (Fig. 8A and Fig. 9A-B). A series of nine potential substrates were
prepared in which a non-a-amino acid preceded the reaction site (substrates 1(a-i)). Monomers
evaluated included arenes, aramids, fluorophores, and linear and cyclic B-amino acids. All
substrates contained a C-terminal AYD recognition sequence39 and were incubated with MicD-F
(Fig. 14A-B) (5 mol%) under mild conditions (pH 8.0, 37 °C, 4 h) that resulted in complete
conversion of [CAYDG, a substrate with the natural a-amino acid [le at the +1 site (Fig. 15).
Cyclization was analyzed initially via liquid chromatography-mass spectrometry (LC-MS) and
the extent of product formation estimated by integrating the extracted ion chromatogram (Fig.
9B-C). Virtually every substrate examined underwent MicD-F-catalyzed cyclization to the
corresponding thiazoline under these conditions. Substrates containing electron-withdrawing or
donating aromatic rings, bulky multi-ring systems, and linear and cyclic -amino acids were all
cyclized efficiently by MicD-F, with yields between 91 and 99% (products 2(a-i)). UHPLC
analysis of each reaction mixture confirmed that thiazolines 2a-i were the sole reaction products
under these conditions (Fig. 16). It is notable that monomers with highly divergent structures are
accepted almost equally by MicD-F, suggesting that the +1 residue interacts minimally if at all
with the enzyme active site.

[084] Next, we explored whether MicD-F and ArtGox could act in synergy to convert peptides
containing non-a-amino acids at the +1 site directly into the corresponding thiazoles 3(a-i) (Fig.
9A). Substrates 1(a - i) were incubated with MicD-F (5 mol%) and ArtGox (Fig. 14A and C)
(40 mol%) under conditions (pH 8.0, 37 °C, 16 h) that resulted in complete two-step conversion
of ICAYDG into the corresponding thiazole product (Fig. 17A-C). ArtGox efficiently oxidized
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each thiazoline to the corresponding thiazole in yields that exceeded 97% over the two steps for
every example (products 3(a-i)) (Fig. 9B and D). UHPLC analysis of each reaction mixture
confirmed that thiazoles 3a-e were the sole reaction product. Coelution with excess flavin
mononucleotide precluded UHPLC analysis of thiazoles 3f-i (Fig. 18). These results indicate
that MicD-F and ArtGox tolerate diverse non-proteinogenic, non-a-amino acid monomers at the
+1 site. Many of these non-a-amino acid monomers have been installed at the N-termini of

ribosomally translated peptides in vitro, >+ 04

suggesting a path towards proteins and
polypeptides with highly unique N-terminal appendages.

[085] MicD-F and ArtGox accept substrates with diverse structures at the -1 site

[086] Next we explored whether MicD-F and ArtGox would accept leader-free polypeptide
substrates containing non-a-amino acid monomers at the -1 site (Fig. 10A-C). We explored a
diverse array of monomers — p*-amino acids, p*-amino acids, cyclic f*,3’-amino acids, as well as
substituted and unsubstituted aramids. Notably, it was found that inserting an a-amino acid (Ile)
residue between the site of cyclization and the C-terminal AYD motif necessitated higher
concentrations (50 mol%) of MicD-F and up to 24 h reaction time to complete the
cyclodehydration reaction (Fig. 19).

[087] All -1 site substrates (substrates 4(a-g), Fig. 10A-B) contained a C-terminal AYD
recognition sequence39 and were incubated with MicD-F (50 mol%) and ArtGox (8 mol%) under
conditions (pH 8.0, 37 °C, 24 h) that resulted in complete conversion of a substrate with a
natural a-amino acid at the -1 site to the corresponding thiazole (Fig. 20). Reactions were
analyzed as described above. Under these conditions, every peptide evaluated was a substrate for
MicD-F and a few were substrates for both MicD-F and ArtGox (Fig. 10B-C). Substrates
containing *-amino acid-, B*-amino acid-, or cyclic BB -amino acids at the -1 site (substrates
4(a-d)), were fully consumed under these conditions (<1% unmodified peptide). Those with B3—
alkyl substituents (4a, c, and d) were converted cleanly into the corresponding thiazolines 5a, c,
and d, with little (4a) or no (4c,d) thiazole formation. In contrast, substrate 4b, with geminal Bz—
methyl substituents, was converted into a 30/70 mixture of thiazoline 5b and thiazole 6b.
Substrates 4e-g containing aramid monomers at the -1 position reacted more slowly under these
conditions, producing the analogous thiazoline products in 65-85% yield after 24 h reaction at
pH 8 (Fig. 10B-C). Surprisingly, while all substrates containing +1 site modifications were
efficiently oxidized to the corresponding thiazole (Fig. 9B and D), only the substrate containing
a p*-amino acid modification at the -1 site was efficiently oxidized by ArtGox (70%) (Fig. 10B-
C). With the exception of substrate 4c, increasing the pH to 9.0 promoted formation of the
desired thiazole product (Fig. 21B-C). However, even under these conditions only substrate 4b

(88%) yielded greater than 41% thiazole product (Fig. 21B-C). These data indicate that MicD-F
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and ArtGox are both less tolerant of non-a-amino acid monomers at the -1 site than at the +1
site. ArtGox appears especially intolerant of substitution or sp2 hybridization at the B3—position
of substrates at the -1 site.

[088] MicD-F is sensitive to amino acid identity at the cyclization site

[089] To complete the exploration of the substrate tolerance of MicD-F and ArtGox, we
synthesized a set of potential substrates containing a non-c-amino acid directly at the cyclization
site. Bach contained a C-terminal AYD sequence preceded by either L-B°- or D-*-threonine
(Fig. 22A). Incubation of these substrates with MicD-F (50 mol%) under conditions (pH 8.0, 37
°C, 24 h) that resulted in substantial cyclization of a substrate containing L-a-threonine at the
cyclization site led to no detectable cyclization (<1%) (Fig. 22B). Even at pH 9.0 no cyclization
occurred (Fig. 22C), indicating that MicD-F is highly sensitive to amino acid identity at the site
of cyclization. This result is in line with previous work that demonstrated the cyclodehydratase
PatD failed to react with substrates containing D-a-threonine at the cyclization site.'®

[090] Redirecting RiPP biosynthetic enzymes to intact folded proteins

[091] Thiazolines and thiazole are replete in natural p1r0ducts4244

and synthetic drug-like small
molecules,&9 and calculations confirm the expected decrease in conformational freedom that
derives from aromatic and/or sp® character within the peptide backbone.* This finding and the
leader-independent nature of MicD-F and ArtGox-mediated thiazol(in)e biosynthesis inspired us
to explore substrates in which the site of cyclodehydration/dehydrogenation is embedded within
a stable protein fold (Fig. 11A-D). We first asked whether MicD-F and ArtGox could install
thiazol(in)e linkages within loops and/or at the termini of mCherry. mCherry is a prototypic
fluorescent beta-barrel protein derived from DsRed, isolated originally from Discosoma sea
anemones.*® We cloned, expressed, and purified a set of mCherry variants in which the core
sequence MCAYDG was appended to the mCherry C-terminus (mCherryC+) or inserted into a
loop immediately downstream of residues D137 (mCherry137+), D174 (mCherry174+), V192
(mCherry192+), or E211 (mCherry211+) (Fig. 11A, Table 2, Fig. 23). Although mCherry137+
and mCherry211+ were partially/completely non-fluorescent or could not be purified,
mCherryC+, mCherry174+ and mCherry192+ were soluble and fluorescent. In all three of these
cases, mass spectrometry of the purified proteins showed the characteristic loss of 22 Da
indicating chromophore maturation (Fig. 24A-E).

[092] Treatment of mCherryC+ with 50 mol% MicD-F (pH 9.0, 24 hours, 37°C) led to
virtually complete conversion to the thiazoline product as indicated by a loss of water in the
deconvoluted mass spectrum (Fig. 11B-C). No such mass change was observed in an analogous
reaction containing mCherryC-, which carries the sequence MAAYDG in place of MCAYDG at

the C-terminus, providing evidence that the observed cyclodehydration demanded a Cys residue
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immediately upstream of the AYD recognition sequence (Fig. 25B-C). Neither mCherry174+
nor mCherry192+ displayed the loss of water characteristic of successful cyclodehydration even
after 24 hours at 37°C (Fig. 25D-E). Nevertheless, we explored the potential for MicD-F and
ArtGox to act in tandem to install an aromatic thiazole backbone in mCherryC+. Simultaneous
treatment of mCherryC+ for 24 hours (pH 9.0, 37°C) with MicD-F (50 mol%) and ArtGox (80
mol%) resulted in the expected -2 Da shift in the deconvoluted mass spectrum (Fig. 11D)
relative to that of mCherryC+ treated with only MicD-F (Fig. 11C). This result indicates that the
MicD-F/ArGox enzyme pair can post-translationally install an aromatic thiazole backbone
within a structurally unconstrained region of a well-folded beta-barrel protein.

[093] We hypothesized that the absence of cyclodehydration reactivity for mCherry174+ and
mCherry192+ at 37°C was due to neighboring structural elements that disfavor productive
interaction with MicD-F and/or enzyme-promoted thiazoline formation. Therefore, we carried
out a second set of cyclodehydration reactions at 42°C, the highest temperature at which MicD-F
remained stable in our hands, which should increase the conformational flexibility of loop
insertions. At this elevated temperature, mCherryC+ again displayed cysteine-specific loss of
water characteristic of successful cyclodehydration (Fig. 26B-C). However, again neither
mCherry174+ or mCherry192+ displayed the loss of water characteristic of successful
cyclodehydration after 24 hours at 42°C (Fig. 26D-E). It has been reported*’ that the apparent
melting temperature of mCherry is upwards of 90°C. Taken together with our results, this
finding suggests that there is an inherent mismatch between the temperature stability of MicD-F
and the thermodynamic stabilities of the mCherry loop insertions evaluated here.

[094] To test this hypothesis, we sought a folded, globular protein with a lower melting
temperature than mCherry with the expectation that it would be more amenable to insertion of
an internal thiazol(in)e linkage. Rop is a homodimeric four-helix bundle protein formed by the
antiparallel association of two helix-turn-helix monomers.*® Regan and coworkers reported
many years ago that the native two-residue turn in Rop could be replaced by up to ten glycine
residues without loss of the native dimer structure. The Rop variant with the longest insertion—
Glyp—melted cooperatively at 50°C,* suggesting that it might tolerate an internal, intra-loop
thiazole or thiazoline (Fig. 12A). To test this hypothesis, we expressed and purified three Rop
variants containing a single CAYD sequence embedded near the N-terminus (RopN), the C-
terminus (RopC), or centrally (RopM) within a ten-residue glycine-rich loop (Fig. 12A, Table 3,
Fig. 27, and Fig. 28A-E).

[095] RopN Sequence

[096] MDYKDDDDKMTKQEKTALNMARFIRSQTLTLLEKLNELMCAYDGGGGGDEQA
DICESLHDHADELYRSCLARFGDDGENLHHHHHH
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[097] RopM Sequence

[098] MDYKDDDDKMTKQEKTALNMARFIRSQTLTLLEKLNELGGMCAYDGGGDEQA
DICESLHDHADELYRSCLARFGDDGENLHHHHHH

[099] RopC Sequence

[0100] MDYKDDDDKMTKQEKTALNMARFIRSQTLTLLEKLNELGGGGMCAYDGDEQA
DICESLHDHADELYRSCLARFGDDGENLHHHHHH

[0101] RopCG4 Sequence

[0102] MDYKDDDDKMTKQEKTALNMARFIRSQTLTLLEKLNELGGGGMCGGGGDEQA
DICESLHDHADELYRSCLARFGDDGENLHHHHHH

[0103] RopC-Sequence

[0104] MDYKDDDDKMTKQEKTALNMARFIRSQTLTLLEKLNELGGGGMAAYDGDEQ
ADICESLHDHA

[0105] DELYRSCLARFGDDGENLHHHHHH

[0106] All three Rop variants exhibited high o-helical content at 20 uM as judged by
wavelength-dependent CD measurements (Fig. 12B). RopC and RopM migrated as discrete
dimers at 50 pM as judged by size-exclusion chromatography (SEC) and melted cooperatively
and reversibly with Ty values of 28°C and 32°C (Fig. 29A-B). RopN, by contrast, migrated as a
heterogeneous mixture upon SEC and melted non-cooperatively, albeit at a slightly higher
apparent Ty (43°C) perhaps because of disulfide formation (Fig. 29A-B).*

[0107] Although RopC, RopN, and RopM all contained the same CAYD recognition sequence,
only one—RopC—underwent clean conversion into the corresponding thiazoline upon treatment
with 50 mol% MicD-F (pH 9.0, 37°C, 16h). RopM reacted partially under these conditions and
RopN was unreactive (Fig. 12C). Reaction of RopC to generate thiazoline RopC-U proceeded
more slowly at 25 °C (Fig. 30A-B). RopC could be converted directly into the thiazole RopC-Z
upon treatment with 50 mol% MicD-F and 80 mol% ArtGox (Fig. 12D, Fig. 31). No reaction
was observed when the Cys residue within the RopC reaction site was replaced with Ala or
when the C-terminal AYD sequence was replaced by GGG (Fig. 32A-D).

[0108] The products of the reaction of RopC with MicD-F (RopC-U) and with MicD-F and
ArtGox (RopC-Z) were purified and analyzed by size-exclusion chromatography and
wavelength- and temperature-dependent CD. Thiazoline-containing RopC-U was a
homogeneous dimer as judged by SEC (Fig. 29A-B) and retained a significant level of a-helical
structure (Fig. 12E). It also melted cooperatively and reversibly with a Ty value of 27 °C, a
value almost identical to that of RopC itself (28 °C) (Fig. 12F). Thiazole-containing RopC-Z
displayed more complex behavior; it was less homogeneous as judged by SEC and melted

cooperatively (Ty = 24 °C) but only after a refolding step (Fig. 33). These results indicate that
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the MicD-F can post-translationally install a thiazoline within a backbone of a helical bundle
protein, and that ArtGox can oxidize this substrate to install a fully aromatic thiazole unit.
[0109] Computational analysis of the effects of thiazoline/thiazole formation on local
backbone flexibility

[0110] To explore the effects of the cyclization reaction on local backbone flexibility, we
examined the conformational space of the tetrapeptide Ac-AACA-NHo,. The use of this
simplified substrate allowed the inherent energetics of the backbone to be evaluated in the
protein context without the complications of side chain fluctuations. Molecular mechanics
methods (Macromodel, OPLS4 force field, implemented in Schrédinger Maestro software) were
first used to generate and minimize large populations of conformers for cysteine-, thiazoline-,
and thiazole-containing analogs (Fig. 13A). For each species, 10,000 starting structures were
sampled using the Mixed Torsional/Low-Mode method. All conformers within 4 kcal/mol of
each global minimum were then subjected to geometry optimization using DFT (Jaguar:
B3LYP-D3/6-31G**). An SM8 method was used to determine the relative energies in aqueous
media.”® All non-redundant conformers were then ranked based on these energies and compared.
[0111] The results of the conformational analysis appear in Fig. 13B-E, sorted by progressive
energy cutoffs relative to each global minimum. The non-cyclized, cysteine-containing peptide
exhibits the greatest flexibility, with 5 conformers being identified within 1.36 kcal/mol of the
global minimum (91% of the population), and 16 within 2.72 kcal/mol (99%). Moreover, the
identified conformers are largely non-superimposable, indicating that a high degree of
conformational space is accessible within these energy ranges. In contrast, the thiazoline
exhibits the most significant reduction in flexibility, with only 3 conformers identified at the
1.36 kcal/mol cutoff level and only 7 identified at a cut-off of 2.72 kcal/mol. Superposition of
the thiazoline rings of these conformers reveals a rigid 6-bond motif that is preserved in all cases
(Fig. 13F). The thiazole analog exhibits similarly reduced flexibility, with 11 conformers being
identified within 2.72 kcal/mol of the global minimum. In this case, a rigid 7-bond motif can be
identified (Fig. 13G). These evaluations provide the basis of models to predict the
conformational effects of backbone cyclization on larger sequences and can be used to predict
sequence locations in which cyclizations are more likely to be successful. We also disclose
combining molecular dynamics studies with experimental data to examine the longer-range
effects that result from introducing thiazoline and thiazole groups in larger peptides and full-size
proteins. Such information can be used to apply this chemistry more generally to improve the
physio-chemical properties of therapeutic proteins.

[0112] Conclusions
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[0113] One can imagine two mutually synergistic strategies to introduce non-natural monomers
into polypeptide and protein oligomers.52 One “bottom-up” approach relies on extant or
engineered ribosomes to accept and process tRNAs carrying diverse non-canonical o-amino or
non-o-amino acids.” Hundreds of non-canonical a-amino acids (as well as a-hydroxy acids™*)
have been introduced into proteins in cells and animals using genetic code expansion,5 6357 which
usually relies on novel orthogonal aminoacyl tRNA synthetases to generate the requisite
acylated tRNAs. Select non-canonical a-amino acids™ and one B-amino acid®® have also been
incorporated into proteins in vivo using endogenous a-aminoacyl tRNA synthetases.
Alternatively, many non-canonical a-amino acids, as well as certain non-a-amino acids,

329 and certain polyketide precursors,33 can be introduced into short

including 3-amino acids
peptides in vitro and on small scale using genetic code reprogramming, in which a
stoichiometric RNA co-reagent (Flexizyme®™) generates the requisite acylated tRNA.

[0114] The second “top-down” approach is reminiscent of late-stage functionalization reactions

6162 and the natural biosynthetic

used to manipulate complex small molecule natural products
strategy used to assemble ribosomally synthesized and post-translationally modified peptides
(RiPPs)." In this approach, enzymes, chemical reagents, or chemical catalysts are employed to
post-translationally modify a peptide12 or protein5 ? to install a new or modified monomer.
Examples of this approach include reactions of natural or non-canonical protein side chains or
modification of the N- or C-terminus.**® The only backbone-focused non-enzymatic reaction
of which we are aware is the O-mesitylenesulfonylhydroxylamine-promoted oxidative
elimination of Cys residues to generate a dehydroalanine backbone®” that is subsequently
modified. We note that the top-down and bottom-up strategies are complementary, and both
have the potential to operate in vivo where very high protein titers are possible.68

[0115] In this example we show that a constitutively active form of MicD and ArtGox, enzymes
used in the biosynthesis of cyanobactin natural products® are sufficiently promiscuous to
process substrates containing diverse backbone-modified monomers within substrate
polypeptides, even at positions immediately preceding or following the site of
cyclization/dehydrogenation. The backbone-modified monomers compatible with MicD-F and
ArtGox include many accepted by extant ribosomes in small-scale in vitro reactions, including
aramids and p*- and B*-amino acids. The products of these reactions are sequence-defined
chemical polymers with multiple, diverse, non-a-amino acid monomers. We show further that
cyclodehydration and dehydrogenation can install thiazoline or thiazole backbones within
protein loops and linkers without disrupting the native tertiary fold. Calculations reported here
reveal the extent to which these heterocycles restrict conformational space; they also eliminate a

peptide bond—both features could improve the stability or add function to linker sequences now
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commonplace in emerging biotherapeutics. Moreover, as thiazoles and thiazoline heterocycles
are replete in natural products,5 ~ small molecule dlrugs,&9 and peptide-mimetic thelrapeutics,10
their installation in protein-based biotherapeutics can be used to improve or augment
performance, activity, stability, and/or selectivity. More generally, this work represents a general
strategy to expand the chemical diversity of the proteome without need for genetic
manipulations.
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[0188] MicD-F expression plasmid and translation product

[0189] The plasmid used to express MicD-F (pJExpress411-MicD-F) was graciously provided
by Professor James Naismith (University of Oxford).? The translation product encoded by this
plasmid is the full sequence of MicD (heterocyclase from Microcystis aeruginosa, Uniprot ID:
A8Y998) preceded by five repeats of a Gly-Ala spacer, residues Thr18 to Ala37 from PatE
(Uniprot ID: AOMH79), a TEV protease recognition site, and an N-terminal 6xHis purification
tag. The full sequence of the translation product is provided below.

[0190] MSHHHHHHDYDENLYFQGSRLTAGQLSSQLAELSEEALGDAGAGAGAGAG
AKLMQSTPLLQIQPHFHVEVIEPKQVYLLGEQANYALTGQLYCQILPLLDGQHSREQIVE
KLDGEVPSEYIDYVLDRLAEKGYLTEAAPELSSEVAAFWSELGIAPPVAAEALRQSVTL
TPVGNISEVTVAALTTALRDIGISVQTPTEAGSPTALNVVLTDDYLQPELAKINKQALES
QQTWLLVKPVGSVLWLGPVFVPGKTGCWDCLAHRLRGNREVEASVLQQKQAQQQRN
GQSGSVIGCLPTARATLPSTLQTGLQFAATEIAKWIVKHHVKATAPGTVFFPTLDGKIITF
NHTVIDLKSHVLVRRSQCPSCGDRQILHRQGFEPVKLVSRRKHFTHDGGHRAFTPEQTV
QKYQHLVSPITGVVTELVRLTDPANPLVHTYKAGHAFGSATTLRGLRNTLKYKSSGKG
KTDIQSRASGLCEAIERYSGIFQGDEPRKRATLAELGDLALHPESLLYFSNTQYANREEL
NAQGSAAAYRWIPNRFDVSQAIDWTPVWSLTEQKHKY VPTAFCYYGYPLPEEQRFCKA
DSNGNAAGNTLEEAILQGFLELVERDSIAMWW YNRIRRPAVDLSTFDEPYFVDLQQFY
QQONRELWVLDVTADLGIPAFAGFSRRTVGTSERISIGFGAHLDPTIAILRALTEVSQVG
LELDKIPDDKLDGESKDWMLNVTVENHPWLAPDPSVPMKTASDYPKRWSDDIHTDVM
NCVKTAQTAGLEVMVLDQTRPDIGLNVVKVIIPGMRTFWTRFGQGRLYDIPVKLGWLD
APLAEEELNQTNIPF

[0191] MicD-F expression and purification

[0192] A starter culture of 5 mL of Miller’s LB Broth (AmericanBio, catalog # AB01201)
containing 50 pg/mL kanamycin was inoculated with a single colony of E. coli BL21 (DE3)
harboring the pJExpress411-MicD-F plasmid and grown overnight at 37°C with shaking at 200
rpm. The starter culture (5 mL) was used to inoculate a 500 mL expression culture of Miller’s
LB Broth which also contained 50 pug/mL kanamycin. The expression culture was grown at 37°C
with shaking at 200 rpm to an ODgg of 0.6 at which point the expression culture was induced
with 1 mM IPTG, transferred to a 20°C incubator, and grown for 24 hours with shaking at 200
rpm. The expression culture was harvested by centrifugation at 4,300xg at 4°C for 20 minutes.
The resulting cell pellet was suspended in 10 mL of Lysis Buffer (20 mM Tris-HCI, 500 mM
NaCl, pH 8.0) containing 1 tablet of cOmplete, mini EDTA-free ULTRA protease inhibitor
cocktail (Sigma-Aldrich, St. Louis, MO). The cell suspension was disrupted by sonication on ice

(Branson Sonifier 250, 3 cycles of 30 second pulse at 30% duty cycle and microtip limit of 5
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followed by 60 second pause). The cell lysate was cleared by centrifugation at 4,300xg at 4°C
for 20 minutes. A gravity flow Poly-Prep Chromatography Column (Bio-Rad Laboratories,
Hercules, CA) was loaded with 2 mL of packed Ni-NTA agarose (Qiagen, Germantown, MD)
and equilibrated with 10 mL of Lysis Buffer. The 6xHis-tagged protein was bound to the Ni-
NTA column by passing the cleared cell lysate over the column three times. Non-specifically
bound proteins were removed by washing the Ni-NTA column with 10 mL of Wash Buffer (20
mM Tris-HCI, 500 mM NaCl, 50 mM imidazole pH 8.0). The 6xHis-tagged protein was eluted
by washing the Ni-NTA column with 5 mL of Elution Buffer (20 mM Tris-HCI, 500 mM NaCl,
250 mM imidazole pH 8.0). The purified protein was concentrated and exchanged into Storage
Buffer (20 mM HEPES, 150 mM NaCl, 1 mM TCEP, pH 7.4) using Amicon Ultra-0.5 mL
centrifugal filters (MilliporeSigma, Burlington, MA) with a 30 kDa molecular weight cut off
according to the manufacturer’s instructions. The purified protein was quantified using
absorbance at 280 nm (molar extinction coefficient of 125,250 M cm'l), diluted to 500 uM
using Storage Buffer, snap frozen as single-use aliquots, and stored at -80°C. The typical
expression yield of MicD-F using the above protocol was 30 mg/L of E. coli culture.

[0193] ArtGox expression plasmid and translation product

[0194] The plasmid used to express ArtGox (pEHISTEVSUMO-ArtGox) was generously
provided by Professor James Naismith (University of Oxford).>* The translation product
encoded by this plasmid is the oxidase domain of ArtG (thiazoline oxidase from Arthrospira
platensis, Uniprot ID: HIW8K1) preceded by a TEV protease recognition site, a SUMO
fusion tag, and an N-terminal 6xHis purification tag. The full sequence of the translation
product is provided below.

[0195] MGSSHHHHHHGSDSEVNQEAKPEVKPEVKPETHINLKVSDGSSEIFFKIKKT
TPLRRLMEAFAKRQGKEMDSLRFLYDGIRIQADQTPEDLDMEDNDIIEAHREQIGG
DIPTTENLYFQGAMGRTYPFAVSLNSTIQVSTTADGY AISPANTDPGQSIAPSMVTLPAI
TGMGDALAHLQAGTATLQQLTQTLSAREGVEAGEQLAATLQQMGDRGWLQYAVLPL
AIAEPMVESAELDLNSPHWTQAKVSLSRFAYQRSHAGGMVLESPLSKFRVKLLDWRSS
AILAQLAQPQPLGWVTPPPQIGAETAYQFLNLLWATGFLTVETEAPELKLWEFHNLLFH
SRCRQGRHDYPTGDIAASLDIWDEFPVVKPPMSGHIVPLPQLSIDAIRQRDKTLTTAIEKR
ASIREYDENHPITIEQLGELLYRTARIKEIYTHDAEQAELLKAQFGEDFDWGELSRRPYP
CGGAMYELEIYLAVRRCAGVKPGLYHYDPLNHQLAQIDAADADIQALLKDAHQSSGE
QGMPQVLLMITARFGRLFRKYRSLAYALVLKHVGVLYQNLYLVATNMGLAPCALGAG
DSDRFAQATGLDYVVESSVGEFMLGSL

[0196] ArtGox expression and purification

[0197] A starter culture of 5 mL of Miller’s LB Broth (AmericanBio, catalog # AB01201)
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supplemented with 50 pg/mL kanamycin was inoculated with a single colony of E. coli BL21
(DE3) harboring the pEHISTEV SUMO-ArtGox plasmid and grown overnight at 37°C with
shaking at 200 rpm.The starter culture (5 mL) was used to inoculate a 500 mL expression culture
of Miller’s LB Broth supplemented with 50 pM riboflavin and containing 50 pg/mL kanamycin.
The expression culture was grown at 37°C with shaking at 200 rpm to an ODgg of 0.6 at which
point it was induced with 1 mM IPTG, transferred to a 20°C incubator, and grown for 24 hours
with shaking at 200 rpm. The expression culture was harvested by centrifugation at 4,300xg at
4°C for 20 minutes. The resulting cell pellet was suspended in 10 mL of Lysis Buffer (20 mM
Tris-HCI, 500 mM NaCl, 50 uM flavin mononucleotide, pH 8.0) containing 1 tablet of
cOmplete, mini EDTA-free ULTRA protease inhibitor cocktail (Sigma-Aldrich, St. Louis, MO).
The cell suspension was disrupted by sonication on ice (Branson Sonifier 250, 3 cycles of 30
second pulse at 30% duty cycle and microtip limit of 5 followed by 60 second pause). The cell
lysate was cleared by centrifugation at 4,300xg at 4°C for 20 minutes. A gravity flow Poly-Prep
Chromatography Column (Bio-Rad Laboratories, Hercules, CA) was loaded with 2 mL of
packed Ni-NTA agarose (Qiagen, Germantown, MD) and equilibrated with 10 mL of Lysis
Buffer. The 6xHis-tagged protein was bound to the Ni-NTA column by passing the cleared cell
lysate over the column three times. Non-specifically bound proteins were removed by washing
the Ni-NTA column with 10 mL of Wash Buffer (20 mM Tris-HCI, 500 mM NaCl, 50 mM
imidazole, 50 pM flavin mononucleotide, pH 8.0). The 6xHis-tagged protein was eluted by
washing the Ni-NTA column with 5 mL of Elution Buffer (20 mM Tris-HCI, 500 mM NaCl,
250 mM imidazole, 50 uM flavin mononucleotide, pH 8.0). The purified protein was
concentrated and exchanged into Storage Buffer (20 mM HEPES, 150 mM NaCl, 1 mM TCEP,
pH 7.4) using Amicon Ultra-0.5 mL centrifugal filters (MilliporeSigma, Burlington, MA) with a
30 kDa molecular weight cut off according to the manufacturer’s instructions. The purified
protein was quantified using absorbance at 280 nm (molar extinction coefficient of 75,290 M
cm™), diluted to 800 UM using Storage Buffer, snap frozen as single use aliquots, and stored at -
80°C. The typical expression yield of ArtGox using the above protocol was 40 mg/L of E. coli
culture.

[0198] Characterization of MicD-F and ArtGox

[0199] SDS-PAGE. Purified samples of MicD-F and ArtGox (4 ug) were mixed (4:1) with
SDS-PAGE sample buffer (5% B-Mercaptoethanol, 0.02% bromophenol blue, 30% glycerol,
10% SDS, 250 mM Tris-HCI, pH 6.8). The protein samples were reduced and denatured by
incubation at 95°C for 5 minutes. Reduced and denatured samples were separated using a 4-15%
mini-PROTEAN TGX gel (Bio-Rad Laboratories, Hercules, CA) run at 120 V for 60 minutes in
Tris-Glycine-SDS running buffer (3 g/L tris, 14.4 g/L glycine, 1 g/L sodium dodecyl sulfate, pH
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8.3) and their molecular weights compared against Precision Plus Protein Dual Color Standards
(Bio-Rad Laboratories, Hercules, CA). Protein content was visualized using Coomassie stain (1
g/L Coomassie Brilliant Blue in methanol: water:acetic acid (5:4:1)) and imaged using a Bio-Rad
Chemidoc MP Imaging System. Band intensities were quantified using the gel analysis tool of
FIJI° Please see Fig. 14 for SDS-PAGE and LC-MS characterization of MicD-F and ArtGox.
[0200] Cloning, expression, purification, and characterization of mCherry and Rop
variants

[0201] Design of mCherry variants

[0202] C-terminally modified substrates (mCherryC+ and mCherryC-) are variants of the
mCherry sequence associated with Uniprot ID: X5DSL3. Both contained an N-terminal 6xHis
purification tag, the natural three-residue chromophore-forming sequence MYG, and a C-
terminal extension that included a TEV protease recognition site, a MicD-F/ArtGox
compatible substrate, and a FLAG purification tag. Internally-modified substrates
(mCherry137+, mCherry174+, mCherry192+ and mCherry211+) are also variants of the
mCherry sequence associated with Uniprot ID: X5DSL3. Each contained an N-terminal FLAG
purification tag, the natural three-residue chromophore-forming sequence MYG, and a C-
terminal 6xHis purification tag. A MicD-F/ArtGox compatible substrate sequence was inserted
internally on the C-terminal side of the indicated residue (137, 174, 192, or 211). The full
sequences of the mCherry translation products are provided below.

[0203] mCherryC+

[0204] MHHHHHHMYV SKGEEDNMAIIKEFMRFKVHMEGSVNGHEFEIEGEGEGRPYEG
TQTAKLKVTKGGPLPFAWDILSPQFMYGSKAYVKHPADIPDYLKLSFPEGFKWERVMN
FEDGGVVTVTQDSSLOQDGEFIYKVKLRGTNFPSDGPVMQKKTMGWEASSERMYPEDG
ALKGEIKQRLKLKDGGHYDAEVKTTY KAKKPVQLPGAYNVNIKLDITSHNEDYTIVEQ
YERAEGRHSTGGMDELYKENLYFQGMCAYDGDYKDDDDK

[0205] mCherryC-

[0206] MHHHHHHMVSKGEEDNMAIIKEFMRFKVHMEGSVNGHEFEIEGEGEGRPYEG
TQTAKLKVTKGGPLPFAWDILSPQFMYGSKAYVKHPADIPDYLKLSFPEGFKWERVMN
FEDGGVVTVTQDSSLOQDGEFIYKVKLRGTNFPSDGPVMQKKTMGWEASSERMYPEDG
ALKGEIKQRLKLKDGGHYDAEVKTTYKAKKPVQLPGAYNVNIKLDITSHNEDYTIVEQ
YERAEGRHSTGGMDELYKENLYFQGMAAYDGDYKDDDDK

[0207] mCherry137+

[0208] MDYKDDDDKMYV SKGEEDNMAIIKEFMRFKVHMEGSVNGHEFEIEGEGEGRPY
EGTQTAKLKVTKGGPLPFAWDILSPQFMYGSKAYVKHPADIPDYLKLSFPEGFKWERV
MNFEDGGVVTVTQDSSLQDGEFIYKVKLRGTNFPSDMCAYDGGPVMQKKTMGWEAS
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SERMYPEDGALKGEIKQRLKLKDGGHYDAEVKTTYKAKKPVQLPGAYNVNIKLDITSH
NEDYTIVEQYERAEGRHSTGGMDELYKHHHHHH

[0209] mCherryl174+

[0210] MDYKDDDDKMVSKGEEDNMAIIKEFMRFKVHMEGSVNGHEFEIEGEGEGRPY
EGTQTAKLKVTKGGPLPFAWDILSPQFMYGSKAY VKHPADIPDYLKLSFPEGFKWERV
MNFEDGGVVTVTQDSSLQDGEFIYKVKLRGTNFPSDGPVMQKKTMGWEASSERMYPE
DGALKGEIKQRLKLKDMCAYDGGGHYDAEVKTTYKAKKPVQLPGAYNVNIKLDITSH
NEDYTIVEQYERAEGRHSTGGMDELYKHHHHHH

[0211] mCherry192+

[0212] MDYKDDDDKMV SKGEEDNMAIIKEFMRFKVHMEGSVNGHEFEIEGEGEGRPY
EGTQTAKLKVTKGGPLPFAWDILSPQFMYGSKAYVKHPADIPDYLKLSFPEGFKWERV
MNFEDGGVVTVTQDSSLQDGEFIY KVKLRGTNFPSDGPVMQKKTMGWEASSERMYPE
DGALKGEIKQRLKLKDGGHYDAEVKTTYKAKKPVMCAYDGQLPGAYNVNIKLDITSH
NEDYTIVEQYERAEGRHSTGGMDELYKHHHHHH

[0213] mCherry211+

[0214] MDYKDDDDKMV SKGEEDNMAIIKEFMRFKVHMEGSVNGHEFEIEGEGEGRPY
EGTQTAKLKVTKGGPLPFAWDILSPQFMYGSKAYVKHPADIPDYLKLSFPEGFKWERV
MNFEDGGVVTVTQDSSLQDGEFIY KVKLRGTNFPSDGPVMQKKTMGWEASSERMYPE
DGALKGEIKQRLKLKDGGHYDAEVKTTYKAKKPVQLPGAYNVNIKLDITSHNEMCAY
DGDYTIVEQYERAEGRHSTGGMDELYKHHHHHH

[0215] Cloning mCherry constructs into pET-32a(+) vector

[0216] The sequences encoding mCherryC+, mCherryC-, mCherry137+, mCherry174+,
mCherry192+ and mCherry211+ were cloned into a pET-32a(+) plasmid as follows. Circular
pET-32a(+) vector (1 pg, Millipore Sigma, catalog # 69015-3) was incubated with 1 pL each of
restrictions enzymes Ndel (New England Biosciences, catalog # RO111S) and Notl-HF (New
England Biosciences, catalog # R3189S) in cutSmart Buffer (New England Biolabs, catalog
#B7204S) at 37°C for 1 hour. The entire restriction digest reaction was run on a 0.8% agarose
gel at 150V for 45 minutes and linear 5.4 kbp and 0.5 kbp fragments were observed using a blue
light transilluminator. The larger 5.4 kbp fragment was excised from the gel and purified using a
Monarch DNA Gel Extraction Kit (NEB, catalog # T1020S). The concentration of purified,
linearized pET-32(a)+ was determined by absorbance at 260 nm. Next, 33.3 ng of purified,
linearized pET-32(a)+ and 100 ng of respective gBlock DNA fragment (Integrated DNA
Technologies, Coralville, IA) encoding mCherry constructs were combined in a 10 uL. Gibson
Assembly reaction® containing HiFI DNA Assembly Master Mix (NEB, catalog #£2621L) and

incubated at 50°C for 1 hour to generate circular pET-32(a)+ vectors containing coding
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sequences for mCherry constructs. Circularized plasmids from the previous step were
transformed into NEB 5-alpha competent E. coli (NEB, catalog # C2987H) as follows. Frozen
stocks of cells were thawed on ice for 10 minutes. Upon thawing 4 uL of the previous Gibson
Assembly reaction was added to cells and incubated on ice for 30 minutes . Cells incubated with
plasmid were then subjected to heat shock at 42 °C for 30 seconds and placed on ice for 5
minutes. 900 pL of SOC outgrowth medium (NEB, catalog # B9020S) was added to cells and
cells were incubated at 37 °C for 1 hour with shaking at 200rpm. Agar plates containing 100
pg/mL carbenicillin were inoculated with 100 pL of transformed cells and grown overnight at 37
°C. 5 single colonies per construct were picked and inoculated into liquid cultures containing 5
mL LB + 100 ug/mL carbenicillin and grown for 16 hours at 37 °C. Pure plasmid was isolated
from 5 mL cultures using Qiaprep Spin Miniprep Kit (Qiagen, catalog # 27106) and sequences
were confirmed by Sanger sequencing at the UC Berkeley DNA Sequencing Facility. Plasmids
containing the precise coding sequence for each construct were transformed into chemically
competent BL21 E. coli (NEB, catalog # C2530H) following the same transformation protocol
detailed above for large scale protein expression.

[0217] mCherryC+ gBlock Sequence

[0218] TCCCCTCTAGAAATAATTTTGTTTAACTTTAAGAAGGAGATATACATATGCAC
CACCATCACCATCATATGGTGAGCAAGGGCGAGGAGGATAACATGGCCATCATCAA
GGAGTTCATGCGCTTCAAGGTGCACATGGAGGGCTCCGTGAACGGCCACGAGTTCG
AGATCGAGGGCGAGGGCGAGGGCCGCCCCTACGAGGGCACCCAGACCGCCAAGCT
GAAGGTGACCAAGGGTGGCCCCCTGCCCTTCGCCTGGGACATCCTGTCCCCTCAGTT
CATGTACGGCTCCAAGGCCTACGTGAAGCACCCCGCCGACATCCCCGACTACTTGA
AGCTGTCCTTCCCCGAGGGCTTCAAGTGGGAGCGCGTGATGAACTTCGAGGACGGC
GGCGTGGTGACCGTGACCCAGGACTCCTCCCTGCAGGACGGCGAGTTCATCTACAA
GGTGAAGCTGCGCGGCACCAACTTCCCCTCCGACGGCCCCGTAATGCAGAAGAAGA
CCATGGGCTGGGAGGCCTCCTCCGAGCGGATGTACCCCGAGGACGGCGCCCTGAAG
GGCGAGATCAAGCAGAGGCTGAAGCTGAAGGACGGCGGCCACTACGACGCTGAGG
TCAAGACCACCTACAAGGCCAAGAAGCCCGTGCAGCTGCCCGGCGCCTACAACGTC
AACATCAAGTTGGACATCACCTCCCACAACGAGGACTACACCATCGTGGAACAGTA
CGAACGCGCCGAGGGCCGCCACTCCACCGGCGGCATGGACGAGCTGTACAAGGAA
AATCTTTATTTTCAGGGAATGTGCGCCTACGACGGAGACTACAAAGACGACGACGA
CAAATAAGCGGCCGCACTCGAGCACC

[0219] mCherryC- gBlock Sequence

[0220] TCCCCTCTAGAAATAATTTTGTTTAACTTTAAGAAGGAGATATACATATGCAC
CACCATCACCATCATATGGTGAGCAAGGGCGAGGAGGATAACATGGCCATCATCAA
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GGAGTTCATGCGCTTCAAGGTGCACATGGAGGGCTCCGTGAACGGCCACGAGTTCG
AGATCGAGGGCGAGGGCGAGGGCCGCCCCTACGAGGGCACCCAGACCGCCAAGCT

GAAGGTGACCAAGGGTGGCCCCCTGCCCTTCGCCTGGGACATCCTGTCCCCTCAGTT
CATGTACGGCTCCAAGGCCTACGTGAAGCACCCCGCCGACATCCCCGACTACTTGA

AGCTGTCCTTCCCCGAGGGCTTCAAGTGGGAGCGCGTGATGAACTTCGAGGACGGC

GGCGTGGTGACCGTGACCCAGGACTCCTCCCTGCAGGACGGCGAGTTCATCTACAA

GGTGAAGCTGCGCGGCACCAACTTCCCCTCCGACGGCCCCGTAATGCAGAAGAAGA
CCATGGGCTGGGAGGCCTCCTCCGAGCGGATGTACCCCGAGGACGGCGCCCTGAAG
GGCGAGATCAAGCAGAGGCTGAAGCTGAAGGACGGCGGCCACTACGACGCTGAGG
TCAAGACCACCTACAAGGCCAAGAAGCCCGTGCAGCTGCCCGGCGCCTACAACGTC
AACATCAAGTTGGACATCACCTCCCACAACGAGGACTACACCATCGTGGAACAGTA
CGAACGCGCCGAGGGCCGCCACTCCACCGGCGGCATGGACGAGCTGTACAAGGAA

AATCTTTATTTTCAGGGAATGGCCGCCTACGACGGAGACTACAAAGACGACGACGA
CAAATAAGCGGCCGCACTCGAGCACC

[0221] mCherry137+ gBlock Sequence

[0222] TCCCCTCTAGAAATAATTTTGTTTAACTTTAAGAAGGAGATATACATATGGA

CTACAAAGACGACGACGACAAAATGGTGAGCAAGGGCGAGGAGGATAACATGGCC
ATCATCAAGGAGTTCATGCGCTTCAAGGTGCACATGGAGGGCTCCGTGAACGGCCA
CGAGTTCGAGATCGAGGGCGAGGGCGAGGGCCGCCCCTACGAGGGCACCCAGACC

GCCAAGCTGAAGGTGACCAAGGGTGGCCCCCTGCCCTTCGCCTGGGACATCCTGTC

CCCTCAGTTCATGTACGGCTCCAAGGCCTACGTGAAGCACCCCGCCGACATCCCCG

ACTACTTGAAGCTGTCCTTCCCCGAGGGCTTCAAGTGGGAGCGCGTGATGAACTTCG
AGGACGGCGGCGTGGTGACCGTGACCCAGGACTCCTCCCTGCAGGACGGCGAGTTC
ATCTACAAGGTGAAGCTGCGCGGCACCAACTTCCCCTCCGACATGTGCGCCTACGA

CGGAGGCCCCGTAATGCAGAAGAAGACCATGGGCTGGGAGGCCTCCTCCGAGCGG

ATGTACCCCGAGGACGGCGCCCTGAAGGGCGAGATCAAGCAGAGGCTGAAGCTGA

AGGACGGCGGCCACTACGACGCTGAGGTCAAGACCACCTACAAGGCCAAGAAGCC

CGTGCAGCTGCCCGGCGCCTACAACGTCAACATCAAGTTGGACATCACCTCCCACA

ACGAGGACTACACCATCGTGGAACAGTACGAACGCGCCGAGGGCCGCCACTCCACC
GGCGGCATGGACGAGCTGTACAAGCACCACCATCACCATCATTAAGCGGCCGCACT
CGAGCACC

[0223] mCherry174+ gBlock Sequence

[0224] TCCCCTCTAGAAATAATTTTGTTTAACTTTAAGAAGGAGATATACATATGGA

CTACAAAGACGACGACGACAAAATGGTGAGCAAGGGCGAGGAGGATAACATGGCC
ATCATCAAGGAGTTCATGCGCTTCAAGGTGCACATGGAGGGCTCCGTGAACGGCCA
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CGAGTTCGAGATCGAGGGCGAGGGCGAGGGCCGCCCCTACGAGGGCACCCAGACC

GCCAAGCTGAAGGTGACCAAGGGTGGCCCCCTGCCCTTCGCCTGGGACATCCTGTC

CCCTCAGTTCATGTACGGCTCCAAGGCCTACGTGAAGCACCCCGCCGACATCCCCG

ACTACTTGAAGCTGTCCTTCCCCGAGGGCTTCAAGTGGGAGCGCGTGATGAACTTCG
AGGACGGCGGCGTGGTGACCGTGACCCAGGACTCCTCCCTGCAGGACGGCGAGTTC
ATCTACAAGGTGAAGCTGCGCGGCACCAACTTCCCCTCCGACGGCCCCGTAATGCA

GAAGAAGACCATGGGCTGGGAGGCCTCCTCCGAGCGGATGTACCCCGAGGACGGC

GCCCTGAAGGGCGAGATCAAGCAGAGGCTGAAGCTGAAGGACATGTGCGCCTACG

ACGGAGGCGGCCACTACGACGCTGAGGTCAAGACCACCTACAAGGCCAAGAAGCC

CGTGCAGCTGCCCGGCGCCTACAACGTCAACATCAAGTTGGACATCACCTCCCACA

ACGAGGACTACACCATCGTGGAACAGTACGAACGCGCCGAGGGCCGCCACTCCACC
GGCGGCATGGACGAGCTGTACAAGCACCACCATCACCATCATTAAGCGGCCGCACT
CGAGCACC

[0225] mCherry192+ gBlock Sequence

[0226] TCCCCTCTAGAAATAATTTTGTTTAACTTTAAGAAGGAGATATACATATGGA

CTACAAAGACGACGACGACAAAATGGTGAGCAAGGGCGAGGAGGATAACATGGCC
ATCATCAAGGAGTTCATGCGCTTCAAGGTGCACATGGAGGGCTCCGTGAACGGCCA
CGAGTTCGAGATCGAGGGCGAGGGCGAGGGCCGCCCCTACGAGGGCACCCAGACC

GCCAAGCTGAAGGTGACCAAGGGTGGCCCCCTGCCCTTCGCCTGGGACATCCTGTC

CCCTCAGTTCATGTACGGCTCCAAGGCCTACGTGAAGCACCCCGCCGACATCCCCG

ACTACTTGAAGCTGTCCTTCCCCGAGGGCTTCAAGTGGGAGCGCGTGATGAACTTCG
AGGACGGCGGCGTGGTGACCGTGACCCAGGACTCCTCCCTGCAGGACGGCGAGTTC
ATCTACAAGGTGAAGCTGCGCGGCACCAACTTCCCCTCCGACGGCCCCGTAATGCA

GAAGAAGACCATGGGCTGGGAGGCCTCCTCCGAGCGGATGTACCCCGAGGACGGC

GCCCTGAAGGGCGAGATCAAGCAGAGGCTGAAGCTGAAGGACGGCGGCCACTACG
ACGCTGAGGTCAAGACCACCTACAAGGCCAAGAAGCCCGTGATGTGCGCCTACGAC
GGACAGCTGCCCGGCGCCTACAACGTCAACATCAAGTTGGACATCACCTCCCACAA
CGAGGACTACACCATCGTGGAACAGTACGAACGCGCCGAGGGCCGCCACTCCACCG
GCGGCATGGACGAGCTGTACAAGCACCACCATCACCATCATTAAGCGGCCGCACTC
GAGCACC

[0227] mCherry211+ gBlock Sequence

[0228] TCCCCTCTAGAAATAATTTTGTTTAACTTTAAGAAGGAGATATACATATGGA

CTACAAAGACGACGACGACAAAATGGTGAGCAAGGGCGAGGAGGATAACATGGCC
ATCATCAAGGAGTTCATGCGCTTCAAGGTGCACATGGAGGGCTCCGTGAACGGCCA
CGAGTTCGAGATCGAGGGCGAGGGCGAGGGCCGCCCCTACGAGGGCACCCAGACC
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GCCAAGCTGAAGGTGACCAAGGGTGGCCCCCTGCCCTTCGCCTGGGACATCCTGTC
CCCTCAGTTCATGTACGGCTCCAAGGCCTACGTGAAGCACCCCGCCGACATCCCCG
ACTACTTGAAGCTGTCCTTCCCCGAGGGCTTCAAGTGGGAGCGCGTGATGAACTTCG
AGGACGGCGGCGTGGTGACCGTGACCCAGGACTCCTCCCTGCAGGACGGCGAGTTC
ATCTACAAGGTGAAGCTGCGCGGCACCAACTTCCCCTCCGACGGCCCCGTAATGCA
GAAGAAGACCATGGGCTGGGAGGCCTCCTCCGAGCGGATGTACCCCGAGGACGGC
GCCCTGAAGGGCGAGATCAAGCAGAGGCTGAAGCTGAAGGACGGCGGCCACTACG
ACGCTGAGGTCAAGACCACCTACAAGGCCAAGAAGCCCGTGCAGCTGCCCGGCGCC
TACAACGTCAACATCAAGTTGGACATCACCTCCCACAACGAGATGTGCGCCTACGA
CGGAGACTACACCATCGTGGAACAGTACGAACGCGCCGAGGGCCGCCACTCCACCG
GCGGCATGGACGAGCTGTACAAGCACCACCATCACCATCATTAAGCGGCCGCACTC
GAGCACC

[0229] Design of Rop variants

[0230] Loop-modified substrates (RopN, RopC, RopM, RopCG4) are analogs of the Rop
sequence associated with Uniprot ID: PO3051. All contained an N-terminal FLAG purification
tag, and one of five ten-amino acid sequences in place of the native Asp30-Ala31 sequence of
Rop. They also all contained a C-terminal 6xHis purification tag. The full sequences of the Rop
translation products are provided below.

[0231] RopN

[0232] MDYKDDDDKMTKQEKTALNMARFIRSQTLTLLEKLNELMCAYDGGGGGDEQ
ADICESLHDHADELYRSCLARFGDDGENLHHHHHH

[0233] RopM

[0234] MDYKDDDDKMTKQEKTALNMARFIRSQTLTLLEKLNELGGMCAYDGGGDEQ
ADICESLHDHADELYRSCLARFGDDGENLHHHHHH

[0235] RopC

[0236] MDYKDDDDKMTKQEKTALNMARFIRSQTLTLLEKLNELGGGGMCAYDGDEQ
ADICESLHDHADELYRSCLARFGDDGENLHHHHHH

[0237] RopC

[0238] MDYKDDDDKMTKQEKTALNMARFIRSQTLTLLEKLNELGGGGMAAYDGDEQ
ADICESLHDHADELYRSCLARFGDDGENLHHHHHH

[0239] RopCGy

[0240] MDYKDDDDKMTKQEKTALNMARFIRSQTLTLLEKLNELGGGGMCGGGGDEQ
ADICESLHDHADELYRSCLARFGDDGENLHHHHHH

[0241] Cloning Rop constructs into pET-32(a)+ vector

[0242] The sequences encoding RopN, RopM, RopC, RopC-, and RopCG, were cloned into a
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pET-32a(+) plasmid as follows. Circular pET-32a(+) vector (1 pg, Millipore Sigma, catalog #
69015-3) was incubated with 1puL each of restrictions enzymes Ndel (New England Biosciences,
catalog # RO111S) and NotI-HF (New England Biosciences, catalog # R3189S) in cutSmart
Buffer (New England Biolabs, catalog #B7204S) at 37°C for 1 hour. The entire restriction digest
reaction was run on a 0.8% agarose gel at 150V for 45 minutes and 5.4kbp and 0.5kbp
fragments were observed using a blue light transilluminator. The larger 5.4kbp fragment was
excised from the gel and purified using a Monarch DNA Gel Extraction Kit (NEB, catalog #
T1020S). Concentration of linearized pET-32(a)+ vector was determined by absorbance at 260
nm. 33.3 ng of purified, linearized pET-32(a)+ vector and 100 ng of respective gBlock DNA
fragment (Integrated DNA Technologies, Coralville, IA) encoding Rop constructs were
combined in a 10puL Gibson Assembly reaction containing HiFI DNA Assembly Master Mix
(NEB, catalog #E2621L) and incubated at 50°C for 1 hour to generate circular pET-32(a)+
vectors containing coding sequences for Rop constructs. Circularized plasmids from the
previous step were transformed into NEB 5-alpha competent E. coli (NEB, catalog # C2987H).
First, cells were thawed on ice for 10 minutes after which 4 pL of the previous Gibson Assembly
reaction was added to cells and placed back on ice for 30 minutes . After addition of plasmid,
cells were subjected to heat shock at 42°C for 30 seconds and placed on ice for 5 minutes. 900
pL of SOC outgrowth medium (NEB, catalog # B9020S) was added to cells and cells were
incubated at 37 °C for 1 hour with shaking at 200rpm. Agar plates containing 100 pg/mL
carbenicillin were inoculated with 100 pL of transformed cells and grown overnight at 37°C. 5
single colonies per construct were picked and inoculated into 5 mL LB + 100 ug/mL
carbenicillin and grown for 16 hours at 37°C. Pure plasmid was isolated from 5 mL cultures
using Qiaprep Spin Miniprep Kit (Qiagen, catalog # 27106) and sequences were confirmed by
Sanger sequencing at the UC Berkeley DNA Sequencing Facility. Plasmids containing the
precise coding sequence for each construct were transformed into chemically competent BL.21
E. coli (NEB, catalog # C2530H) for large scale protein expression following the same
transformation protocol detailed above.

[0243] RopN gBlock Sequence

[0244] TCCCCTCTAGAAATAATTTTGTTTAACTTTAAGAAGGAGATATACATATGGA
CTACAAAGACGACGACGACAAAATGACCAAACAGGAAAAAACCGCCCTTAACATG
GCCCGCTTTATCAGAAGCCAGACATTAACGCTTCTGGAGAAACTCAACGAGCTGAT
GTGCGCCTACGACGGAGGGGGCGGTGGCGATGAACAGGCAGACATCTGTGAATCG
CTTCACGACCACGCTGATGAGCTTTACCGCAGCTGCCTCGCGCGTTTCGGTGATGAC
GGTGAAAACCTCCACCACCATCACCATCATTAAGCGGCCGCACTCGAGCACC

[0245] RopM gBlock Sequence
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[0246] TCCCCTCTAGAAATAATTTTGTTTAACTTTAAGAAGGAGATATACATATGGA
CTACAAAGACGACGACGACAAAATGACCAAACAGGAAAAAACCGCCCTTAACATG
GCCCGCTTTATCAGAAGCCAGACATTAACGCTTCTGGAGAAACTCAACGAGCTGGG
CGGGATGTGCGCCTACGACGGAGGTGGCGATGAACAGGCAGACATCTGTGAATCGC
TTCACGACCACGCTGATGAGCTTTACCGCAGCTGCCTCGCGCGTTTCGGTGATGACG
GTGAAAACCTCCACCACCATCACCATCATTAAGCGGCCGCACTCGAGCACC

[0247] RopC gBlock Sequence

[0248] TCCCCTCTAGAAATAATTTTGTTTAACTTTAAGAAGGAGATATACATATGGA
CTACAAAGACGACGACGACAAAATGACCAAACAGGAAAAAACCGCCCTTAACATG
GCCCGCTTTATCAGAAGCCAGACATTAACGCTTCTGGAGAAACTCAACGAGCTGGG
CGGGGGGGGAATGTGCGCCTACGACGGAGATGAACAGGCAGACATCTGTGAATCG
CTTCACGACCACGCTGATGAGCTTTACCGCAGCTGCCTCGCGCGTTTCGGTGATGAC
GGTGAAAACCTCCACCACCATCACCATCATTAAGCGGCCGCACTCGAGCACC

[0249] RopC- gBlock Sequence

[0250] TCCCCTCTAGAAATAATTTTGTTTAACTTTAAGAAGGAGATATACATATGGA
CTACAAAGACGACGACGACAAAATGACCAAACAGGAAAAAACCGCCCTTAACATG
GCCCGCTTTATCAGAAGCCAGACATTAACGCTTCTGGAGAAACTCAACGAGCTGGG
CGGAGGTGGAATGGCCGCCTACGACGGAGATGAACAGGCAGACATCTGTGAATCG
CTTCACGACCACGCTGATGAGCTTTACCGCAGCTGCCTCGCGCGTTTCGGTGATGAC
GGTGAAAACCTCCACCACCATCACCATCATTAAGCGGCCGCACTCGAGCACC

[0251] RopCGy4 gBlock Sequence

[0252] TCCCCTCTAGAAATAATTTTGTTTAACTTTAAGAAGGAGATATACATATGGA
CTACAAAGACGACGACGACAAAATGACCAAACAGGAAAAAACCGCCCTTAACATG
GCCCGCTTTATCAGAAGCCAGACATTAACGCTTCTGGAGAAACTCAACGAGCTGGG
CGGGGGTGGAATGTGCGGTGGGGGAGGAGATGAACAGGCAGACATCTGTGAATCG
CTTCACGACCACGCTGATGAGCTTTACCGCAGCTGCCTCGCGCGTTTCGGTGATGAC
GGTGAAAACCTCCACCACCATCACCATCATTAAGCGGCCGCACTCGAGCACC

[0253] Expression and Purification of mCherry variants

[0254] Starter cultures of 2 mL of Miller’s LB Broth (AmericanBio, catalog # AB01201)
supplemented with 100 pg/mL carbenicillin were inoculated with a single colony of E. coli
BL21 (DE3) harboring the plasmid of interest and grown overnight at 37°C with shaking at 200
rpm.The starter culture (2 mL) was used to inoculate a 200 mL expression culture of Miller’s LB
Broth also supplemented with 100 ug/mL carbenicillin. The expression culture was grown at
37°C with shaking at 200 rpm to an ODgqg of 0.6 at which point it was induced with 1 mM
IPTG, transferred to a 20°C incubator, and grown for 24 hours with shaking at 200 rpm. The
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expression culture was harvested by centrifugation at 4,300xg at 4°C for 45 minutes. The
resulting cell pellet was suspended in 10 mL of Lysis Buffer (20 mM Tris-HCI, 500 mM NaCl,
pH 8.0) containing 1 tablet of cOmplete, mini EDTA-free ULTRA protease inhibitor cocktail
(Sigma-Aldrich, St. Louis, MQ). The cell suspension was disrupted by sonication on ice
(Branson Sonifier 250, 3 cycles of 30 second pulse at 30% duty cycle and microtip limit of 5
followed by 60 second pause). The cell lysate was cleared by centrifugation at 23,000xg at 4°C
for 20 minutes. TALON® Metal Affinity Resin (2 mL) (Takara Biosciences, catalog # 635504)
was equilibrated with Lysis Buffer, added to the cleared cell lysate, and incubated on a rotisserie
at 4°C for 1 hour. The TALON® resin-lysate mixture was then passed through a gravity flow
Poly-Prep Chromatography Column (Bio-Rad Laboratories, Hercules, CA). Non-specifically
bound proteins were removed by washing the Ni-NTA column with 10 mL of Wash Buffer (20
mM Tris-HCI, 500 mM NaCl, 20 mM imidazole pH 8.0). The 6xHis-tagged protein was eluted
by washing the Ni-NTA column with 5 mL of Elution Buffer (20 mM Tris-HCI, 500 mM NaCl,
250 mM imidazole pH 8.0). The purified protein was loaded into a 3-12 mL Slide-A-Lyzer
Dialysis Cassette with a 10 kDa molecular weight cut off (Thermo Scientific, Waltham, MA)
and dialyzed against 1 L of Storage Buffer (20 mM HEPES, 150 mM NaCl, 1 mM TCEP, pH
7.4) at 4°C for at least 18 hours. The dialyzed protein was concentrated using Amicon Ultra-15
mL centrifugal filters with a 10 kDa molecular weight cut off (MilliporeSigma, Burlington,
MA) according to the manufacturer’s instructions. The purified protein was quantified using
absorbance at 280 nm, diluted to 1 mM using Storage Buffer, snap frozen as single-use aliquots,
and stored at -80°C. The typical expression yield of mCherry constructs using the above protocol
was 90 mg/L of E. coli culture.

[0255] Expression and Purification of Rop Constructs

[0256] Starter cultures of 2 mL of Miller’s LB Broth (AmericanBio, catalog # AB01201)
supplemented with 100 ug/mL carbenicillin were inoculated with a single colony of E. coli
BL21 (DE3) harboring the plasmid of interest and grown overnight at 37°C with shaking at 200
rpm.The starter culture (2 mL) was used to inoculate a 200 mL expression culture of Miller’s LB
Broth also supplemented with 100 ug/mL carbenicillin. The expression culture was grown at
37°C with shaking at 200 rpm to an ODgg of 0.6 at which point it was induced with 1 mM
IPTG, transferred to a 20°C incubator, and grown for 24 hours with shaking at 200 rpm. The
expression culture was harvested by centrifugation at 4,300xg at 4°C for 45 minutes. The
resulting cell pellet was suspended in 10 mL of Lysis Buffer (20 mM Tris-HCI, 500 mM NaCl,
pH 8.0) containing 1 tablet of cOmplete, mini EDTA-free ULTRA protease inhibitor cocktail
(Sigma-Aldrich, St. Louis, MQ). The cell suspension was disrupted by sonication on ice

(Branson Sonifier 250, 3 cycles of 30 second pulse at 30% duty cycle and microtip limit of 5

38



WO 2023/129778 PCT/US2022/080459

followed by 60 second pause).The cell lysate was cleared by centrifugation at 23,000xg at 4°C
for 20 minutes. TALON® Metal Affinity Resin (2 mL) (Takara Biosciences, catalog # 635504)
was equilibrated with lysis buffer (20 mM Tris-HCI, 500 mM NaCl, pH 8.0). The equilibrated
Ni-NTA agarose (2 mL) was added to the cleared cell lysate and incubated on a rotisserie at 4°C
for 1 hours. The TALON® resin-lysate mixture was then passed through a gravity flow Poly-
Prep Chromatography Column (Bio-Rad Laboratories, Hercules, CA). Non-specifically bound
proteins were removed by washing the TALON® column with 10 mL of wash buffer (20 mM
Tris-HCI, 500 mM NaCl, 20 mM imidazole pH 8.0). The 6xHis-tagged protein was eluted by
washing the TALON® column with 5 mL of elution buffer (20 mM Tris-HCI, 500 mM Na(l,
250 mM imidazole pH 8.0). The purified protein was loaded into a 3-12 mL Slide-A-Lyzer
Dialysis Cassette with a 3.5 kDa molecular weight cut off (Thermo Scientific, Waltham, MA)
and dialyzed against 1 L of storage buffer (20 mM HEPES, 150 mM NaCl, 1 mM TCEP, pH
7.4) at 4°C for at least 18 hours. The dialyzed protein was concentrated using Amicon Ultra-15
mL centrifugal filters with a 3 kDa molecular weight cut off (MilliporeSigma, Burlington, MA)
according to the manufacturer’s instructions. The purified protein was quantified using
absorbance at 280 nm, diluted to 1 mM using storage buffer (20 mM HEPES, 150 mM NaCl, 1
mM TCEP, pH 7.4), snap frozen as single use aliquots, and stored at -80°C. The typical
expression yield of Rop construct using the above protocol was 40 mg/L of E. coli culture.
[0257] Characterization of mCherry and Rop Constructs

[0258] SDS-PAGE. Purified proteins (4 pg) were mixed (4:1) with SDS-PAGE sample buffer
(5% B-Mercaptoethanol, 0.02% bromophenol blue, 30% glycerol, 10% SDS, 250 mM Tris-HCI,
pH 6.8) and incubated at 95°C for 5 minutes before being applied to a 4-15% mini-PROTEAN
TGX precast gel (Bio-Rad Laboratories, Hercules, CA) run at 200 V for 30 minutes in Tris-
Glycine-SDS running buffer (3 g/L tris, 14.4 g/L glycine, 1 g/L sodium dodecyl sulfate, pH 8.3)
alongside a lane containing Precision Plus Protein Dual Color Standards (Bio-Rad Laboratories,
Hercules, CA). Protein bands were visualized using Coomassie stain (1 g/L. Coomassie Brilliant
Blue in methanol:water:acetic acid (5:4:1)) and imaged using a Bio-Rad Chemidoc MP Imaging
System. Band intensities were quantified using the gel analysis tool of FIJ I’

[0259] LC-MS analysis of purified proteins

[0260] LC-MS analysis was performed on an Agilent 1290 Infinity Il HPLC connected to an
Agilent 6530B QTOF AJS-ESI. The mobile phase for LC-MS was water and acetonitrile with
0.1% (v/v) formic acid and a flow rate of 0.4 mL/min. Each sample was injected onto a
Poroshell 300SB-C8 column (2.1 x 75 mm, 5-Micron, room temperature, Agilent) using a linear
gradient from 5 to 95% acetonitrile over 9 minutes after an initial hold at 5% acetonitrile for 0.5

minutes (0.4 mL/min). The following parameters were used during acquisition: Fragmentor
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voltage 225 V, gas temperature 300°C, gas flow 10 L/min, sheath gas temperature 350°C, sheath
gas flow 11 L/min, nebulizer pressure 35 psi, skimmer voltage 65 V, Vcap 5000 V, 1 spectra/s.
Intact protein masses were obtained via deconvolution using the Maximum Entropy algorithm in
Mass Hunter Bioconfirm (V10, Agilent).

[0261] Reactions with MicD-F and/or ArtGox

[0262] Reaction of peptides and proteins with MicD-F

[0263] A typical reaction scale for analysis via LC-MS was 30 pL. Peptide substrate stock (3
uL) suspended at 1 mM (10 mM bicine, 150 mM NaCl, 1 mM TCEP, pH 9.0) was added to 24
uL of reaction buffer (6.25 mM ATP, 6.25 mM MgCl,, 100 mM bicine, 150 mM NaCl, 1 mM
TCEP, pH 8.0 or 9.0). Separately, an aliquot of MicD-F (500 pM in 20 mM HEPES, 150 mM
NaCl, 1 mM TCEP, pH 7.4) was thawed on ice. The thawed enzyme aliquot was then diluted
with cold storage buffer (20 mM HEPES, 150 mM NaCl, 1 mM TCEP, pH 7.4) to a
concentration equal to 10x the desired enzyme concentration. The peptide and enzyme solutions
were then incubated at 37°C for 15 minutes. After temperature equilibration, enzyme solution (3
ul) was added to the peptide solution and gently pipette mixed. The resulting solution was then
incubated at 37°C for the indicated amount of time before LC-MS analysis.

[0264] Reactions of proteins with MicD-F were performed in the manner described above with
minor modifications. Namely, the substrate stock was a 1 mM solution of protein in 20 mM
HEPES, 150 mM NaCl, 1 mM TCEP, pH 7.4.

[0265] Reaction of peptides and proteins with MicD-F and ArtGox in tandem

[0266] A typical reaction scale for analysis via LC-MS was 30 pL. Peptide substrate stock (3
uL) suspended at 1 mM in 10 mM bicine, 150 mM NaCl, 1 mM TCEP, pH 9.0 was added to 21
uL of reaction buffer (7.14 mM ATP, 7.14 mM MgCl,, 2.86 mM FMN, 100 mM bicine, 150
mM NaCl, 1 mM TCEP, pH 8.0 or 9.0). Separately, aliquots of MicD-F (500 uM in 20 mM
HEPES, 150 mM NaCl, 1 mM TCEP, pH 7.4) and ArtGox (800 uM in 20 mM HEPES, 150 mM
NaCl, 1 mM TCEP, pH 7.4) were thawed on ice. The thawed enzyme aliquots were then diluted
with cold storage buffer (20 mM HEPES, 150 mM NaCl, 1 mM TCEP, pH 7.4) to a
concentration equal to 10x the desired enzyme concentration. The peptide and enzyme solutions
were then incubated at 37°C for 15 minutes. After temperature equilibration, enzyme solutions
(3 puL of each) were added to the peptide solution and gently pipette mixed. The resulting
solution was then incubated at 37°C for the indicated amount of time before LC-MS analysis.
[0267] Reactions of proteins with MicD-F and ArtGox were performed in the manner described
above with minor modifications. The substrate stock was a 1 mM solution of protein in 20 mM
HEPES, 150 mM NaCl, 1 mM TCEP, pH 7.4. Reactions were carried out at either 25°C or 37°C

as indicated.
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[0268] LC-MS analysis of reactions with peptide substrates

[0269] To remove 6xHis-tagged enzymes, Ni-NTA (Qiagen, Hilden, Germany) slurry and crude
reaction were mixed 1:1 by volume and incubated on ice for 30 minutes with occasional
agitation. The Ni-NTA resin was then removed by centrifugation at 21,300 x g for 10 minutes at
4°C. Enzyme-depleted reaction mixture (1 ulL) was used for LC-MS analysis which was
performed on an Agilent 1290 Infinity I HPLC connected to an Agilent 6530B QTOF AJS-ESI.
The mobile phase for LC-MS was water and acetonitrile with 0.1% (v/v) formic acid and a flow
rate of 0.7 mL/min. Each sample was injected onto an Eclipse XDB C-18 column (2.1 x 50 mm,
1.8-Micron, room temperature, Agilent) and separated using a linear gradient from 5 to 95%
acetonitrile over 4.5 minutes after an initial hold at 5% acetonitrile for 0.5 minutes. The
following parameters were used during acquisition: Fragmentor voltage 175 V, gas temperature
300°C, gas flow 8 L/min, sheath gas temperature 350°C, sheath gas flow 11 L/min, nebulizer
pressure 35 psi, skimmer voltage 65 V, Veap 3500 V, 1 spectra/s.

[0270] LC-MS analysis of reactions with protein substrates

[0271] Unprocessed reaction mixture (1 pL) was used for LC-MS analysis which was performed
on an Agilent 1290 Infinity II HPLC connected to an Agilent 6530B QTOF AJS-ESI. The
mobile phase for LC-MS was water and acetonitrile with 0.1% (v/v) formic acid and a flow rate
of 0.4 mL/min. Each sample was injected onto a Poroshell 300SB-C8 column (2.1 x 75 mm, 5-
Micron, room temperature, Agilent) using a linear gradient from 5 to 55% acetonitrile over 8
minutes after an initial hold at 5% acetonitrile for 2 minutes (0.4 mL/min). The following
parameters were used during acquisition: Fragmentor voltage 225 V, gas temperature 300°C, gas
flow 10 L/min, sheath gas temperature 350°C, sheath gas flow 11 L/min, nebulizer pressure 35
psi, skimmer voltage 65 V, Vcap 5000 V, 1 spectra/s. Intact protein masses were obtained via
deconvolution using the Maximum Entropy algorithm in Mass Hunter Bioconfirm (V10,
Agilent).

[0272] Characterization of Rop Variants

[0273] Purification of RopC-U and RopC-Z via size-exclusion chromatography

[0274] Reactions to synthesize and purify thiazoline (RopC-U)- and thiazole (RopC-Z)-
modified Rop variants were carried out in a total reaction volume of 1.5 mL. All stock solutions
and reaction components were scaled up in accordance with the analytical scale reaction
protocols described above. To synthesize RopC-U, RopC (100 pM) was reacted with MicD-F
(50 uM) at pH 9.0 and 37°C. To synthesize RopC-Z, RopC (100 uM) was reacted with MicD-F
(50 pM) and ArtGox (80 uM) at pH 9.0 and 37°C. Reaction progress was monitored in the
manner described above for LC-MS analysis of analytical scale protein reactions. Once the

reaction was complete as judged by LC-MS, RopC variants were separated from the crude
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reaction mixture via size exclusion chromatography (SEC).

[0275] A HiLoad® 16/600 Superdex® 75 pg column (stored and operated at 4°C) was washed
with 2 column volumes (CV) of degassed and sterile filtered MilliQ water. The column was then
equilibrated in running buffer (10 mM phosphate, 100 mM NaCl, 150 uM TCEP, pH 7.0) for 2
CV. The crude reaction mixture (1.5 mL) was applied to a 5 mL sample loop. The sample loop
was washed with 10 mL of running buffer at 1 mL/min to load the sample onto the column. The
sample was then eluted from the column by flowing running buffer at 1 mL/min for 1.5 CV.
Fractions were collected in 1 mL aliquots for the entirety of sample application and elution.
Fractions were analyzed via SDS-PAGE analysis and those containing protein of the correct
molecular weight (approximately 10 kDa) were pooled and concentrated to 20 uM using
Amicon Ultra-0.5 mL centrifugal filters with a 3 kDa molecular weight cut off (MilliporeSigma,
Burlington, MA) according to the manufacturer’s instructions. The 20 uM protein solution was
equally divided into 3 parts and flash frozen on liquid nitrogen before analysis via circular
dichroism.

[0276] Characterization of Rop variants via analytical size-exclusion chromatography
[0277] To assess the homogeneity of isolated Rop variants, a solution of each protein was
prepared (250 pg at 50 uM) in running buffer (10 mM phosphate, 100 mM NaCl, 150 uM
TCEP, pH 7.0). A Superdex® 75 Increase 10/300 GL column (stored and operated at 4°C) was
washed with 2 column volumes (CV) of degassed and sterile filtered MilliQ water. The column
was then equilibrated in running buffer for 2 CV. Each sample (500 uL) was applied to a 500 uL
sample loop. The sample loop was washed with 2 mL of running buffer at 0.8 mL/min to load
the sample onto the column. The sample was then eluted from the column by flowing running
buffer at 0.8 mL/min for 1.30 CV. To assess column performance, a gel filtration standard (Bio-
Rad Laboratories, Hercules, CA, catalog number 151-1901) containing 670 kDa, 158 kDa, 44
kDa, 17 kDa, and 1.35 kDa standards was used according to the manufacturer’s instructions.
[0278] Characterization of Rop variants via circular dichroism (CD)

[0279] RopN, RopM, and RopC were exchanged into CD buffer (10 mM phosphate, 100 mM
NaCl, 150 uM TCEP, pH 7.0) using Amicon Ultra-0.5 mL centrifugal filters (MilliporeSigma,
Burlington, MA) with a 3 kDa molecular weight cut-off according to the manufacturer’s
instructions and then diluted with the same buffer to a concentration of 20 uM. For CD analysis
each Rop variant was transferred to a 1 mm quartz cuvette. Wavelength and temperature
dependent CD spectra were collected with an AVIV Biomedical, Inc. (Lakewood, NJ) Circular
Dichroism Spectrometer Model 410. For wavelength-dependent spectra, initial scans were
performed from 200 to 300 nm at 25°C in 2 nm increments with an averaging time of 5 seconds.

For temperature melt experiments, the signal was monitored at 222 nm with an averaging time
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of 5 seconds. Temperature melts were performed from 5 to 90°C in 1°C increments with
equilibration for 2 minutes before each measurement. Following the temperature melt the
sample was returned to 25°C and the wavelength-dependent CD spectra was measured once
more to assess the reversibility of the melt. Raw data (mdeg) were converted to molar ellipticity
(I01, in deg*cm**dmol ™) by

[0280] [@] = (mdeg * M)/(10 = L * C) Equation 1

[0281] where M is the mean residual weight (116.00 g/mol for RopN, RopM, and RopC), L is
the pathlength of the cuvette in centimeters, and C is the concentration of the sample in g/L.’
The melting temperature was determined by fitting the molar ellipticity as a function of
temperature to a Boltzmann sigmoidal curve using GraphPad Prism (Version 7.04).

[0282] CD analysis of RopC-U and RopC-Z was performed as described for RopN, RopM, and
RopC with the following modifications. Temperature melts were performed from 5 to 90°C in
2.5°C increments. Before measuring the temperature melt for RopC-Z, the protein was refolded
by performing an initial melt from 5 to 90°C in 2.5°C increments as described.

[0283] Table 1. Sequences, predicted, and observed masses of peptide substrates described in
this work. Notes: All synthetic peptides were prepared as C-terminal carboxylic acids with a free

N-terminus. Predicted and observed masses are reported for the [M + H]" ion of each peptide.

Peptide Peptide Sequence Predicted Observed
Mass (Da) | Mass (Da)
+1 site model substrate ICAYDG 641.2599 641.2671
la [Bz]-CAYDG 632.2021 632.2060
1b [TFBz]-CAYDG 704.1644 704.1688
1c [Coumarin]-CAYDG 700.1919 700.1954
1d [2-Abz]-CAYDG 647.2130 647.2173
le [5-Methoxy-2-Abz]-CAYDG 677.2236 677.2293
1f [Apy]-CAYDG 648.2082 648.2134
1g [B°-HIle]-CAYDG 655.2756 655.2819
1h [ACHC]-CAYDG 653.2599 653.2667
li [ACPC]-CAYDG 639.2443 639.2480
+1 site model substrate ICIAYDG 754.3440 754.3555
4a IC-[B’-HIle]-AYDG 768.3597 768.3724
4b IC-[B*-Dimethyl]-AYDG 740.3284 740.3353
4c IC-[ACHC]-AYDG 766.3440 766.3537
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4d IC-[ACPC]-AYDG 752.3284 752.3361
de IC-[2-Abz]-AYDG 760.2971 760.3067
4f IC-[5-Methoxy-2-Abz]-AYDG 790.3076 790.3158
4g IC-[Apy]-AYDG 761.2923 761.2977
[0284] .Table 2. mCherry variants.

ID Insertion Insertion Site Pari:ll;;;\/IW Mat?I;Z)MW
mCherryC+ -MCAYDG- C-terminus 30164 30142
mCherryC— -MAAYDG- C-terminus 30132 30110

mCherry 137+ -MCAYDG- D137 29312 29290
mCherry 192+ -MCAYDG- V192 29312 29290
mCherry 174+ -MCAYDG- D174 29312 29290
mCherry211+ -MCAYDG- E211 29312 29290
[0285] .Table 3. Rop variants.
ID Loop Sequence MW (Da)

RopN MCAYDGGGGG 9859.81

RopM GGMCAYDGGG 9859.81

RopC GGGGMCAYDG 9859.81

RopCG4 GGGGMCGGGG 9681.62

RopC- GGGGMAAYDG 9827.75
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CLAIMS
1. A method of polymer engineering comprising: deploying a constitutively active dehydratase
enzyme of RiPP biosynthesis to accept a substrate containing a non-g-amino acid monomer at a

position flanking the reaction site.

2. The method of claim 1, wherein the polymer comprises an amino acid polymer compatible
and operable with the disclosed constitutively active dehydratase enzyme of RiPP biosynthesis
to accept a substrate containing a non-¢-amino acid monomer at a position flanking the reaction

site.

3. The method of claim 1, wherein the polymer comprises an antibody, cytokine, replacement

enzyme, or therapeutic protein.

4. The method of claim 1, wherein the method imbues a polymeric material comprising the

polymer with new structures or functions.

5. The method of claim 1, wherein the polymer comprises a protein, and the method introduces a

non-native backbone modification to expand protein function.

6. The method of claim 1, used to engineer a therapeutic protein to express at higher levels,
resist degradation, improve thermal and proteolytic stability, alter immunogenicity, antigenicity
or immune reactivity, or encode a function, such as targeting the protein to distinct cells or

tissues.

7. The method of claim 1, wherein the enzyme catalyzes formation of an azole (e.g. oxazole or

thiazole) ring.

8. The method of claim 1, wherein the enzyme is a constitutively active heterocyclase in which
the leader sequence is fused directly to the enzyme, such as LynD fusion (LynD-F) and MicD
fusion (MicD-F).

9. The method of claim 1, wherein the enzyme is selected from MicD-F and ArtGox

10. The method of claim 1, wherein the enzyme is selected from heterocyclases MicD, PatD,

and LynD.
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11. The method of claim 1, providing a protein therapeutic fused to a RiPP natural product,
synthesized in a single step, without a separate chemical bio- conjugation step, without

sequential or separate purification steps, and in situ.

12. The method of claim 1, wherein:

(a) multiple, structurally diverse aromatic rings are tolerated at the +1 position that
precedes the site of cyclization, e.g. Benzoic acid, tetrafluoro-benzoic acid, 2- amino benzoic
acid, 2- amino-5-methoxy benzoic acid, 2-aminopyridyl, and coumarin;

(b) multiple, structurally diverse beta-3-amino acids are tolerated at the +1 site, e.g. beta-
3-isoleucine; or

(c) aramid monomers are tolerated at the -1 site.

13. The method of claim 1, wherein the enzyme processes a substrate comprising:

(a) an aromatic ring, even at the +1 position that precedes the site of cyclization, e.g.
Benzoic acid, tetrafluoro-benzoic acid, 2- amino benzoic acid, 2- amino-5-methoxy benzoic
acid, 2-aminopyridyl, and coumarin;

(b) beta-3-amino acid, even at the +1 site, e.g. beta-3-isoleucine; or

(c) an aramid monomer, even at the -1 site.

14. The method of claim 1, wherein the method installs heterocyclic backbones within protein

loops and linkers without disrupting the native tertiary fold.

15. The method of claim 1, wherein the enzyme (e.g. MicD) introduces an azoline heterocycle

into one or more loops of a target protein (e.g. GFP) to generate proteins with altered and

improved properties.
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Fig. 23

1)y mCherry C+: 84.7% pure
2} mCherry G~ 82.3% pure
3y mCherry 174+; 83.2% puwre
4y mCherry 192+; 83.1% pure
5) mCherry 211+: 100% pure

20/29

PCT/US2022/080459



WO 2023/129778 PCT/US2022/080459

Fig. Fi
2 4% Deconvoluted Mass Spectrum g. Deconvoluted fass Spectrum
for mChenyC+ 24B for mCherryC-

5 5

L <

N oy

b= =

3 ()

Q &

g .

i [

ki N

B ©

£ €

o &

< e v T ' <o et T t ¥
30050 0100 30150 30200 30280 30025 30075 30125 30175 30225

Motecular Weight (Da) Motecular Weight (Da)

Flg' Deconvoluted Mass Spentrum F'Q- Deconvohided Mass Spectram
24C for mCherry174+ 24D for mCheny 182+

3 =

< <

2 =

Q O

3 ks

2 S

E £

& &

Z 1 pnonnst v ¥ P oo et ¥ ¥ ¥
29200 28E80 38300 29350 29400 29200 20250 29300 20350 20400

Motecular Weight (Da) fotecutar Weight {Da}

Fig. Deconvolutad Mass Spectrum
24E for mCherry211+

3\

&,

0w

€

peci

fo]

&

3

{

ry Noma

G200 208250 28300 283580 29400
Motesular Weight (Da)

21129



WO 2023/129778
Fig.
25A

mGherryG+, 58 mol% Mich-F

25B 24 hours, pH 9.0, 37°C

{+} MicD-F

\\\\

(-} MicD-F

Mormalized Counts (ALL)

e,

20050

G100 30180 30200 30350

Molecular Weight {Da)
Fig.

mCherry 174+, 30 molSs: MicD-F
25D

24 hours, pH 9.0, 37°C

{+) MigD-F

Normaelized Counts (AU

J (-} MicD-F
} — T nd. ¥ .
29200 29250 ZBa00 20350 28400

Molecular Weight (Da)

PCT/US2022/080459

Fig.  mCherryC-. 56 mol% MicD-F
25C 24 hours, pH 9.0, 37°C
5
<
& { (+3 MicD-F
]
O
Tt
i
&
= & -} MicD-F
o /
-~ ¥ L] aae L] X n’
30025 30075 30125 30175 30228
holecular Weight (Da)
Fig.  mcherry192+, 50 mol% MicD-F
25E 24 hours, pH 9.0, 37°C
5
@ {+) MicDME
o 1
g \~———-’J
poed
1) :
R
=
o
S
£ (-} MigD-F
5 i,
¥ T L] 3 mi
29700 29250 29300 29350 28400

22129

Molecular Weight {Da}



WO 2023/129778

Fig.

26A

Fig.-  richerryC+, 50 mol% MicD-F

26B 24 hours, pH 8.0, 42°C

S

<

2 (+) MicD-F

[

=

8 e

kol

[¢]

N

3 {-) MicD-F

E

(o]

2 :\ ¥ — L) 1] L]

30050 30100 30150 30200 30250
Molecular Weight (Da)

Fig. T

mCherry174+, 50 mol% MicD-F

26D 24 hours, pH 9.0, 42°C

=1

<

£ {+) MicD-F

g V\_‘Aj

Q

Q

=

&

I _

fnd - 1 -

£ } (-} MicD-F

2 l.& ¥ < L ¥

29200 29250 29300 29350 29400

Molecular Weight (Da)

PCT/US2022/080459

Fig. mCherryC-, 50 mol% MicD-F
26C 24 hours, pH 9.0, 42°C

]

<

£ (+) MicD-F

=

Q

S

T

@

N

®

£ (-) MicD-F

[}

Z 1] ¥ < 1 ¥

30025 30075 30125 30175 30225

Molecular Weight {Da)
Fig. Lo
mCherry192+, 50 mol% MicD-F

26E 24 hours, pH 9.0, 42°C

= N

<

& i , (+) MicD-F

=

Q

S

3 N

@

N

I

E J (-} MicD-F

=]

2 ki

29200 29250

29300

29350 29400

Molecular Weight {(Da)

23129



WO 2023/129778 PCT/US2022/080459

MW, kDa 12 3 4 5
11 RopN: 83.8% pure
250 et 2} RopM: 93.5% pure
160 momd 3} RopC: 88.0% pure
4} RopCG4: 88.1% pure
00 omod i 5} RopC-: 100% puwre

Fig. 27

24/29



Fig. Deconvoluted Mass Spectrum
28A for RopN
=) Calculated: 9860 Da
< Observed: 9860 Da
g
=
o
O
e
¢}
N
g
§ H i L!l ¥ R 3
9000 9500 10000 10500 11000
Molecular Weight (Da)
Fig. peconvoluted Mass Spectrum
28C for RopC
5 Calculated: 9860 Da
< Observed: 9860 Da
£
=
o
&)
T3
o
N
g
25; 5 T ‘L!‘ Y y :
a000 a500 10000 10500 11000
Molecular Weight (Da)
Fig. Deconvoluted Mass Spectrum
28E for RopC-
S Calculated: 9828 Da
< Observed: 8828 Da
g
=
&)
&)
i~
o]
N
g
g H 3 A A‘ !‘ ¥ 2 3
Q000 8500 10000 10500 11000

WO 2023/129778

Molecular Weight (Da)

25129

PCT/US2022/080459

Fig.  peconvoluted Mass Spectrum
28B for RopM

Calculated: 9860 Da
Observed: 9860 Da

Normalized Counts (A.U)

A,

9000 8500 10000 10800 11000

Molecular Weight {Da)

Fig. Deconvoluted Mass Spectrum
28D for RopCG4

=1 Calculated: 9682 Da
< Observed: 9682 Da
%

=3

@]

®)

~

@

N

g

§ L.L

9000 8500 10000 10500 11000
Molecular Weight {Da)



WO 2023/129778 PCT/US2022/080459

Fig. 29A

RopC

RopM

RopN

RopC-U

RopC-Z
{before
refolding)

Normalized Absorbance {A.U.)

RopC-£
{after
refolding)

670 and 17 kDa 1.35 kDa
158 kDa | \3*KDa
{ Standard

525 825 11.25 14.25 17.25 20.25
Volume {mlL.)

Fig. 29B
< Doger s ercreneresercroressnserentnescranssrererencn
g
S 5000 - “
™ 10000
5 & RopN
 -15000 - -~ RopM
‘;maaa-  RopC
:§ "25&(}{) ] L T L ]
_"g". g 20 40 &0 80 140
it Temperature (°C)

26/29



WO 2023/129778

Fig.  cyciodehydration of RopC
30A 16 hours at pH 9.0 and 25°C

[M-H.O]  [M]

50 yM MicD-F

25 uM MicD-F

10 pM MicD-F

5 M MicD-F

0 uM MicD-F
0850 9875 9900
Molecular Weight (Da}

9825 9925

27129

PCT/US2022/080459

Fig.  Cyclodehydration of RopC
30B 16 hours at pH 9.0 and 37°C

M-H,0] [M]

S0 uM MicD-F

25 uM MicD-F

10 uM MicD-F

5 M MicD-F
0 uM MicD-F
L + r“ L]
9825 9850 9875 8900 8925
Molecular Weight {Da}



WO 2023/129778 PCT/US2022/080459

Colk1 RopC {-GGGGMCAYDG-)
24 hours, pH 8.0, 37°C

50 pM MicD-F
80 uM ArtGox

50 pM MicD-F
40 uM ArtGox

50 pM MicD-F
16 pM ArtGox

50 uM MicD-F
8 uht ArtGox

Normalized Counts (AU}

50 uM MicD-F
0 uM ArtGox

0 uM MicD-F
0 uM ArtGox

9800 9825 8850 9875 8800
Molecular Weight (Da)

Fig. 31

28129



WO 2023/129778 PCT/US2022/080459
Fig. 32A RopC ~GGGGMCAYDG~

RopC- ~GGGGMAAY DG~
RopCG4 -GGGEMEGGEG-

MicD-F
50 mol%
pH 9.0
37°C, 18 twrs
Fig. 32B  Ropc Fig. 32C  gope- Fig. 32D  RepCG4
< < <
g 2 2
5 {(+)MicD-F 5 s
3 S (+) MicD-E S (+) MicD-F
] = e
@ © w
S | E £
2 OWRT A~ 20007 A, 2 OMPT J A~
9800 9825 9850 9875 9500 9775 9800 9825 9850 9875 9625 9850 9675 9700 9725
Motecular Weight {(Da) Molecular Weight (Da) Molecular Weight (Da)
g}‘ O
E*
E 5]
£ 10
o 8 Ropl-£
&8 -15 {initial msit)
éég 20 ] o Ropl-L
£ (20 malt)
208 . ; N . )
& g 20 40 60 80 100

Temperature {70}

Fig. 33.

29/29



INTERNATIONAL SEARCH REPORT

International application No.

PCT/US 22/80459

A,

IPC

CPC

CLASSIFICATION OF SUBJECT MATTER

- INV. CO7K 1/107, CO7K 1/113, C12N 9/88 (2023.01)

ADD. C12N 9/00, C12P 21/02 (2023.01)
- INV CO7K 1/107, CO7K 1/113, C12N 9/88

ADD. C12N 9/00, C12P 21/02, C12Y 504/99027

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

B.

FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)
See Search History document

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

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

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
X US 2018/0245061 A1 (THE UNIVERSITY COURT OF THE UNIVERSITY OF ABERDEEN et 1-5, 7-12, 14-15
- al.) 30 August 2018 (30.08.2018); especially abstract; para [0002]-[0003], [0013], [0020], [0032]- | --
Y [0036], [0091], {0093], [0096], [0098], [0122]-[0124], [0130], [0133), [0181], [0184] 6,13
Y OUEIS et al., Synthesis of Hybrid Cyclopeptides through Enzymatic Macrocyclization. 6,13
ChemistryOpen. 2017, Vol. 6, No 1, pg 11-14; especially abstract; pg 11, col 1, para 1 - col 2,
para 2; pg 12, col 1, para 1-2; Table 1
X, P WALKER et al., Redirecting RiPP Biosynthetic Enzymes to Proteins and Backbone-Modified 1-156

Substrates. ACS Central Science. 21 March 2022, Vol. 8, No. 4, pg 473-482; entire document

D Further documents are listed in the continuation of Box C.

D See patent family annex.

*

“p”

“ny»
«gn

“»

“O»
wp»

Special categories of cited documents:

document defining the generat state of the art which is not considered
to be of particular relevance

document cited by the applicant in the international application

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

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

document referring to an oral disclosure, use, exhibition or other means
document published prior to the international filing date but later than
the priority date claimed

o

D'

wy

“&”

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

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

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

document member of the same patent family

Date of the actual completion of the international search

6 March 2023

Date of mailing of the international search report

MAR 22 2023

Name and mailing address of the ISA/US

Mail Stop PCT, Attn: ISA/US, Commissioner for Patents
P.0. Box 1450, Alexandria, Virginia 22313-1450

Facsimile No. 571-273-8300

Authorized officer

Kari Rodriquez

Telephone No. PCT Helpdesk: 571-272-4300

Form PCT/ISA/210 (second sheet) (July 2022)




	Page 1 - front-page
	Page 2 - description
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - description
	Page 25 - description
	Page 26 - description
	Page 27 - description
	Page 28 - description
	Page 29 - description
	Page 30 - description
	Page 31 - description
	Page 32 - description
	Page 33 - description
	Page 34 - description
	Page 35 - description
	Page 36 - description
	Page 37 - description
	Page 38 - description
	Page 39 - description
	Page 40 - description
	Page 41 - description
	Page 42 - description
	Page 43 - description
	Page 44 - description
	Page 45 - description
	Page 46 - description
	Page 47 - claims
	Page 48 - claims
	Page 49 - drawings
	Page 50 - drawings
	Page 51 - drawings
	Page 52 - drawings
	Page 53 - drawings
	Page 54 - drawings
	Page 55 - drawings
	Page 56 - drawings
	Page 57 - drawings
	Page 58 - drawings
	Page 59 - drawings
	Page 60 - drawings
	Page 61 - drawings
	Page 62 - drawings
	Page 63 - drawings
	Page 64 - drawings
	Page 65 - drawings
	Page 66 - drawings
	Page 67 - drawings
	Page 68 - drawings
	Page 69 - drawings
	Page 70 - drawings
	Page 71 - drawings
	Page 72 - drawings
	Page 73 - drawings
	Page 74 - drawings
	Page 75 - drawings
	Page 76 - drawings
	Page 77 - drawings
	Page 78 - wo-search-report

