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Protein and polypeptide heteropolymers containing non-a-backbone
monomers are highly desirable as potential materials and therapeutics
but many remain difficult orimpossible to biosynthesize in cells using
traditional genetic code expansion. Here we describe a next-generation
approach to such materials that relies instead on proximity-guided
intramolecular rearrangements that edit the protein backbone
post-translationally. This approachrelies on orthogonal aminoacyl-tRNA
synthetase enzymes that accept a-hydroxy acid monomers whose side
chains contain masked nucleophiles. Introduction of such an a-hydroxy
acidintoa protein translated in vivo, followed by nucleophile unmasking,
sets up athermodynamically favored intramolecular backbone extension
acylrearrangement (BEAR) reaction that edits the protein to install an
extended-backbone monomer. Inthe examples described here, BEAR
reactions are used to generate protein heteropolymers containing a
B-backbone, y-backbone or 6-backbone. This report represents a general
strategy to install extended backbones into genetically encoded proteins
and peptides expressed in cells.

There is widespread current interest in the cellular biosynthesis of
proteins and polypeptides whose backbones differ from those in
extant proteins'. Even single-atom substitutions, such as the intro-
duction of an ester or thioester in place of an amide, can promote
new chemistry, facilitate mechanistic studies and generate materials
with emergent properties. The simplest a-peptide backbone modi-
fication, beyond a single-atom substitution, is the addition of one
or more methylene (CH,) units to generate 3-amino acid, y-amino
acid or 6-amino acid monomers (Fig. 1a). Extended backbones con-
taining -linkages, y-linkages or &-linkages are replete in natural
products that possess profound biological activity, such as taxol,

andrimid, actinoramide A, zorbamycin and pyloricidin D. Oligomers
containing one or more extended-backbone linkages can function
as protein-protein interaction inhibitors*?, antimicrobial agents®,
receptor agonists and antagonists®, catalysts®’ and other useful tools.
Extended-backbone-containing oligomers can assemble into struc-
turally defined protein-like materials that fold cooperatively with
enhanced thermal stability®. Even asmall number of judiciously posi-
tioned extended-backbone linkages within a proteinadd value, such
asimproved protease resistance’, enhanced cellular permeability'>"
and altered recognition when presented by major histocompatibility
complex receptors>®,
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Fig.1|BEAR reactions create extended backbones in full-length proteins
expressed invivo. a, Structures of a-amino acid, B?>-amino acid, 3*-amino
acid, y-amino acid and §-amino acid. b, ABEAR reaction results from the
intramolecular cyclization of an unmasked nucleophile, in this case, a primary
amine, on an N-terminal ester. In the case shown, breakdown of the resultant

tetrahedralintermediate generates an extended-backbone linkage embedded
within the protein chain. ¢, BEAR reactions are analogous to the second step of
the well-known NCL reaction®. d, Structures of monomers that undergo NCL-like
rearrangements within short peptidesin vitro. e, Structures of BEAR monomers
and controls used in this study.

Despite the gain in function provided by extended-backbone link-
ages, there exist only afew examples™ " inwhich an extended-backbone
monomer has been incorporated into a protein or peptide in vivo.
Invitro translation (IVT) systems containing wild-type ribosomes sup-
port the incorporation of certain extended-backbone monomers into
polypeptides'®**but IVT methodology is not easily scalable and the incor-
porationrelies onstoichiometricRNA acylationreagents that do not yet
functionin cells. Indeed, new evidence suggests that complex engineer-
ing of EF-Tu, tRNA and/or the ribosome may be needed to efficiently bio-
synthesize proteins containing even a single extended-backbone linkage
in Escherichia coli®**. Here, we describe an alternative approach to the
programmed cellular synthesis of protein heteropolymers containing
extended-backbone B-linkages, y-linkages or 6-linkages that does not
require engineering of EF-Tu, tRNA or the ribosome.

Rather thanrelying on direct reaction of an extended-backbone
monomer within the ribosomal peptidyl-transferase center", the strat-
egy reported here relies on a proximity-guided backbone extension
acyl rearrangement (BEAR) reaction that edits the protein backbone

post-translationally (Fig. 1b). BEAR reactions rely on the fact that
a-hydroxy acids are excellent substrates®?* for enzymes derived
from pyrrolysyl-tRNA synthetase (PyIRS), the aminoacyl-tRNA syn-
thetase thatacylates tRNA with pyrrolysine tointroduce thisamino acid
into proteins in certain archaea and methanogenic bacteria. In £. coli,
PyIRS behaves as an orthogonal enzyme. PyIRS variants accept a-amino
acids with avariety of side chains®, including those carrying protected
nucleophiles®*®, We envisioned that, if an a-hydroxy or a-thiol substrate
for such a PyIRS variant carried a side chain bearing a masked amine
nucleophile, that nucleophile could be unmasked post-translationally
to promote a BEAR reaction thatis analogous to the second step of the
native chemical ligation (NCL) reaction® (Fig. 1c). The result of a BEAR
reaction would be aninternal extended-backbone linkage.

Related acyl rearrangements within short peptides are known* 2,
It was reported in 2004 that a short peptide containing isocysteine
(isoC) rearranged in vitro through an NCL-like reaction to introduce
a B*linkage®. More recently, analogous rearrangements involving
isoserine (isoS) and the elongated analogs y-NH,-OH and 6-NH,-OH
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Fig. 2| Computational analysis provides evidence that BEAR reactions to
establish B-linkages, y-linkages and §-linkages are thermodynamically
favorable. a, Four model systems chosen to assess the thermodynamics of
intramolecular cyclization reactions corresponding to the second step of the
canonical NCL reaction (top) and BEAR reactions that result in B-linkages,
y-linkages and 6-linkages. All reactions were evaluated using simplified N-Me
amide derivatives. The species labeled ‘intermediate’ represents the cyclic
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intermediate formed during each acyl-transfer step. b, Relative thermodynamics
(AG°) of the NCL and BEAR reactions shownina established using DFT (wB97M-V/
def2-TZVPPD, with an SMD solvent model). Each reaction can proceed through
two diastereomeric intermediates; only the lowest energy species is listed. All
species were assumed to be uncharged (that is, not protonated on basic sites and
not deprotonated on acidic sites) for this analysis.

(Fig.1d) were reported in short peptides prepared during small-scale
IVT reactions®. Inspired by these findings, we report that proteins
containing either the photomasked isoS derivative (pm-isoS 1) or the
chemically masked a-hydroxy acids y-N;-OH 2 or 6-N;-OH 3 (Fig. 1e)
can be unmasked post-translationally, either in cells or after protein
purification. Unmasking reveals a 3-amine, y-amine or 6-amine nucleo-
phile and triggers a spontaneous, intramolecular BEAR reaction that
directly installs a B*>~amino acid, y-amino acid or §-amino acid linkage,
respectively, at internal protein positions. Notably, installation of a
y-amino acid backbone proceeds with exceptional fidelity and yield.
Thisworkrepresents a generalizable strategy to install extended back-
bonesintogenetically encoded proteins and peptides andrelies only on
established activities of known orthogonal enzymes and the wild-type
E. coliribosome. The thus-generated hetero-oligomers greatly expand
thediversity of protein-like polypeptides that may be synthesized using
theribosome as a catalyst.

Results

BEAR reactions are thermodynamically favorable

We began by performing computational studies to confirm that BEAR
reactions to establish B-linkages, y-linkages and &-linkages would be
thermodynamically favorable. A previous study made use of density
functional theory (DFT) to examine the energetics and mechanistic
pathways of the canonical cysteine-based NCL reaction but this study
did notinclude the analogs considered herein®. We used DFT to evalu-
ate therelative energetics of acyl rearrangements involving the natural
a-aminoacids cysteine and serine, theirisomersisoCandisoS and ana-
logs capable of installing y-backbones and 6-backbonesin the context
ofasimplified substrate (Fig. 2a). For each proposed reaction species,
molecular mechanics methods using an OPLS4 force field were first
used to generate and evaluate 10,000 starting conformers. The geom-
etries of all conformers with energies within 5 kcal mol™ of the global
minimum were then reoptimized using DFT methods (r>’SCAN-3¢/
mTZVPP with a CPCM water model)*. The vibrational frequencies
of all conformers within 2 kcal mol™ of the new global minimum were
determined at the r’SCAN-3¢/mTZVPP level with a CPCM water model.
This analysis allowed estimation of the zero-point energy and internal
entropy parameters. Finally, single-point electronic energies were

determined with greater accuracy using ®wB97M-V/def2-TZVPPD
(refs. 37,38). These final calculations were performed with a SMD sol-
vent model to represent aqueous solvation®.

These calculations imply that all three proposed BEAR reac-
tions are thermodynamically favorable. They also revealed expected
and unexpected differences with respect to intermediate ring size
and heteroatom location and identity. BEAR reactions that generate
B-linkages, y-linkages and &-linkages are more favorable energetically
(by 2-3 kcal mol™) than the canonical NCL rearrangements of cysteine
and serine in terms of both enthalpy and free energy (Fig. 2b and Sup-
plementary Fig. 1). This improvement may be because of increased
hydrogen bonding from the nascent a-hydroxy or a-thiol group in
the BEAR products and relief of steric congestion. BEAR reactions
that generate B-linkages, y-linkages and &-linkages are also more
disfavored entropically than the canonical NCL rearrangements of
cysteine and serine. This difference is especially true for the interme-
diate species. The differences result in an especially high free energy
for the seven-membered ring intermediate that results in a §-linkage,
suggesting that these reactions might proceed more slowly. Neverthe-
less, because of their high overall energetic favorability, we sought to
evaluate the potential of all three BEAR reactions within the context
ofatranslated product.

The validity of DFT calculations was also verified by evaluating
the intramolecular cyclization of O-to-N and S-to-N BEAR reactions
to generate B*-backbone products in short peptides in vitro under
conditions that mimic those found in cells. These studies reveal that
the O-to-N BEAR reaction to establish a B*peptide was spontaneous
under biomimetic conditions, whereas the analogous S-to-N BEAR
reaction of the thioester was outcompeted by hydrolysis (Supplemen-
tary Figs.2-4). These results suggested that O-to-NBEAR reactions of
oxo-esters might be more straightforward to implement in a cellular
context than the S-to-Nreaction of thioesters.

BEAR reactions generate B*linkages in vivo

Given the computational data and experimental feasibility of model
BEAR reactions to establish B*linkages, we next asked whether these
reactions could occur within full-length proteins expressedin cells, a
more challenging environment than a short, unstructured peptide.
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We chose initially to photomask the B%-amine nucleophile, as pho-
tounmasking is compatible with cells and pm-diaminopropionic acid
(pm-DAP, 4) is a known substrate for the PyIRS variant DAPRS%. We
hypothesized that the analogous a-hydroxy acid, pm-isoS (1), and a-thio
acid, pm-isoC (z)-5, would also act as DAPRS substrates and facilitate
BEAR reactions in cells or after protein purification. We synthesized
pm-isoS 1, pm-isoC (+)-5 and the previously reported a-amino acid,
pm-DAP 4 (Supplementary Fig.5). Asaninitial expression test, we first
determined whether pm-isoS 1 or pm-isoC (+)-5 could be introduced
in place of N150 in superfolder green fluorescent protein (sfGFP), a
position previously shown to incorporate pm-DAP 4 when encoded by
TAG. The overall level of sSfGFP fluorescence was, at best, only 1.4-fold
over background (Supplementary Fig. 6). We concluded that a more
sensitive reporter proteinwasneeded to optimize the incorporation of
pm-isoS1before evaluating how to bestimplementaBEAR reactionand
establish the desired B*linkage. A purified sample of sSfGFP containing
pm-DAP 4 was used to optimize conditions needed for photounmask-
ing (Supplementary Fig. 7).

We selected nanoluciferase (NanoLuc)** as a more sensitive
reporter, as its readout (luminescence) is generated catalytically.
We prepared a series of reporter plasmids with NanoLuc in place of
sfGFP and TAG codons as substitutions or insertions at six different
positions. These positions were located either near the NanoLuc N
terminus (G2-TAG and G2-TAG-V3)*, within a loop (G159-TAG-V160
and G103-TAG-V104)* or within a B-sheet (T130-TAG and G131-TAG).
To validate the plasmids, BL21(DE3) E. coli cells were cotransformed
separately with each NanoLuc reporter plasmid and pEVOL-PyIRS",
which encodes the Methanomethylophilus alvus PyIRS/tRNA™ ., pair.
In each case, the cells were grown for 18 h in the presence of either
1mM BocK or a-OH-BocK (positive controls) or lysine or no substrate
(negative controls). After 18 h, luminescence was determined using
the Nano-Glo luciferase assay system (Promega). These experiments
clearly identified the reporter encoding G159-TAG-V160 NanoLuc as
possessing the largest dynamic range; the signal generated for growths
containing a-OH-BocK was more than three orders of magnitude higher
than growths to which no substrate had been added. All other con-
structs showed a dynamic range of two orders of magnitude or less
(Supplementary Fig. 8).

With an optimized detection system in hand, we next probed
for in vivo incorporation of pm-isoS 1 or pm-isoC (+)-5 into Nano-
Luc G159-TAG-V160. We envisioned that once incorporated, irra-
diation would unmask a nucleophilic amine to promote the same
intramolecular BEAR reaction observed in the model system to
generate a B*linkage (Fig. 3a). We transformed DH10B E. coli with
pET15a-NanoLuc(G159-TAG-V160) and pBK-DAPRS encoding DAPRS/
tRNAM,,and grew the cells in the presence of 0.1t0 10 mM of pm-isoS
1or pm-isoC (+)-5. Control cultures contained either 1 mM pm-DAP 4
(positive control) or1mMLys, BocK or no substrate (negative controls).
The luminescence intensity of each growth was measured after 18 h

as described above (Fig. 3b). Growths supplemented with pm-isoC
(+)-5 showed no evidence of incorporation, with no NanoLuc signal
abovebackground at any substrate concentration. However, growths
supplemented with pm-isoS1led to robust concentration-dependent
NanoLuc expression, with up to 5.2-fold enhanced signal above back-
ground ata concentration of 2 mM pm-isoS1(Fig.3b). Liquid chroma-
tography (LC)-mass spectrometry (MS) analysis of intact NanoLuc
G159-TAG-V160 (0.8 mg17) purified from a preparative-scale growth
(Fig. 3c) showed amass corresponding to the introduction of pm-isoS
latasingle position (Fig. 3d).

We subjected a purified sample of NanoLuc G159-TAG-V160 con-
taining pm-isoS1to optimized unmasking conditions established using
sfGFP containing pm-DAP 4 and analyzed the products using intact
protein LC-MS (Supplementary Fig. 9) Although this analysis provided
evidence that pm-isoS1wasintroduced into NanoLuc G159-TAG-V160
and unmasked, intact protein LC-MS alone could not confirm whether
the BEAR reaction had occurred, as it is fundamentally an isomeriza-
tion. To achieve this confirmation, purified NanoLuc G159-TAG-V160
samples fromgrowths supplemented with pm-DAP 4 or pm-isoS1were
unmasked and evaluated by high-resolution tryptic peptide mapping
(Fig. 3e). A total of seven samples were analyzed that differed in sup-
plement (pm-DAP 4 versus pm-isoS 1) and whether deprotection was
induced in whole cells or after protein purification or both.

Trypsin cleaves NanoLucto generate a high-recovery fragment con-
taining residues V155 through R165 with an additional residue (encoded
by TAG) after G159 (V155-R165). When isolated from samples grownin
the presence of pm-DAP 4, the sequence of the V155-R165 fragment was
consistent with TAG-encoded incorporation of pm-DAP 4 (44.6% fidel-
ity) along with11.0% of the amine product (DAP) resulting from sponta-
neous deprotection (Fig. 3e, sample A). Tryptic digestion of the NanoLuc
G159-TAG-V160 sample after purification and irradiation resulted in
57.5% of the amine product, consistent with quantitative deprotection
(Fig. 3e, sample B). Analysis of the V155-R165 product generated from
NanoLucsamples Aand Bindicated thatboth were contaminated with
>40% glutamine and other residues (Supplementary Fig. 10).

NanoLuc G159-TAG-V160 isolated from growths supplemented
with pm-isoS 1 generated analogous tryptic fragments. Tryptic
mapping of sample C revealed that 2.1% of the isolated NanoLuc
G159-TAG-V160 contained pm-isoS 1 between G159 and V160 while
1.9% contained the mass of isoS, again indicating some unmasking in
ambient light. Tryptic mapping of sample D, however, revealed the
isolated NanoLuc G159-TAG-V160 contained 0.0% pm-isoS1and 9.5% of
aproduct whose mass corresponded toisoS. We hypothesize that some
material in sample C was lost to hydrolysis before peptide mapping,
resulting in an artificially decreased percentage of pm-isoS 1 (Fig. 3e
and Supplementary Fig.10).

To unequivocally establish the identity of the product gener-
ated after photounmasking of NanoLuc G159-TAG-V160 isolated from
growths supplemented with pm-isoS 1, we synthesized an authentic

Fig. 3| BEAR reactions generate a B*-linkage in NanoLuc G159-TAG-V160in
vivo. a, Schemeillustrating the photounmasking of pm-isoS1and pm-isoC
(+)-5and their potential BEAR reaction to generate a 3*linkage within NanoLuc
G159-TAG-V160. Cellular incorporation of pm-isoS1or pm-isoC (+)-5 generates a
protein containing aninternal ester or thioester but retains a natural a-peptide-
like backbone. Photounmasking generates an intermediate capable of a BEAR
reaction to generate a B*linkage (PDB 7SNS). b, Luminescence of growths of
DHIO0B E. coli expressing DAPRS and NanoLuc G159-TAG-V160 at the 18-h time
point as a function of the concentration of pm-DAP 4, pm-isoS 1 or pm-isoC (+)-5
and Bock, lysine or the absence of any added substrate. Graphed is the mean of
three biological replicates. ¢, Coomassie-stained SDS-PAGE gel showing NanoLuc
G159-TAG-V160 affinity purified from growths described ina and supplemented
with1mM pm-DAP 4 or 2 mM pm-isoS 1. The experiment was performed in
three biological replicates. MW, molecular weight. d, Deconvoluted intact

mass following LC-MS analysis of the NanoLuc G159-TAG-V160 affinity purified

from growths described inaand supplemented with1 mM pm-isoS 1. The mass
expected for NanoLuc G159-TAG-V160 containing pm-isoS1at a single position

is 20,301 Da; the observed mass is 20,303 Da. e, Seven samples (samples A-G) of
NanoLuc G159-TAG-V160 were isolated from DH10B E. coli growths expressing
DAPRS and supplemented with pm-DAP 4 or pm-isoS1and photounmasked (or
not) as indicated. All samples were analyzed by high-resolution tryptic mapping.
Analysis of the V155-R165 tryptic product revealed partial photounmasking from
ambient light before 370-nmirradiation and full photounmasking upon direct
exposure to 370-nm light. UV, ultraviolet. f, Trace illustrating the coelution of

the V155-R165 tryptic fragment generated from sample D alongside authentic
standard peptide 6. The small later-eluting peak contains serine (Supplementary
Fig.11). g, h, The MS/MS profile of the V155-R165 tryptic fragment generated from
sample D (g) isidentical to that of authentic peptide 6 (h), providing conclusive
evidence for a successful BEAR reaction. Note that, for peptide mapping, V160 in
the native proteinis labeled as V161 and X is at position 160.
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standard, a peptide whose sequence corresponds to the V155-R165
tryptic product containing the anticipated p*linkage between G159
and V160 (peptide 6). A synthetic peptide containing serine between
G159 and V160 (peptide 7) was also synthesized. When coinjected on
LC-MS/MS, peptide 6 coeluted with the V155-R165 tryptic product
produced when NanoLuc was isolated from a growth supplemented
with pm-isoS1and deprotected after purification (Fig. 3f) and the
two materials generated identical MS/MS spectra (Fig. 3g,h). This

NanoLuc tryptic product did not coelute with the synthetic peptide
containing Ser between G159 and V160 (peptide 7) (Supplementary
Fig.11). Together, these experiments provide conclusive evidence that
a protein containing pm-isoS 1 can be unmasked quantitatively and
subsequently undergo a spontaneous intramolecular BEAR reaction
toinstall a B*linkage at an internal position within NanoLuc.

Analysis of the remaining samples providesinsightinto an optimal
BEAR workflow for establishing *linkages within intact proteins.
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The V155-R165 tryptic fragment derived from sample E, where cells
wereirradiated before lysis and NanoLuc G159-TAG-V160 purification,
contained 0.2% of pm-isoS 1 and 5.8% of the BEAR product with the
anticipated B*linkage between G159 and V160, suggesting that higher
levels of the rearranged BEAR product are achieved with postpurifica-
tion unmasking. Consistent with this notion, sample F, whichwas irradi-
ated before and after NanoLuc G159-TAG-V160 purification, contained
0.0% of pm-isoS1and 9.4% of the B?-amino acid BEAR product. We note
thatallNanoLuc samples expressed from growths containing pm-isoS
1 contained notable levels of alanine (-33%) and glutamine (-22%)
in place of pm-isoS 1 (Supplementary Figs. 10 and 12). No evidence
of pm-DAP 4, pm-isoS 1 or their deprotected products was found in
negative control Sample G (Supplementary Fig.10). Efforts to increase
the fraction of isolated NanoLuc G159-TAG-V160 containing pm-isoS1
through modification of DAPRS to contain three substitutions previ-
ously identified as beneficial for a-hydroxy acid selectivity in PylIRS*
were not successful (Supplementary Figs. 10 and 13). Subsequently,
we decided to move to an alternative masking group and higher fidel-
ity orthogonal aaRS-tRNA pair system to achieve purer samples of
backbone-modified proteins.

Reductive BEAR reactions generate y-linkages in high yield
Proteins containing y-amino acid linkages have not been produced
in cells or invitro in isolable quantities. Indeed, tRNAs acylated with
y-amino acids are prone to degradation through intramolecular
cyclization reactions*, complicating their direct incorporation by
wild-type or remodeled ribosomes. As DFT calculations suggested that
BEAR reactions to generate y-linkages are energetically favorable, we
examined the incorporation of azide-containing y-N,-OH 2, which we
envisioned could be unmasked upon reduction (Fig. 4a). The a-amino
analog of y-N,-OH 2 is a substrate for a Methanosarcina barkeri PyIRS
variant containing two active site substitutions, PyIRS-N311M;C313W
(ref.28). We transformed C321.AA.exp(DE3) and BL21(DE3) E. coliwith
plasmids encoding SUMO-GFP102TAG and PyIRS-N311M;C313W and
grewthe cellsinthe presence of increasing concentrations of y-N;-OH
2. Although only modest GFP fluorescence was detected in growths
of BL21(DE3) cells after 24 h, growths of C321.AA.exp(DE3) cells
showed substantial GFP fluorescence over background when supple-
mented with 5-15 mM y-N;-OH 2 (Fig. 4b and Supplementary Fig. 14).
A preparative-scale growth of C321.AA.exp(DE3) E. coli expressing
PyIRS-N311M;C313W and SUMO-GFP102TAG and supplemented with
10 mMy-N;-OH 2 generated 10.2 mg I of a protein whose mass corre-
sponds to the introduction of y-N;-OH 2 at a single position (Fig. 4c,d
and Supplementary Fig. 15).

Next we sought to establish conditions to reductively unmask
SUMO-GFP102TAG containing y-N;-OH 2 and promote an intramo-
lecular BEAR reaction to install a y-peptide linkage. Peptide mapping
was used to evaluate the fidelity of y-N;-OH 2 incorporation and the
yieldand products generated upon reduction. Two samples of SUMO—-
GFP102TAG were isolated from C321.AA.exp(DE3) E. coli expressing
PyIRS-N311M;C313W supplemented with 10 mM y-N,-OH 2. After pro-
tein purification, 50 mM of the reducing agent tris(2-carboxyethyl)
phosphine (TCEP) was added or withheld and the reaction was incu-
bated for16 hat room temperatureinapH 6.8 buffer. The two SUMO-
GFP102TAG samples were then digested with GluC and the products
analyzed using high-resolution peptide mapping.

GluC cleaves SUMO-GFP102TAG to generate a high-recovery
fragment containing residues Q97 through E106 with a TAG codon
in place of S102 (Q97-E106) (Fig. 4e and Supplementary Fig. 16). To
determine whether the Q97-E106 fragment generated in the presence
of TCEP contained the anticipated y-peptide linkage, we synthesized
anauthentic standard whose sequence corresponds to the Q97-E106
GluC product containing the anticipated y-peptide linkage at position
102 (peptide 8). We also synthesized an analogous peptide containing
threonine at position 102 (peptide 9). SUMO-GFP102TAG samples

that were not treated with TCEP generated a Q97-E106 GluC product
containing more than 91% y-N5-OH 2 at position 102. In contrast, the
Q97-E106 GluC products generated after TCEP treatment contained
virtually undetectable amounts of y-N;-OH 2 at position 102. Instead,
they consisted of a 1:2 mixture of two products. The major product
corresponded to conversion of the azide side chain at position 102
to an alcohol, a known side product of phosphine-mediated azide
reductions® (Supplementary Fig. 16a-c). The minor product, whose
mass corresponds to either reduction of the side-chain azide to an
amine (pre-BEAR) or the anticipated post-BEAR amide, coeluted with
the authentic standard containing the anticipated y-peptide linkage at
position102 (peptide 8) (Fig. 4f). Moreover, the minor Q97-E106 GluC
productand peptide 8 generated identical MS/MS spectra (Fig. 4g,h).
Neither of the Q97-E106 GluC products generated after TCEP treatment
coeluted with asynthetic peptide containing threonine at position 102
(Supplementary Fig. 17). These experiments provide conclusive evi-
dencethata protein containingy-N,-OH 2 canbe reduced and undergo
a spontaneous intramolecular BEAR reaction to install a y-peptide
linkage at an internal position within SUMO-GFP102TAG.

We next sought conditions to minimize production of the
alcohol side product and maximize conversion into the desired
BEAR product containing a y-peptide linkage. We treated samples
of SUMO-GFP102TAG containing a single residue of y-N;-OH 2 with
TCEP, tris(3-hydroxypropyl)phosphine (THPP) or 1,3,5-triaza-7-pho
sphaadamantane (PTA) under various conditions of time, pH and tem-
perature (Supplementary Fig. 16¢). In each case, the products were
characterized by monitoring the mass of the Q97-E106 GluC digestion
product. Although samples reduced with TCEP or THPP contained
substantial alcohol side product at every pH other than 10, samples
reduced with PTA contained virtually no alcohol side product under any
conditiontested. The conditions resultingin the highest BEAR product
yield—withno detectable alcohol side product—featured 50 mM PTA at
pH8.5withincubationa 0 °Cfor2 hthen42°Cfor2h (Fig.4e).PTAis,
thus, the superior reducing agent for cleanly unmasking a side-chain
azideintoanucleophilicamine and promoting anintramolecular BEAR
rearrangement.

We noted that, when a sample of SUMO-GFP102TAG containinga
singleresidue of y-N,-OH 2 wasincubated at pH 8.5, 9 and 10 without a
reducing agent and analyzed after GluC digestion, the Q97-E106 prod-
uctappears to have a higher level of natural a-amino acids at position
102. Ourinterpretationis that,at pH 8.5 or above, ester hydrolysis com-
petes withtheintramolecular BEAR reaction, leading to an artificially
inflated percentage of background misincorporationin the full-length
protein product. The presence of areducing agent such as TCEP or PTA
protectsagainst hydrolysis, asthe BEAR reaction replaces the unstable
ester withastableamidebond. Therefore, inthe presence of areducing
agent, we observe less background misincorporation.

Inan effort toreduce hydrolysis while maintaining a quantitative
BEAR reaction, we conducted a final round of optimization. Samples
of SUMO-GFP102TAG containing a single residue of y-N;-OH 2 were
treated with 50 MM PTA at pH 6.8,7.2,7.9,8.2and 8.5at0°Cfor2h
then 42 °C for 2 h and then mapped using GluC as described above
(Supplementary Fig. 16d). At pH 6.8, we observe minimal hydroly-
sis (glutamine: 2.3%) but low BEAR conversion (34.3%). At pH 8.5, we
observe near-quantitative BEAR conversion (-74%) but notable hydroly-
sis (glutamine: ~13%). The optimal pH was pH 8.2, which led to a quan-
titative BEAR reaction with >90% fidelity and little or no hydrolysis
(glutamine: ~6%).

BEAR reactions generate proteins with an internal 6-linkage

We next sought tointroduce 6-N;-OH 3 into SUMO-GFP102TAG in cells,
whichuponreductive unmasking and subsequent BEAR reaction would
generate a protein containing a §-peptide linkage (Fig. 5a). Cyclization
in this case proceeds through a seven-membered ring intermediate
whose formation is less favorable enthalpically and entropically than
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Fig.4 | BEAR reactions generate a y-linkage in SUMO-GFP in vivo. a, Scheme
illustrating the utility of y-N,-OH 2 for intraprotein BEAR reactions. Cellular
expression of a SUMO-GFP102TAG in the presence of y-N;-OH 2 generates
aprotein containing an internal a-ester. Chemical unmasking generates an
intermediate carrying a side-chain y-amine that can undergo a BEAR reaction

to generate ay-linkage (PDB 2B3P and 3QHT). b, Plot showing Fs,s (emission
maximum of GFP) of E. coli C321.AA.exp(DE3) and BL21(DE3) cell growths
expressing PyIRS-N311M;C313W and SUMO-GFP102TAG after 24 h as a function
ofthe concentration of y-N;-OH 2. Graphed is the mean of three biological
replicates. ¢, Coomassie-stained SDS-PAGE gel loaded with affinity-purified
SUMO-GFP102TAG isolated from growths of C321.AA.exp(DE3) E. coli expressing
PyIRS-N311M;C313W and SUMO-GFP102TAG and supplemented with 10 mM
y-N;-OH 2. The experiment was performed in three biological replicates.

d, Deconvoluted mass spectrum following LC-MS analysis of the material shown

400 500 600 700 800

m/z
inc. The mass expected for SUMO-GFP102TAG containing y-N,-OH 2 at asingle
positionis 38,994 Da; the observed massis 38,995 Da. e, The material showninc
was treated with or without 50 mM TCEP at pH 6.8 (16 h at room temperature) or
with50 mM PTA at pH 8.2 (2 hat 0 °C followed by 2 hat 42 °C) and subjected to
peptide mapping using GluC with analysis of the GluC fragment Q97-E106. The
plot shows the relative ratios of Q97-E106 digestion products containing y-N;-OH
2,the y-hydroxyl (side product) or the anticipated y-peptide linkage at position
102.f, The Q97-E106 GluC digestion product of SUMO-GFP102TAG containing
y-N;-OH 2 after TCEP or PTA treatment comigrates with the Q97-E106 authentic
standard containing the anticipated y-peptide linkage at position 102 (peptide
8).g,h, The MS/MS profile of the Q97-E106 GluC digestion product of SUMO-
GFP102TAG containing y-N;-OH 2 after TCEP or PTA treatment (g) is identical
to that of authentic standard peptide 8 (h), providing conclusive evidence fora
successful BEAR reaction.

formation of the five-membered and six-membered ring intermediates
required to form -peptide and y-peptide linkages (Supplementary
Fig.1). While Baldwin’s rules allow for seven-membered ring closures
through an exocyclic pathway, they can be slow in the absence of
favorable conformational effects**. Indeed, the analogous transfor-
mation proceeds in only 40% yield in the context of a short, relatively

unstructured peptide***. One could imagine that a more complex
protein context could either inhibit or promote cyclization*.

We transformed C321.AA.exp(DE3) and BL21(DE3) E. coli with
plasmids encoding SUMO-GFP102TAG and PyIRS-N311M;C313W, sup-
plemented the growths with 0-15 mM 8-N,-OH 3, and monitored cell
optical density at 600 nm (OD,,,) and GFP fluorescence at 528 nm
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24 htime pointasafunction of the concentration of 5-N;-OH 3 (0-15mM) in
C321.AA.exp(DE3) and BL21(DE3) £. coli. Graphed is the mean of three biological
replicates. ¢, Coomassie-stained SDS-PAGE gel of affinity-purified SUMO-
GFP102TAG from growths of BL21(DE3) £. coli expressing PyIRS-N311M;C313W
and SUMO-GFP with a TAG codon at position 102 and supplemented with 5 mM
6-N;-OH 3. The experiment was performed in three biological replicates.
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2h, 42°C

d, Deconvoluted mass spectrum of affinity-purified SUMO-GFP102TAG
expressed in the presence of §-N;-OH 3. The mass expected for SUMO-GFP
containing 6-N;-OH 3 at a single position is 39,010 Da; the observed massis

39,010 Da. e, The material shownin c was treated with or without 50 mM PTA at pH
8.2(2hat0°Cfollowedby2hat42°Cor48hat50 °C) and subjected to peptide
mapping using GluC with analysis of the GluC fragment Q97-E106. The plot shows
the relative ratios of Q97-E106 digestion products containing 6-N,-OH 3, the
&-amine (pre-BEAR) or the anticipated 6-peptide linkage at position 102.

[] X = 6-linkage (post-BEAR)

(Fs,g) as a function of time. In both cases, increasing concentrations
of 8-N;-OH 3 (to a maximum of 10 mM) resulted in increasing levels
of GFP expression with signal to noise ratios of 6.9 and 5.3 for C321.
AA.exp(DE3) and BL21(DE3) £. coli, respectively, relative to a negative
control in which no substrate was added (Fig. 5b and Supplemen-
tary Fig.18a,b). To confirm that the expressed SUMO-GFP contained
6-N;-OH 3, a preparative-scale growth of BL21(DE3) E. coli expressing
PyIRS-N311M;C313W and SUMO-GFP102TAG was supplemented with
5mM &-N;-OH 3 and the SUMO-GFP102TAG product was purified. This
material had amass 0f39,010 Da, correspondingto the introduction of
6-N;-OH 3 atasingle position (Fig. 5c,d and Supplementary Fig.19b-d).
No side products were detected and the product was produced in a
yield of 49 mg I without further optimization.

Next, we sought to establish conditions to reductively unmask
the azide side chain and promote its intramolecular isomerization
into a 8-peptide linkage. Initially, we evaluated conditions similar
to those used to optimize reduction of SUMO-GFP102TAG contain-
ing y-N5-OH 2 and its cyclization into a y-peptide product. Purified
SUMO-GFP102TAG containing 6-N,-OH 3 was incubated with 50 mM
PTAat0°Cfor2hthenat42°Cfor2hatapHof6.8,7.2,7.9,8.2or
8.5. Products were evaluated by high-resolution GluC peptide map-
ping as described above, again focusing on the composition of the
Q97-E106 fragment (Supplementary Fig. 20a,b). In the absence of
PTA, the Q97-E106 GluC product contained more than 83% 6-N,-OH

3 at position102. After treatment with PTA, the presence of 5-N;-OH 3
decreased to 1% under most conditions (Supplementary Fig. 20b); the
majority of the product had amass consistent with either the 5-amine
(pre-BEAR intermediate resulting from only azide reduction) or the
desired &-peptide (post-BEAR). The pre-BEAR and post-BEAR prod-
ucts were differentiated on the basis of sensitivity to base hydrolysis,
fragmentation pattern and retention time (Supplementary Methods
and Supplementary Figs. 20 and 21). These studies revealed that the
desired 8-peptide product was generated uponreduction with PTA at
pH 8.2 but in only 5% yield; the majority of the product (73%) was the
6-amine, the pre-BEAR intermediate (Fig. 5e).

Recognizing that formation of the desired 6-linkage could proceed
through higher-energy intermediates (Fig. 2), we explored additional
reduction and cyclization conditions that varied time (8-48 h) and
temperature (42 °Cversus 50 °C) at pH 8.2; we also examined an excep-
tionally long-termreaction (264 or 456 h) at room temperature or 4 °C,
respectively. Increases in both time and temperature improved the
yield of the desired &-linkage product within SUMO-GFP102TAG (Sup-
plementary Fig. 20b). When SUMO-GFP102TAG containing 6-N,-OH
3 wasreduced at pH 8.2 and 50 °C for 48 h, we observed a 27% yield of
the desired §-peptide product with no 6-amine pre-BEAR intermediate
remaining (Fig. 5e). Under these conditions we observed high levels of
leucine and methionine at the TAG-encoded position (Supplementary
Fig. 20b), suggesting that hydrolysis was competing with a relatively
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slow BEAR reaction. Further structural and computational work will
berequired tounderstand the underlying conformational effects that
promote higher 6-BEAR reactivity.

Discussion

Thereis greatinterestin strategies to achieve the programmed cellular
synthesis of biopolymers whose monomers are not simply «-amino
acids'. The availability of such molecules would provide otherwise
nonexistent opportunities to expand and evolve protein and poly-
peptide structure and function and develop improved therapeutic
agents*®. However, despite the availability of multiple orthogonal
aminoacyl-tRNA synthetase enzymes for noncanonical a-amino
acids*’*$, since theinitial report in 2016 (ref. 14), there have been only
three additional examplesin which an extended-backbone monomer
has been introduced directly into a protein in cells'*'*">*°, Although
certain PyIRS enzymes process monomers with 3?-backbones and
B3-backbones, three challenges limit applying the classic form of
genetic code expansion*’ to y-monomers, §-monomers or even more
complexbuilding blocks. One challenge is the ribosome, whose ability
to promote highly efficient bond-forming reactionsinvivo to and from
anything other than an a-amino, 3-amino or hydroxy acids remains
unestablished®. The second is EF-Tu, whose ability to deliver tRNAs
acylated with even modestly extended-backbone monomers (B?-amino
acids and 3*-amino acids) is severely challenged®. The third challenge
is the availability of ribosome substrates—acylated tRNAs. Although
recent work has expanded the diversity of monomers accepted by
certain archaeal aaRS enzymes'>?, there is still only one report of an
orthogonal enzyme that acylates tRNA with anything other than a
B2-hydroxy or B*-amino acid®.

Here we bypass these challenges by reframing the problem
of cellular hetero-oligomer synthesis in the language of chemis-
try. Rather than relying on direct reactions of extended-backbone
monomers within the ribosome active site, the strategy reported
here relies on post-translational, proximity-guided intramolecu-
lar rearrangements of ribosomal products that effectively edit the
protein backbone into a heteropolymer. In the three cases reported
here, the intramolecular BEAR reaction converts a cellular protein
containing only an a-backbone into one containing a site-specific
B2-backbone, y-backbone or §-backbone. Although we demonstrate
this concept using relatively unadorned side-chain nucleophiles, the
strategy is easily expanded to alternative nucleophiles, side-chain
motifs and unmasking strategies capable of installing even more
diverse backbones into proteins expressed in cells and with tem-
poral control. Although increasingly complex BEAR reactions may
demand aaRS engineering, they should not require modifications
to the ribosome or EF-Tu. We anticipate that BEAR reactions, such as
thosereported here, will enable the straightforward cellular synthesis
and ultimately the evolution of extended-backbone protein hybrids
for research and development of next-generation biomaterials and
protein therapeutics.
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Methods

Computational studies

For each compound studied, molecular mechanics methods (Macro-
model, OPLS4 force field) were used to minimize a starting population
0f10,000 conformers that wasinitially generated using the conforma-
tional search toolin the Schrodinger Maestro 2022-2 environment. The
geometries of all conformers that were found to be within 5 kcal mol™
of the global minimum were then optimized again using DFT in Orca
(version 6.0) with r’'SCAN-3¢/mTZVPP and a CPCM water model (with
Bondi radii)*. After this step, all of the unique conformations within
2 kcal mol™ of the global minimum were subjected to a second geom-
etry optimization and vibrational frequency calculation in Orca (ver-
sion 6.0, again using r’'SCAN-3¢/mTZVPP and a CPCM water model)
to determine the zero-point energies, enthalpy corrections and the
entropy values at 298.15 K. All compounds were confirmed to have
no imaginary vibrational frequency modes. For all of these species,
single-point electronic energy calculations were performed on the
optimized geometries using animproved functional and an expanded
basis set (WB97M-V/TZVPPD)**%, An SMD solvent model (for water) was
used in these calculations®. The final enthalpy, entropy and free energy
values were calculated by combining the results of the r’SCAN-3¢/
mTZVPP/CPCM frequency calculations with the ®B97M-V/TZVPPD/
SMD electronic energy values. These results were used to identify the
global energy minima for each intermediate and these species were
compared to determine the relative energy changes for eachreaction
under study.

Expression test of NanoLuc from
pET15a-NanoLuc(G159-TAG-V160 insertion)-6xHis

Starter cultures of E. coli picked from a single colony were grown over-
nightin10 mlof Miller’s Luria-Bertani broth (AmericanBio, AB01201) in
al5-mlculture tube supplemented with antibiotics at 37 °C. Saturated
overnight cultures were used to induce a 50-ml culture (1:10) of each
construct and grown in 37 °C with shaking at 220 rpm and the OD was
monitored over the next several hours. Before cultures reaching the
desired OD, appropriate amounts of monomers (stored as 200 mM
stocks) were transferredinto ablack, clear-bottom 96-well plate (1 mM
final concentration unless otherwiseindicated). Once cultures reached
an OD,, of 0.6, protein expression was induced by addition of 1 mM
IPTG or 0.2% arabinose (for pET32a and pET153, respectively) and cul-
ture was transferred into the plate for a total volume of 200 plin each
well. A Breathe-Easy sealing membrane (Sigma, Z380059) was placed
over the 96-well plate and placed into a 37 °C shaker while shielding
the plate from light. After 16 h, 50-pl samples from each condition
were transferred onto a white-walled 96-well plate and the Nano-Glo
luciferase assay system (Promega N1110) was added according to manu-
facturerinstructions. The luminescence was measured in BioTek Syn-
ergy H1 microplate reader as an endpoint assay. Points represented
in Fig. 3 are biological replicates where three random colonies were
picked on a plate from a single transformation. Points represented in
Supplementary Fig. 8 are biological replicates where three random
colonies were picked and the same experiment was performed oneach
of the three cultures.

Large-scale expression and purification of NanoLuc
G159-pm-DAP-V160 and G159-pm-isoS-V160

Starter cultures of 10 ml of Miller’s LB broth (AmericanBio, AB01201)
supplemented with tetracycline and kanamycin wereinoculated with
a single colony of E. coli MegaX DH10B TIR Electrocomp cells har-
boring pBK-DAPRS and pET15a-NanoLuc(G159-TAG-V160 insertion)-
6xHis and grown for 24 h at 37 °C with shaking at 220 rpm until the
culture was saturated. The starter culture (10 ml) was used toinoculate
a200-ml expression culture of Miller’s LB broth supplemented with
1 mM pm-DAP 4 or 2 mM pm-isoS 1, in addition to tetracycline and
kanamycin. The expression culture was grown at 37 °C with shaking

at 220 rpm to an ODg, of 0.6 (shielded from light), at which point it
was induced with 0.2% arabinose and grown for 16 h under the same
conditions. The expression culture was harvested by centrifugation
at4,300gat 4 °C for 30 min. Theresulting cell pellet was suspendedin
10 ml of lysis buffer (20 mM HEPES, 50 mM KCI, 10% glyceroland 10 mM
imidazole, pH 8.6) containing one tablet of cOmplete, mini EDTA-free
ULTRA protease inhibitor cocktail (Sigma-Aldrich). The cell suspension
was disrupted by sonication on ice (Branson Sonifier 250; five cycles
of 30-s pulses at 50% duty cycle and a microtip limit of 5 followed by a
30-spause). The cell lysate was cleared by centrifugation at 23,000g at
4 °C for 20 min. TALON metal affinity resin (2 ml; Takara Biosciences,
635504) was equilibrated with lysis buffer, added to the cleared cell
lysate and incubated on a rotisserie at 4 °C for 1 h. The TALON resin-
lysate mixture was then passed through a gravity flow Poly-Prep chro-
matography column (Bio-Rad Laboratories). Nonspecifically bound
proteins were removed by washing the TALON resin with 10 ml of lysis
buffer. The 6xHis-tagged protein was eluted by washing the TALON
resin with 2 ml of elution buffer (20 mM HEPES, 50 mM KCl, 10% glyc-
eroland1Mimidazole, pH 8.6). The purified protein was loaded on to
a PD-10 column (Cytiva Life Sciences, 17085101) and exchanged into
3.5 ml of storage buffer 20 mM HEPES, 50 mM KCl and 10% glycerol,
pH 8.6) according to manufacturer instructions. The purified protein
was quantified using absorbance at 280 nm, snap-frozen as single-use
aliquots and stored at —80 °C. The typical expression yield of NanoLuc
constructs using the above protocol was 0.4 mg I of E. coli culture.

Trypsindigestion for B>-linkages in NanoLuc G159-TAG-V160
The initial concentration of the nine NanoLuc samples varied from
0.1to 0.8 mg ml™ in storage buffer (20 mM HEPES, 50 mM KCl and
10% glycerol, pH 8.6). Each sample was concentrated, if necessary, to
~0.8 mg ml™ usingaMicrocon10-kDafilter. Then, 50 pl of each sample
(~40 pg) was then added to 150 pl of denaturing buffer (8 M guani-
dineHCland 0.2 M Tris, pH 7.5) to achieve afinal concentration of 6 M
guanidineand 0.15 M Tris. Disulfides werereduced by adding400 mM
dithiothreitol (DTT) stock solutionin deionized water to achieve a final
DTT concentration of 8 mM, followed by incubating at 37 °C for 30 min.
The reduced and denatured product was then alkylated by adding
400 mMiodoacetamide to achieve a final concentration of 4 mM and
incubating at 25 °C for 25 min, followed by the addition of DTT to a
final concentration of 6 mMto quench the reaction. The reduced and
alkylated protein was exchanged into ~45 pl of 0.1 M Tris buffer at pH
7.5 using a Microcon 10-kDa membrane, followed by addition of 4 pg
trypsin (inal pg pl™ solution) directly to the membrane to achieve an
enzyme-to-substrate ratio of at least 1:10. After 2 h at 37 °C, the diges-
tion was quenched with an equal volume of 0.25 M acetate buffer (pH
4.8) containing 6 M guanidine. Peptide fragments were collected by
spinning down through the membrane and then subjected to LC-MS/
MS analysis.

Peptide mapping data collection for B?-linkages

LC-MS/MS analysis was performed on an Agilent 1290-11
high-performance LC (HPLC) instrument directly connected to a
Thermo Fisher Q Exactive HF high-resolution MS instrument. Pep-
tides were separated on a Waters HSS T3 reverse-phase column
(2.1 x150 mm) at 50 °C with a 70-min acetonitrile gradient (0.5% to
35% acetonitrile in H,0) containing 0.1% formic acid in the mobile phase
and a total flow rate of 0.25 ml min™. The MS data were collected at
120,000 resolution, followed by data-dependent higher-energy colli-
siondissociation (HCD) MS/MS at anormalized collision energy of 25%.

Peptide mapping data analysis for B?-linkages

Proteolytic peptides wereidentified and quantified on MassAnalyzer,
anAmgenin-house developed program (availablein BiopharmaFinder
from Thermo Fisher). The program performs feature extraction, pep-
tide identification, retention time alignment and peak integration in
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an automated fashion. Searched modifications include those shown
in Supplementary Table 2 and amino acid substitutions.

Solid-phase peptide synthesis for B-linkages. Peptides 6 and 7
were synthesized on a 50-pmol scale using Fmoc chemistry and
Fmoc-Arg(Pbf)-Wangresin (0.35 mmol g substitution, 100-200 mesh)
on a PurePep Chorus from Gyros Protein Technologies. Resin was
first swollenin 6 ml of dimethylformamide (DMF) for 20 min at room
temperature. The Fmoc protecting group wasremoved by treating the
resintwice (3 min each, atroom temperature) with 5 ml of deprotection
solution (20% (v/v) piperidine in DMF). Excess deprotection solution
was removed by washing the resin four times with 6 ml of DMF. Cou-
pling reactions were performed by adding five equivalents of amino
acid, hydroxybenzotriazole (HOBt) and benzotriazol-1-yloxytripyrr
olidinophosphonium hexafluorophosphate (PyBOP) (from 200 mM
stocks in DMF) and ten equivalents of N,N-diisopropylethylamine
(DIPEA) (from a 2 M stock in N-methyl-2-pyrrolidone (NMP)) to the
deprotected resin for a final resin-bound peptide concentration of
12.5 mM. Ingeneral, each amino acid coupling reaction was performed
at70 °Cfor 5 min. For peptide 6, the coupling reaction thatadded isoS
was modified to contain only one equivalent of Fmoc-isoS(tBu)-OH.
Excess coupling reagents were removed by washing four times with
6 mlof DMF. Once the synthesis was complete, the resin-bound peptide
was dried under nitrogen and removed from the resinby treatment with
2 mlof cleavage cocktail (95% trifluoroacetic acid (TFA), 2.5% water and
2.5% triisopropyl silane (TIPS)) stirred for 1 h at room temperature.
Cleaved peptide was dried under reduced pressure before purification
by HPLC. Peptide 32 was synthesized as described above for peptides A
and B with some modifications. Coupling reactions were performed by
adding five equivalents of amino acid, HOBt and hexafluorophosphate
benzotriazole tetramethyl uronium (from 200 mM stocks in DMF) and
ten equivalents of DIPEA (from a2 Mstockin NMP) to the deprotected
resin for afinal resin-bound peptide concentration of 12.5 mM.

Peptide HPLC purification. HPLC purification was performed on an
Waters LC Prep 150 system equipped with a Waters 2998 ultraviolet
photodiode array detector, a Waters 2707 autosampler and a Waters
Fraction Collector Ill using a preparative reverse-phase C18 column
(CSH C1819 x150 mm OBD column, 5 pm). The mobile phase for HPLC
was water with 0.1% (v/v) trifluoroacetic acid (solvent A) and acetoni-
trilewith 0.1% (v/v) trifluoroacetic acid (solvent B). Peptides were eluted
at a flow rate of 20 ml min™ using a linear solvent gradient from 5% to
50%solvent Binsolvent A over 30 min. Peptides were collected on the
basis of their absorbance at 280 nm.

MS of purified peptides. LC-MS analysis of each peptide was per-
formed on an Agilent 1290 Infinity Il HPLC instrument connected to
an Agilent 6530B quadrupole time-of-flight AJS-ESI MS instrument.
The mobile phase for LC-MS was water and acetonitrile with 0.1% (v/v)
formicacid ataflowrate of 0.7 ml min™. Each peptide was injected onto
an Eclipse XDB C18 column (2.1 x 50 mm, 1.8 um, room temperature;
Agilent) and separated using alinear gradient from 5% to 95% acetoni-
trile over 4.5 min after an initial hold at 5% acetonitrile for 0.5 min.
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; V,,,, 3,500 V; one spectrum per second.

Expression assays of SUMO-GFP102TAG-His

Starter E. coli cultures were grown overnight in 10 ml of Miller’s LB
broth (AmericanBio, AB01201) in 15-ml culture tubes supplemented
with antibiotics at 37 °C. The next morning, 500 pl of the saturated
overnight culture wasadded to 50 ml of LB ina250-mlbaffled flask with
antibioticsand grown at 37 °C to an OD,, 0f 0.6. Before cultures reach-
ingan 0D, 0f 0.6, the appropriate amount of eachmonomer (stored

as100 mM stocks) was allotted into the wells of a black, clear-bottom
96-well plate. Once cultures reached an 0D, of 0.6 (roughly 3 h),
protein expressionwas induced by addition of 0.2% arabinose and the
culture was transferred into the wells of the plate to ensure a total vol-
ume of 200 plineach well. A Breathe-Easy sealing membrane (Sigma,
Z380059) was placed over the 96-well plate and the plate was loaded
intoaBioTek Synergy HTX microplate reader with nolid. OD4o,and Fs,g
values (1., =485 nm) were measured every 10 min for 24 h. The plate was
maintained at 37 °C and was shaken during this time (Supplementary
Figs. 14 and 18a,b). Points represented in Figs. 4 and 5 are biological
replicates where three random colonies were picked on aplate froma
single transformation.

Expression and purification of SUMO-GFP102TAG-His

The expression and purification of SUMO-GFP102y-N;-OH-His and
SUMO-GFP1028-N;-OH-His followed prior established protocols”?
(Supplementary Figs. 15b—d and 19b-d).

GluC digestion for y-linkages and 6-linkages in SUMO-
GFP102TAG

Each GFP sample (-33 pg) was denatured with 6 M guanidine in a
0.15 M Tris buffer at pH 7.5, followed by disulfide reduction with 8 mM
DTT at 37 °C for 30 min. The reduced GFP sample was alkylated in the
presence of 14 mM iodoacetamide at 25 °C for 25 min, followed by
quenching using 6 mM DTT. The reduced and alkylated protein was
exchanged into ~90 pl of 0.1 M Tris buffer at pH 7.5 using a Microcon
10-kDamembrane. To half of the sample (45 pl or 16 pg), 2 pg of GluC (in
a 0.5 pg pl™ solution) was added directly to the membrane to achieve
an enzyme-to-substrate ratio of at least 1:8. After -2.5 h at 37 °C, the
digestion was quenched with an equal volume of 0.25 M acetate buffer
(pH 4.8) containing 6 M guanidine. Peptide fragments were collected
by spinning down through the membrane and subjected to LC-MS/
MS analysis.

Peptide mapping data collection for y-linkages and 6-linkages
LC-MS/MS analysis was performed onan Agilent 1290-1HPLC directly
connectedtoa Thermo Fisher Q Exactive HF high-resolution MS instru-
ment. Peptides (10 pg) were separated on a Waters peptide HSS T3
reverse-phase column (2.1 x 150 mm) at 50 °C with a70-min acetonitrile
gradient (0.5% to 35%) containing 0.025% TFA in the mobile phaseand a
total flow rate of 0.25 ml min™. The MS data were collected at 120,000
resolution setting, followed by data-dependent higher-energy collision
dissociation MS/MS at anormalized collision energy of 25%.

Peptide mapping data analysis for y-linkages and &-linkages
Proteolytic peptides wereidentified and quantified on MassAnalyzer,
anAmgenin-house developed program (available in BiopharmaFind-
erTMfrom Thermo Fisher). The program performs feature extraction,
peptideidentification, retention time alignment and peak integration
inanautomated fashion. Searched modificationsinclude those shown
in Supplementary Tables 3 and 4, amino acid substitutions and unre-
stricted searches of any mass changes.

Solid-phase peptide synthesis for y-linkages. Peptides 33 and 8
were synthesized on a 50-umol scale using Fmoc chemistry and
Fmoc-Glu(OAll)-wang resin (0.4 mmol g substitution,100-200-mesh)
on aPurePep Chorus from Gyros Protein Technologies. Resin was first
swollen in 6 ml of DMF for 20 min at room temperature. The Fmoc
protecting group was removed by treating the resin twice (3 mineach,
at room temperature) with 5 ml of deprotection solution (20% (v/v)
piperidine in DMF). Excess deprotection solution was removed by
washing the resin four times with 6 mlof DMF. Coupling reactions were
performed by adding five equivalents of amino acid, HOBt and PyBOP
(from200 mM stocks in DMF) and ten equivalents of DIPEA (froma2 M
stock in NMP) to the deprotected resin for a final resin-bound peptide
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concentration of 12.5 mM. In general, eachaminoacid coupling reaction
was performed at 70 °C for 5 min. For peptide 33, the coupling reaction
thataddedisothreonine (isoT) was modified to contain only one equiva-
lent of Fmoc-isoT(tBu)-OH. Excess coupling reagents were removed by
washing four times with 6 ml of DMF. Once the synthesis was complete,
the resin-bound peptide was dried under nitrogen and removed from
theresin by treatment with 2 ml of cleavage cocktail (95% TFA, 2.5% water
and 2.5% TIPS) stirred for 1 hat room temperature. Cleaved peptide was
dried under reduced pressure before purification by HPLC.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Data that support the main findings of this study are available within
the article and Supplementary Information. All primary data for fig-
ures included as Supplementary Information are provided in Sup-
plementary Data 1. Alternatively, data included in this study are also
available from the corresponding authors upon request. Source data
are provided with this paper.
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researchers, or third parties), and the method(s) used to classify people into the different categories (e.g. self-report, census or
administrative data, social media data, etc.)
Please provide details about how you controlled for confounding variables in your analyses.

Population characteristics Describe the covariate-relevant population characteristics of the human research participants (e.g. age, genotypic
information, past and current diagnosis and treatment categories). If you filled out the behavioural & social sciences study

design questions and have nothing to add here, write "See above."

Recruitment Describe how participants were recruited. Outline any potential self-selection bias or other biases that may be present and
how these are likely to impact results.

Ethics oversight Identify the organization(s) that approved the study protocol.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size Based on previous reports (doi: 10.1038/s41586-023-06897-6), three biological replicates were performed for all in vivo incorporation
experiments (Fig. 3bc, 4bc, and Sbc). Three technical replicates were performed for supplementary figs. 8 and 13. There are no animal studies
described, so statistical methods to determine sample size were not performed.

Data exclusions  Data was only excluded in cases where expired reagents were discovered to have been used accidentally.

Replication For all experiments described in the main text, a minimum of three biological replicates were performed. For supplementary fig. 6 and 8,
three technical replicates were performed. Individual values are reported in the figures.

Randomization  For biological replicates, colonies were selected from a plate at random to avoid bias in colony selection. Colonies were expected to be
genetically identical (a clonal population was transformed with purified plasmid and selected via antibiotic resistance on the same plate), so
covariates such as treatment condition or genotype were not relevant.
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Blinding Blinding was not possible for these experiments which were all performed by individual authors.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies |Z |:| ChiIP-seq
Eukaryotic cell lines |:| Flow cytometry
Palaeontology and archaeology |Z |:| MRI-based neuroimaging
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