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Kenan A. J. Bozhilyiik*t, Leonard Pravet, Carsten Keglert, Leonie Schenkt, Sebastian Kaiser,
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Mohammad Alanjary, T. M. Mohiuddin, Michael Groll, Georg K. A. Hochberg, Helge B. Bode*

INTRODUCTION: Natural products (NPs) have
played a pivotal role in drug discovery, con-
tributing to 48% of new medicines developed
between 1981 and 2019. Despite their signifi-
cance, there are obstacles in translating NPs
into clinical drugs owing to their structural
complexity and limitations to derivatize or syn-
thesize them. Genetic engineering or synthetic
biology present promising avenues for the
efficient and cost-effective discovery of tail-
ored biological drugs. Bacterial NPs, especially

those derived from nonribosomal peptide syn-
thetases (NRPSs), have emerged as ideal targets
for synthetic biology and have the potential to
enhance the pharmacological properties of non-
ribosomal peptides (NRPs) in clinical devel-
opment. However, rational engineering of
NRPSs remains complex despite technological
advancements.

RATIONALE: Recent advancements in bioinfor-
matic and genetic engineering technologies as
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Illustration of the XUT engineering concept. Two different NRPSs are shown in red and blue producing
different schematic cyclic peptides. A modified blue NRPS is illustrated with one module exchanged against
a red NRPS module through the XUT approach, resulting in a rationally engineered peptide product.
Structural data for illustrations were derived from PDB 6MFZ and PDB 2CBS.
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tic biology strategies for manipulating m._..
synthetases, offering innovative solutions for
the production of NRP analogs. Building on
the growing understanding of NRPS evolu-
tion, this study emphasizes the importance of
intragenomic recombination, speciation, hor-
izontal gene transfer, and recombination as
driving forces behind the diversification and
functionalization within NRP families. We
hypothesized that recognizing the central
evolutionary mechanisms is essential for the
redesign of assembly lines, with the aim of
achieving greater structural diversity and in-
creased production yields. By using phyloge-
netic hidden Markov models and principal
component analysis-based machine learning
approaches, our study tries to expand the un-
derstanding of intragenomic recombination
for NRPS engineering, identifying regions with
inconsistent evolutionary histories as poten-
tial synthetic breakpoints.

RESULTS: The analysis of NRPS evolution, com-
bined with systematic experimental analysis
and in silico methods, unveils a previously un-
documented recombination site within NRPSs.
Using fusion point screening, we identified
evolution-inspired synthetic engineering sites
and designed more than 50 artificial peptides
by combining building blocks from unrelated
natural NRPS systems. The developed engineer-
ing framework, named the evolution-inspired
eXchange Unit between T domains (XUT), aligns
with structural revelations, substantially con-
verging with the recently proposed unified
model for the evolution of NRPSs. Important
to this work was the identification of an ad-
ditional yet undescribed recombination site
within NRPS's thiolation domains, which
allows the combination of NRPS building
blocks that differ in taxonomy, biochemistry,
and GC content.

CONCLUSION: This study applies insights into
the evolution of NRPS as a foundation to im-
prove engineering of these megasynthetases.
The XUT approach broadens the synthetic
biology toolkit and facilitates the creation of
tailor-made bioactive peptides. This approach
is versatile and complementary to previous
engineering strategies and holds great poten-
tial for advancing synthetic biology and NP
engineering for clinical drug discovery, develop-
ment, and optimization.

The list of author affiliations is available in the full article online.
*Corresponding author. Email: kenan.bozhueyuek@myria.bio
(K.A.J.B.); helge.bode@mpi-marburg.mpg.de (H.B.B.)
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Many clinically used drugs are derived from or inspired by bacterial natural products that often are
produced through nonribosomal peptide synthetases (NRPSs), megasynthetases that activate

and join individual amino acids in an assembly line fashion. In this work, we describe a detailed
phylogenetic analysis of several bacterial NRPSs that led to the identification of yet undescribed
recombination sites within the thiolation (T) domain that can be used for NRPS engineering. We then
developed an evolution-inspired “eXchange Unit between T domains” (XUT) approach, which allows
the assembly of NRPS fragments over a broad range of GC contents, protein similarities, and extender
unit specificities, as demonstrated for the specific production of a proteasome inhibitor designed

and assembled from five different NRPS fragments.

atural products (NPs) play a crucial role

in drug discovery, accounting for 48% of

new medicines developed between 1981

and 2019 (7). However, the translation of

NPs into clinical drugs is challenging
owing to their complex structures, which limit
chemical derivatization or full synthesis, espe-
cially at the large scale (2). This complexity
hinders the exploration of structure-activity
relationships, impeding the development of
NP leads. To address these challenges and
surpass synthetic chemistry limitations, ge-
netic engineering and synthetic biology of NPs
offer promising avenues for faster and cost-
effective discovery of tailor-made biological
drugs (3). Bacterial NPs, which frequently orig-
inate from nonribosomal peptide synthetases
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(NRPSs) (4), stand out as ideal targets for syn-
thetic biology, aiming to enhance the phar-
macological properties of NP leads in clinical
development.

NRPSs are genetically encoded molecular as-
sembly lines that biosynthesize a broad range
of valuable nonribosomal peptides (NRPs) or
even clinical drugs, such as penicillins (5-7),
bleomycin (8), and cyclosporin (9). These as-
sembly lines consist of repeating modules of
enzymatic domains, each catalyzing the in-
corporation and chemical modification of a
specific extender unit into the growing chain
before passing it on to the next module (4).
Hundreds of different extender units, typically
derived from amino acids, have been described
(10, 11). An adenylation (A) domain selects and
activates an extender unit, covalently linking
it to the prosthetic thiol (phosphopantetheine)
group added posttranslationally to a thiolation
(T) domain. Condensation (C) domains then
linearly connect these covalently bound sub-
strates to the growing NRP chain. Tailoring
domains, including heterocyclization (Cy), epi-
merization (E), N-methylation (MT), oxidation
(Ox), or reduction (R) domains, may be present
to modify the NRP chain. Lastly, the full-length
NRP is released by hydrolysis or macrocycliza-
tion; its release is usually catalyzed by a thio-
esterase (TE) domain.

The logic of this assembly line mechanism
has inspired efforts to engineer megasynthe-
tases for natural product analog production.
Recent advances in technology and structural
data (12) have accelerated the development of
innovative synthetic biology strategies for mega-
synthetase engineering. Additionally, the con-
tinuous growth of publicly available genomic
data, along with community efforts to develop
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processing tools for biosynthetic gene cluster
(BGC) and NP identification (13-16), has led
to a new trend in assembly line engineering by
using evolution-driven strategies. Insightful
studies suggest that understanding the evolu-
tionary mechanisms of these often huge multi-
functional enzyme machines can enhance our
ability to redesign assembly line proteins, achiev-
ing greater structural diversity while maintain-
ing high production titers, therefore having the
potential to expand our therapeutic arsenal
I7-23).

In the investigation of NRPS evolution, a
recent in silico study emphasized the signifi-
cance of intragenomic recombination, speciation,
horizontal gene transfer, and recombination
in NRPS evolution but also introduced a uni-
fied model for the evolution of present-day
NRPSs (17). It highlighted the occurrence of
single recombination events at multiple break-
points within NRPS A domains, a phenomenon
termed subdomain swapping. This finding not
only emerged as a widespread mechanism, as
shown previously (I8, 20-22, 24, 25), but also
surfaced as a pivotal driver of diversification
and functionalization within NRP families. It
is important to acknowledge that this propen-
sity for recombination within NRPS A domains
results in divergent phylogenetic histories for C
and A domains, extending beyond the confines
of a single NRPS module.

Driven by this understanding, our focus
shifted to the implications and potential appli-
cations of this phenomenon for NRPS engi-
neering. We hypothesized that regions within
a NRPS module sharing a common phyloge-
netic history might not be suitable for syn-
thetic recombination owing to their relative
lack of recombination events. Conversely, re-
gions with inconsistent histories could serve
as promising synthetic breakpoints given their
higher likelihood of undergoing frequent re-
combination to produce inconsistent histories.

Therefore, we sought to decipher the evolu-
tionary history of NRPSs to facilitate efficient
BGC engineering. By using a systematic analy-
sis of various NRPS sequences using in silico
methods, we discovered a previously undocu-
mented recombination site. Through fusion-
point screening, we identified and tested
evolution-inspired engineering sites through
NRPS reprogramming, which ultimately led to
the design of a biologically active peptide.

Results
Deciphering the evolutionary history of NRPSs

Considering the hypothesis that interfaces
between diverse evolutionary histories offer
favorable recombination sites, we used a max-
imum likelihood methodology to determine
these boundaries. We used a phylogenetic
hidden Markov model (HMM) to identify a
specified number of independent evolutionary
histories that most effectively account for
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Fig. 1. Evolutionary analysis of ATC tridomains and T domains of representa-
tive NRPSs. (A) Site-wise log-likelihood difference plot of two phylogenetic trees
of ATC tridomains that together best describe the alignment by using a
phylogenetic hidden Markov model (HMM). Positive numbers indicate that sites
are better described by tree 1, and negative numbers indicate sites that are
better described by tree 2. (B) Site-wise log-likelihood difference plot as in (A),
but for an alignment of T domains plus A-T linkers. The partitions into two
trees detected by the HMM are separated with a dashed line. The partition lies
around two conserved glycine residues, which are highlighted light yellow. (C and

the alignment (26). Unlike a sliding window
technique that infers phylogenies for short
stretches along the sequence, this method
simultaneously uses information from all posi-
tions in the alignment. We focused our analysis
on identifying two distinct histories, expect-
ing one to broadly align with established A
domain trees and the other with recognized
C domain phylogenies (27-30). To visualize
the most likely history for each position, we
computed the difference between site-wise log-
arithmic likelihoods under the two inferred
trees. Positive values indicated a stronger fit
with the first evolutionary history, and nega-
tive values, the second history. We verified the
robustness of these assignments using an alter-
native method implemented in IQ- TREE, which
is conceptually related to a phylogenetic HMM
but instead computes the likelihood as a
mixture model across prespecified trees (31I).
The phylogenetic HMM approach was ap-
plied to two datasets. The first dataset con-
sisted of 225 aligned amino acid sequences
of NRPS ATC tridomains from various bac-
terial species, such as those of the genera
Photorhabdus and Xenorhabdus, as well as

Bozhiiylik et al., Science 383, eadg4320 (2024)

shown as unrooted.

representatives from firmicutes, actinomycetes,
cyanobacteria, and other proteobacteria (data
S1). The second dataset primarily focused on
actinomycetes and comprised 72 aligned amino
acid sequences of Leerzeichen NRPS ATC tri-
domains (data S2). The analysis of both datasets
unveiled three key findings: (i) The second
evolutionary history primarily encompassed
the C domain along with the latter half of the T
domain, with most sites in this region strongly
aligning with this history (Fig. 1A and figs. S1
to S3). (ii) The first evolutionary history cor-
responded with a central stretch of the A
domain, whereas (iii) sites at the C and N termini
of this region, including the initial portion of the
T domain, exhibited less pronounced alignment
with either history. This pattern suggests infre-
quent recombination within the C domain and
the central segment of the A domain. In line
with prior analyses that describe A subdomain
swaps as one driver for NRP diversification
(17, 18, 20-22, 31), our analysis suggested that
recombination events are more frequently ob-
served in the N and C termini of A domains.
On the basis of our phylogenetic HMM analysis
(Fig. 1A and figs. S1 to S3), this region extends

22 March 2024

D) Comparison of tree 1 from the T domain alignment with tree 2 from the ATC
tridomain alignment (left), and tree 2 from the T domain alignment with tree 2
from the ATC tridomain alignment (right). Names indicate the abbreviation of the
NRPS, and numbers, the ATC tridomains within that NRPS. Lines connect the
same NRPS and ATC tridomains between the two trees.

Red branches label tridomains that contain “C, domains, and blue branches,
tridomains with CE (dual C) domains. Some clades are annotated with aLRT
statistic and bootstrapping values (see materials and methods). Trees are

toward approximately the latter half of the
T domain, suggesting the existence of pre-
viously unidentified recombination sites within
the catalytically inactive T domains. The exten-
sive replacement of A subdomains for the pur-
pose of rational modification in two existing
recombinant (type S NRPS) assembly lines (32)
resulted in the successful introduction of only
conservative changes in amino acid specificity,
albeit with good efficiency (see below). There-
fore, we shifted our focus toward in-depth
investigation of the putative evolutionary re-
combination site. For additional information
on this experimental series, please refer to
data S3.

To obtain a more profound understanding
of the potential recombination sites identified
in our initial analysis, we carried out a sec-
ond phylogenetic HMM and multitree model
approach (26, 31), specifically targeting the
T domain along with the A-T linker region
(Fig. 1B and figs. S1 to S3). This procedure was
chosen because the first half of the T domain
exhibits weak alignment with either history in
the initial analysis (Fig. 1A), likely because
it does not perfectly share the evolutionary
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history of the A or C domains (Fig. 1C and
figs. S4 and S5). This refined analysis revealed
a distinct boundary between the two his-
tories within the conserved FFxxGGxS motif of
the T domain (Figs. 1B and figs. S1 to S7). We
next used the output of the HMM to segment
our alignment into these two histories by using
both the Viterbi and Forward-Backward algo-
rithms as implemented in PhyML_Multi (26).
This detected a breakpoint before the two con-
served glycines (fig. S1B and S3D). Notably, the
second evolutionary history exhibited a topology
akin to the C domain tree (Fig. 1D), with a clear
division segregating the T domains based on
the condensation reaction catalyzed by down-
stream C domains (29, 33-35) (Fig. 1D and fig.
S8). By contrast, the first evolutionary history
did not mirror the C or A domain trees (Fig.
1C and fig. S5). Collectively, these observations
(Fig. 1 and figs. S1 to S8) suggest that the A do-
main indeed serves as a recombination hot-
spot, as reported previously (17, 18, 20, 21, 24),
but also that the T domain could potentially
serve as a yet undescribed recombination site
with an important breakpoint within the con-
served FFxxGGxS motif (Figs. 1B and fig. S4).
To reinforce our findings, we pursued an
additional machine learning investigation
involving 130,870 bacterial T domain sequences
extracted from the antiSMASH database
(https://antismash-db.secondarymetabolites.org)
(data S4). Details concerning the workflow
and results of this analysis can be found in
the supplementary materials (fig. S9). Upon
data curation, 77,424 sequences remained
viable for analysis. These sequences were nu-
merically transformed by using e-descriptor, a
matrix that captures amino acid physico-
chemical properties through five values (36).
The conducted principal component analysis
(PCA) affirmed that, unlike the T domain's
first half, the second half of the T domain
exhibited distinct clustering based on subse-
quent domains [e.g., C domains accepting L-
configured amino acids (“Cy), condensation
epimerization (CE), and E]. This finding not only
corroborates the outcomes of our phylogenetic
HMM analysis but also expands on previous
results in a comprehensive manner (37, 38).
To validate these in silico predictions and
circumvent potential computational artifacts,
we also subjected homologous NRPS involved
in producing PAX (39, 40), endopyrrole A (41),
rhizomide A (42), and syringopeptin SP-25a
(43) peptides to detailed analysis (figs. S10 to
S13) (26). These results supported the hypothe-
sis that recombination events within the T
domain’s conserved core motif (FFxxGGxS) do
indeed occur (Fig. 1, A and B, and figs. S1B and
S3D), leading to changes in stereochemistry
(T-C versus T-CE), the interchange of T-TE
domains, or modifications in the size of the
NRPS system and the corresponding natural
product scaffold. NRPS recombination events

Bozhiiylik et al., Science 383, eadg4320 (2024)

are thus not exclusive to the A domain but also
involve the T domain, resulting in the creation
of new NRPSs. Although we currently cannot
determine the relative frequencies of recombi-
nation events in the T and A domains, this
finding underscores the engineering potential
of T domain recombinations.

Fusion point screening

The conserved core motif (FFxxGGxS) of each
~100-amino acid-spanning T domain re-
gion is located at the N terminus (loopl) of the
second helix (02), holding the invariant serine
residue that becomes posttranslationally mod-
ified by a phosphopantetheinyl (Ppant) trans-
ferase (44-46). Although the T domain is the
only NRPS domain without an autonomous

catalytic activity, the attachment of a Ppant

A

¢

\l

c

— a3

OH
U ¢d o ' Reductase

moiety is a functional prerequisite, not only
to covalently bind activated extender units
and the growing peptide chain but also to
reach the active sites of A and C domains.
Although our computational recombination
analysis (figs. S1 and S3) identified a partic-
ular recombination site located just before
the conserved glycines (FFxx||GGxS), we ac-
knowledge that computational analysis may
not pinpoint a single recombination site but
rather indicates a sequence region likely to
facilitate homologous recombination. There-
fore, we conducted a fusion-point screening
(Fig. 2) to validate fusion sites that yield opti-
mal peptide production.

Unless stated otherwise, all NRPS and NRPS-
polyketide synthase (PKS) hybrids described
in ths study (data S5) were heterologously

( . Adenylation \

v Condensation

¢

B Thiolation

Condensation/

Epimerization
XabABC

" Thioesterase
A Epimerization

@ Methyltransferase

|

NRPS Products Production
[mg/l]
17.8+0.3
6.9 +0.03
22+01
15.5+0.2
3.6+0.1
14+0.1

8.7+04
2301
0.9+0.1

Fusion
site
| 1

1 (n=4)
2 (n=3)
3 (n=2)

TWON=S WN =

5 -
\ 6 - -
Vi 7

— a3 a4

GxpS T3 QAVQAPQGENE | AIPATIWR £ BN VEQVGRHD S EF ANGGMSIIAVRM | ERLRRIE-GL GISVTLEQHRTIS VIFAQGS L VP HR £

XabA T1 HEVEAPQGRIETALAQ IWQSLLGL?EQVGRRDHEFFELEGGISLLAVEQMTAR IRRI
| 1] m v

GREWPLQQ IFSRPAEMEEAQV I TEAAV
\ \ Vi

Fig. 2. Fusion-point screening of a NRPS hybrid assembled within the T domain. (A) Schematic
representation of precursor NRPSs GxpS (red) and XabABC (beige), which produce GameXPeptides and
xenoamicins, respectively. Domain legend is depicted in the box. The A domain specificity is indicated by
the single-letter amino acid code written within the schematic domain. (B) Schematic representation of the
XabA-GxpS hybrid NRPS and produced lipopeptide and compounds titers. The color code of the peptide
structure follows the NRPS color code from (A). The different fusion sites within the T domain are highlighted
in black at their respective positions in the crystal structure of the T domain EntF (PDB 4ZXJ) (83).

(C) Sequence alignment of GxpS T3 and XabA T1 with secondary structures of the T domain and fusion sites
indicated. Grayscale indicates the identity and/or similarity of the sequences. The follow domain-correlated
FFxxGGxS amino acid is highlighted in blue. Single-letter abbreviations for the amino acid residues referenced
are as follows: R, Arg; K, Lys; I, lle; P, Pro; F, Phe; Q, GIn; G, Gly; E, Glu; H, His; L, Leu; N, Asn; A, Ala;

T, Thr; D, Asp; C, Cys; S, Ser; M, Met; Y, Tyr; W, Trp.
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produced in Escherichia coli DH10B::mtaA,
which encode the broad spectrum Ppant trans-
ferase MtaA (47). The resulting peptides (data
S5 and table S5) and yields were confirmed
by high-performance liquid chromatography-
tandem mass spectrometry (HPLC-MS/MS) and
comparison of retention times with synthetic
standards (supplementary materials).

As a starting point, we chose GameXPeptide-
(48) and xenoamicin-producing (49) synthe-
tases (GxpS and XabABC, respectively) from
Photorhabdus luminescens TTO1 and Xenorhabdus
stockiae (Fig. 2A), respectively, to produce seven
recombinant NRPSs (NRPS-1 to -7, Fig. 2B), each
with a different fusion site (I to VII, Fig. 2C),
with the in silico predicted breakpoint repre-
sented by fusion site IV. Briefly, this screening
led to the identification of three functional
fusion sites (I, III, and IV) in NRPS-1, -3, and
-4, which all produced the expected lipopep-
tides 1 to 3, differing only in the acyl starter
originating from the fatty acid pool of E. coli
and with titers between 1 and 18 mg L™ (Fig.
2B, figs. S14- to S22, and table S6).

To uncover why fusion sites V to VII led to
nonfunctional recombinant assembly lines, we
conducted a comprehensive in silico analysis,
again using a dataset of 130,870 bacterial
T domain sequences. We aimed to determine
whether the introduced changes from apply-
ing fusion sites V to VII rendered the engineered
assembly lines NRPS-5 to -7 nonfunctional. The
analysis focused on the amino acid position
preceding the invariant serine residue (FFxxGGxS)
in the T domain, which is known to be linked
to the downstream C domain's catalyzed reac-
tion (37, 38). In our case (Fig. 2), we combined
two T domains (XabA_T1 and GxpS_T3) fol-
lowed by an “C;, domain and a CE domain,
respectively. Our analysis revealed variations
in this position for T domains, followed by “C;,,
TE, or R domains, with amino acids such as
histidine, aspartate, or asparagine. Notably, a
high conservation was observed, with aspartate
common in T domains, followed by E domains
and C domains accepting D-configured amino
acids (°Cp), and histidine present when the T
domain was followed by CE domains, suggest-
ing a role in interactions with the downstream
domain (fig. S23). Fusion sites I, III, and IV
were identified as preferable for a broadly
applicable engineering approach, mitigating
the risk of losing the specific interaction site
after assembly. This finding might explain the
observed lack of production for fusion sites
V to VII in our experimental setup (Fig. 2C).

Our in silico observations (Fig. 1 and figs. S1
to S13) along with the results from the in vivo-
conducted fusion site screening (Fig. 2) led
us to the hypothesis that T-C-A units (fusion
point I), Ty/,-C-A-Ty,5 units (fusion points III
and IV), and combinations thereof may serve
as ideal starting points to do evolution-inspired
megasynthetase engineering, designated as the

Bozhiiylik et al., Science 383, eadg4320 (2024)

“eXchange Unit between T domains” (XUT) ap-
proach. However, after reviewing crystal struc-
ture data of A-T and T-C didomains, we decided
to proceed with fusion sites I and IV because
fusion sites III and IV are located directly
adjacent (IIT) and within (IV) the conserved
T domain motif, and the two variable positions
in between the conserved motif (FFxxGGxS)
are potentially contributing to a functional
A-T interface (50).

Leveraging evolution-inspired eXchange Units for
NRPS engineering

To verify the in silico-identified (IV) and in vivo-
verified (I and IV) fusion sites on a broad scale,
we targeted the NRPSs FitAB (Fig. 3) and
FtrAB (fig. S24 and S51-S56 and Supplemen-
tary Table S11), which produce the NRPs
fitayylide [4/5; a close derivative of xeinamide
(51)] and faTTTVIR (named after their amino
acid sequences) from Xenorhabdus innexi
and Xenorhabdus mauleonit, respectively; GxpS
(Fig. 4); the entolysin A-producing synthetase
(EtIABC) from Pseudomonas entomophila (52);
as well as the gramicidin S (GrsAB)- (53), tyro-
cidine (TycABC)- (54), bacitracin (BacABC)-
(55), and surfactin (SrfABC)-producing syn-
thetases (56) from Leerzeichen Aneurinibacillus
migulanus ATCC 9999, Brevibacillus brevis
ATCC 8185, Bacillus licheniformis ATCC 10716,
and Bacillus subtilis MR168, respectively.
We created 16 recombinant FitAB derivatives
(NRPS-9 to -18) (Fig. 3, figs. S25 to S50, and
tables S7 and S8), 10 GxpS derivatives (NRPS-
19 to -28) (Fig. 4 and figs. S57 to S82), 1 FtrAB
derivative (NRPS-34) (fig. S24), and 2 EtIABC
derivatives (NRPS-35 and -36) (figs. S83 and
S84) applying fusion sites I, IV, or both. The
latter derivatives were produced in both E. coli
DHI10B::mtaA and Pseudomonas putida KT2440.
Furthermore, we generated two chimeric NRPS
enzymes combining GrsAB with TycABC (NRPS-
37) (figs. S85 to S87) and BacABC with SrfABC
(NRPS-38) (figs. S85 and S88), respectively.

The building blocks to engineer these as-
sembly lines were selected to cover a broad range
of bacterial (Xenorhabdus, Photorhabdus, Serratia,
Chondromyces, Myxococcus, Pseudomonas,
Bacillus, and Streptomyces) and fungal (Mortierellc)
genera with GC contents between 41 and 72%
to test if the identified fusion sites have the
potential to mimic horizontal gene transfer
along with recombination on a rational scale
suitable to reengineer NRPS.

We created 43 recombinant NRPSs. Nota-
bly, except for NRPS-16b (Fig. 3) and -28b (Fig.
4y, both using fusion point IV, all recombinant
NRPSs [including a NRPS-PKS assembly line
in which the PKS is responsible for the poly-
unsaturated starter acyl moiety (NRPS-17a)]
showed catalytic activity producing a broad
range of cyclic and linear peptides (4 to 67) at
titers ranging from ~0.1 (40, NRPS-24a) to
~168 mg L™ (34, NRPS-22a) and from ~0.1

22 March 2024

(45, NRPS-25b) to ~76 mg L™ (34, NRPS-22b)
for fusion sites I and IV, respectively (Figs. 3
and 4 and tables S12 and S13).

Comparing XUT with XUC and XU

The potential advantages of evolution-inspired
engineering sites over A subdomain swap strat-
egies are increased versatility and higher success
rates. We also aimed to assess these engineer-
ing sites in comparison to the structure-based
rational engineering strategies we had pre-
viously devised (57, 58). These strategies in-
cluded the “eXchange Unit” (XU) (67) and
“eXchange Unit condensation domain” (XUC)
concepts (58), which use ATC tridomain and
Casup-A-T-Cpgyp units, respectively. In the lat-
ter case, Casup represents the acceptor site
(approximately the second half), and Cpgyp,
represents the donor site (approximately the
first half) of the pseudodimeric C domains.
To benchmark the XUT approach, we recon-
structed NRPS-9 to -18 (Fig. 3, fig. S26, and
table S12), NRPS-20 to -25 and NRPS-28 (Fig. 4
and figs. S57, S60 to S75, and S81 and S82), and
NRPS-37 and NRPS-38 (figs. S85 to S88) also
using the XU and XUC concepts and com-
pared the relative peptide production yields
as summarized in Fig. 5. This comparative
approach highlights that both fusion sites of
the evolution-inspired XUT as well as the XU
(57) enabled us to create chimeric NRPSs from
unrelated BGCs with respect to taxonomy
(Gram-positive and Gram-negative bacteria)
and GC content (~41 to ~71% GC). Other meth-
ods, such as A subdomain swaps (24, 25) (data
S3) and the XUC concept (58), enabled effi-
cient reprogramming of NRPSs only within
a narrow taxonomic range. Nevertheless, a
correlation between the GC content of the
introduced NRPS building blocks and pep-
tide production can be observed (Figs. 3 and
4). Whereas building blocks of genera with a
similar or slightly higher (~50 to ~65%) GC
content (i.e., NRPS-13 and NRPS-14) (Fig. 3)
were generally well tolerated, building blocks
originating from the high-GC branch (=70%;
i.e., NRPS-17, -23, and -24) (Figs. 3 and 4)
resulted in impaired assembly lines when re-
combined with NRPSs originating from the low-
GC branch (~50%; i.e., NRPS from Photorhabdus
and Xenorhabdus). The initial reduction of cat-
alytic activity when building blocks of different
GC content were recombined with each other might
also occur naturally during homologous recombi-
nation after a horizontal gene transfer event.

Evolution-inspired eXchange Units allow targeted
peptide production

To validate XUT as an engineering approach,
we designed de novo an artificial biosynthetic
assembly line producing a biologically active
peptide against a well-characterized target.
‘We chose the eukaryotic proteasome as the tar-
get because it is involved in protein homeostasis
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Fig. 3. Evolution-inspired eXchange Units
replacing NRPS starting modules.

(A) Schematic representation of the FitAB NRPS
that produces fitayylide A (4) and B (5) and
selected alternative starting modules from
other NRPSs with indicated fusion sites |

and IV. Amino acid specificities are assigned
for all A domains. KS, ketosynthase; AT,
acyltransferase; DH, dehydratase; ER,
enoylreductase. Selected structures of the
produced peptides are shown so that, in
conjunction with the table in (B), all peptide
structures can be deduced. (B) Production
data relative to the wild-type NRPS-8 and

the absolute peptide yields are based on
triplicate production cultures. The origin of

the alternative starting module, their cognate
gene cluster, and the fusion point for each
starter module are indicated. Production

was observed for all NRPS derivatives apart
from NRPS-16b, but absolute production titers
were not determined for all of them. For the
latter cases, indication of production yield was
indicated by + (modest) to +++ (very good).
B-A, B-alanine; aa, amino acid; aa identity align-
ment was determined with ClustalW dual align-
ment of FitA first module to swapped module.

in the cell cycle, signal transduction, and gen-
eral cell physiology. Proteasomes are a family
of N-terminal nucleophilic hydrolases consisting
of two sets of seven copies of a and B subunits
that assemble into a barrel-shaped complex
(Fig. 6C) (59). Peptides inhibiting the proteasome,
such as the clinically used bortezomib (60), can
lead to apoptosis, making the human protea-
some a target for anticancer chemotherapy.

Bozhiiylik et al., Science 383, eadg4320 (2024)

A | n l n a
H\Y, o oH
e}
NI HN.
X N | lﬁ A
HN- N0 R °
o AN
OH
1
I
v 4,5,9-23 6-8
H
S AT DH ER KR
,./
" v
, [e]
- HO, Py 5 s
N, N, 5
e 10 ST 0L
. HN (o] OH [¢] KO HN (¢} OH
‘i) ”
25
H H
B
NRPS Peptide FA-peptide start Organism Donor Fusion GC aa identity Production in Pr i
(R) BGC site content alignment % to NRPS-8 [mg/]
(%) (%)
8 4 C2-lle X. innexi fitAB wWT 44.9 100 100 122.7 #1.5
5 C2-Leu
9a 6-8 cal6l8 X. bovienii  tIAB  XUT' 435 51.7 46 56.2 +3.1
9-11 C4/6/8-Thr
9b 6-8 C4/6/8 XUTV 439 527 52 63.9+2.3
9-11 C4/6/8-Thr
10a  12-14 C2/4/6-Lys X. prtAB XUT! 48.2 51.2 et i+t
100 1214 C2/4/6-Lys doucetiae XUTV 483 51.8 e +,
1a 15 C2-Val XKK7.4  XEKKV2 XUT' 45.2 67.0 36 444125
b 15 C2-Val ~1206  xytv 448 67.0 54 66.5£3.3
12a 16 30H C10-Ser  X.indica ~XINDV2 ~ XUT! 413 31.4 6 6.9+15
12b 16 30H C10-Ser _09420 XUTV 412 32.0 6 7.0%1.9
13a 17118 30H C8/10-Leu  Serratia swrA  XUT 62.4 23.4 24 29735
13b 1718 30HC8/10-Leu  SCBI XUTV 623 24.1 10 12.7 +1.1
14a 18 30HC10-Leu  P.lurida  viscAB  XUT! 65.4 327 26 32.01.3
19 Leu
14b 18 30H C10-Leu XUtV 65.2 329 27 32.542.8
15a 18 30HC10-Leu X bovieni  xfpS ~ XUT! 476 25.9 24 29.8 £3.4
19 Leu
15b 18 30H C10-Leu XUTV 477 26.7 22 26.7 3.1
16a 20 30HC16:1-Glu  B. subtiis  ppsA-E  XUT! 474 30.7 ++ ++
21 30H C16-Glu ++ ++
22 C16:1-Glu ++ ++
23 C16-Glu ++ ++
16b  20-23 B. subtilis ~ ppsA-E  XUTV  47.7 315 - -
17a 24 C18:8-(Me)Thr M. xanthus mchABC ~ XUT' 70.1 21.7 + +
18a 25 C4-Pro-Gly X. xabABC ~ XUT! 51.8 33.2 34 42.5£1.4
18b 25 C4-Pro-Gly  szentirmaii XUTV 51.8 33.1 25 30.640.9

Inspired by nature, we decided to use the
lipopeptide aldehyde fellutamide B (61) as
the lead structure. This compound is not only
active against the eukaryotic proteasome in
humans and yeast but also the most potent
inhibitor of the Mycobacterium tuberculosis
proteasome tested to date. Fellutamide B
consists of a C8-30H acyl chain, L-Asn, L-
Gln, and a L-Leu-aldehyde. The aldehyde
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moiety is responsible for the reversible bind-
ing to the active site threonine (Thrl) of the
proteasome. As an alternative to TE domains,
nature applies thioester reductase (R) do-
mains (62-64), not only to release the syn-
thesized peptide but also to introduce the
aldehyde function by catalyzing an NAD(P)
H-dependent two-electron reduction of the
thioester.
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A
xuTv——"
B
NRPS Origin (NRPS) GC content aaidentity A domain Fusion Products Peptides Production
(%) alignment  specificity site [mgl/l]
(%)
X. innexi 26 viyL 165017
19 . _ T XUT!
a (XdnAB) 504 218 yr 27 ILyL 1.25+0.09
. 28 VLIL 832+ 14
202 % mauleonii 550 5o Lou XUt 29 ILIL 523+0.73
200 (XabA) : : YUTV 28 vLIL 1.12+0.18
29 ILIL 0.63 £ 0.18
30 VLI 123011
. 31 ILIIL 0.17 £ 0.03
21a XUt 32 cyclo(vLIL)  5.35+0.49
X. mauleonii 33 cyclo(ILIIL) 2.30+£0.15
(XabA) 54.1 48.2 Leu-lle 30 vLIIL 1.23+0.11
v 31 ILIIL 0.16 + 0.06
21b XUt 32 cyclo(vLIlL)  5.87 +0.69
33 cyclo(lLIL)  2.92+0.33
. 34 vLsL 168.03 * 8.63
22a X. indica 54 s Ser XUt 35 ILsL 65.07 + 4.46
% (XIdS) : : YUTV 34 vLsL 75.88 + 2.49
35 ILsL 29.74 £ 0.9
36 VLiL 17.19 £ 1.02
. 37 ILfL 8.33 £ 0.32
2% Xut 38 vLwl 17.33 % 1.15
M. alpina 39 ILwL 7.86 £ 0.53
(MpbA) 54.3 525 Phe 36 vLiL 13.4+0.66
v 37 ILfL 5.59 + 0.32
230 XUt 38 viwL 24.06 £ 1.11
39 ILwL 10.5 + 0.48
. 40 vial 01%0.02
248y xanthus 8.5 28 Al XUt 4 ILaL 0.06 + 0.03
oab (MchB) : : YUTV 40 vlaL 0.33 + 0.06
4 ILaL 0.21 £ 0.09
22 vLPaL 0.48 £ 0.03
M. xanthus W 43 ILPaL 0.32+£0.04
256 (MchB) 69.0 338 Pro-Ala XUT 44 cyclo(vLPal)  0.2310.02
45 cyclo(ILPal) 0.05+0.01
P. entomophila v 34 vLsL 8.08 £ 0.31
26b (EtIC) 693 46.3 Ser XUt 35 ILsL 3.50 £ 0.02
. 28 VLIl 1.8 0.06
218 streptomyces 607 264 Lou XUt 29 ILIL 0.53+0.03
o7b sp. (GriA) : : YUTV 28 vLIL 0.43 £ 0.01
29 ILIL 0.23 % 0.03
. 28 VLIL 163017
28a C.(gro:gt)us 711 425 Leu XUt 29 ILIL 0.73+0.16
28b P XuTV - - -

Fig. 4. Evolution inspired eXchange Units replacing internal modules.

(A) Schematic representation of the precursor NRPS GxpS producing Game-
XPeptides. A T2 to T4 fragment was exchanged against XUTs from different NRPSs
from various organisms. (B) NRPSs, the origin of the inserted eXchange Unit
(XdnAB, XabA, XIdS, MpbA, MchB, EtIC, GriA, and CpnD), corresponding fusion sites
(XUT' and XUT"), variability in GC content spanning from 50.4% (xdnAB) to

71.1% (cpnD), the respective A domain specificity, peptides, and production titers of
the respective peptides. Peptide sequences are indicated by the single-letter codes,
capital letters being L-configured amino acids, and small letters, D-configured amino
acids. aa identity alignment was determined with ClustalW dual alignment of exchanged
GxpS modules 2 and 3 to swapped modules when replaced by single-modular blocks
only; module 2 from GxpS was used for the alignment. -, no production.

In a proof-of-concept experiment, we used a
combination of XU and XUT fusion sites to
design an artificial three-module assembly line
in silico, incorporating NRPS building blocks
originating from five distinct origins (Fig. 6a)
with the NRPS donor fragments XabA and
KolS being derived from a previously pub-

Bozhiiylik et al., Science 383, eadg4320 (2024)

lished recombinant NRPS (57): a Cg,y domain
to introduce the acyl chain and A domains
with specificities (N- to C-terminus) for L-Gln
(A1), L-Ala (A2), and L-Leu (A3). To achieve the
reduction of leucine into an aldehyde, the R
domain of the tilivalline-producing NRPS (XtvB)
(65) from Xenorhabdus indica was used as the

22 March 2024

termination domain using the fusion sites I,
IIL, IV, and VII (Fig. 6 and figs. S89 to S96).
Owing to comparative reasons, we also tested a
homologous XtvB R domain from Xenorhabdus
eapokensts D120, by using a previously used (65)
fusion site two amino acid positions upstream
(VII_,) of fusion site VII (NRPS-39, fig. S96). The
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Fig. 5. NRPS engineering approach comparison.
Boxplot of relative productions of artificial

NRPSs assembled by the XUT', XUT", XUC, or

XU approach. Each of the 16 artificial NRPSs

was generated with all four approaches, which
were quantitatively compared among the
respective NRPS with the highest production set
to 100% relative production. Dots within the

plot indicate different series of experiments, which
are described in detail in the supplementary
materials and datasets.

resulting assembly lines NRPS-29 to -32 and
NRPS-39 all showed catalytic activity producing
the desired lipopeptide aldehydes 46 to 48,
differing only in the acyl group used as a
starter, with titers between ~1 and ~22 mg L™
(Fig. 6B, figs. S89 to S96, and table S9). Com-
pared with the NRPSs generated with fusion
sites I (NRPS-29), VII (NRPS-32), and VII_,
(NRPS-39), the NRPSs generated with fusion
sites III (NRPS-26) and IV (NRPS-27) produced
about a fivefold-higher peptide titer. Whereas
low titers of NRPS-32 and -39 were in good
agreement with our initial fusion-point screen-
ing (Fig. 2), the amount of produced peptide
by NRPS-29 was unexpectedly low. The im-
paired formation of a functional A-T domain-
domain interface (50) in the case of NRPS-29
and a functional T-R (62) domain-domain inter-
face in the case of NRPS-32 and -39 could serve
as an explanation for this result, as also ob-
served previously (65, 66). Furthermore, these
results highlight the advantages of the evolution-
inspired fusion sites IIT and IV compared with
fusion sites I and VII, which are located within
the A-T and T-C linker regions, respectively.
To test whether the lipopeptide aldehyde 47
is indeed able to inhibit the yeast 20S pro-
teasome core particle (yCP) by binding the
active site Thrl, the half-maximum inhibitory
concentration (IC5,) and cocrystallization of
yCP together with 47 (yCP:4/7 complex) was
performed (Fig. 6, C to E; fig. S97; and table
S10). Both experiments confirmed the ex-

Bozhiiylik et al., Science 383, eadg4320 (2024)
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Fig. 6. XUT approach for the design of a proteasome inhibitor. (A) Schematic representation of
reassembled NRPS-29 to -32 composed of NRPS fragments from XIdS, XabA, KolS (kolossin synthetase), GxpS,
and XtvB. The terminal T domain is shown as a sequence alignment of GxpS T2 and XtvB T2, indicating
secondary structures, fusion sites, and similarity and/or identity in gray. (B) Production titers corresponding
to the fusion sites within the terminal T domain. The color code in the peptides follows that of the NRPS
fragments used and is shown in (A). (C) Crystal structure of the yeast 20S proteasome in complex with 47
(spherical model, green carbon atoms), bound to the chymotrypsin-like active sites (85 subunits, gold; PDB ID
8BW1). (D) lllustration of the 2Fo—F electron density map (blue mesh, contoured to 1o) of 47 (depicted

as C14QAL), covalently linked through a hemiacetal bond (magenta) to ThrlQ". Protein residues interacting
with 47 are highlighted in black. Dots illustrate hydrogen bonds between 47 and protein residues. (E) Superposition
of 47 (depicted as C14QAL) (green) and fellutamide A (gray; PDB ID s3D29) (84) complex structures,
highlighting similar conformations at the chymotrypsin-like active site.

pected activity of 47 against the yCP 5 sub-
unit at 3.6 + 0.8 uM and a binding mode to
Thr1 equivalent to that of fellutamide A and B
(Fig. 6, C to E). This proof-of-concept experi-
ment not only demonstrated the efficient in-
troduction of a reactive aldehyde moiety through
the XUT approach but also highlighted the
capability to biosynthetically create tailor-made
bioactive peptides de novo with rational drug
design strategies.

22 March 2024

Conclusions

The engineering of assembly line enzymes, par-
ticularly NRPSs, has posed formidable chal-
lenges (67) despite technical advancements
and a deep understanding of their biochemical
and structural properties (4). Nature, on the other
hand, has masterfully navigated the intricate
terrain of biosynthetic pathway engineering
through BGC evolution and serves as inspira-
tion for our XUT approach (17, 18, 21, 22, 68, 69).
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This method, which mimics horizontal gene
transfer and recombination events, broadens
structural diversity through rational engineering,
surpassing the limitations of natural diversity.
Our work, exemplified by the design of an
artificial proteasome inhibitor, underscores
the impact of evolution-driven strategies on
NRPS engineering and the broader landscape
of synthetic biology. In particular, the poten-
tial of the XUT approach to efficiently change
the assembly lines after T domains to other
than C domains, as demonstrated by reduc-
tase domain insertion (Fig. 6), complements
previous XU and XUC approaches that intro-
duce repetitive NRPS modules (57, 58).

In contrast to prior efforts that focused on
deciphering precise mechanisms behind con-
temporary NRPS families (17, 22, 28, 68, 69),
our study found new fusion sites for NRPS
engineering inspired by evolution. By unveiling
a previously unexplored recombination site
within the conserved core motif of T domains,
represented by fusion sites III and IV, the XUT
approach introduces the Ty,-C-A-Ty, architec-
ture. Aligned with recent structural revelations
(50) and the recently proposed unified model
for NRP evolution (17), our findings illuminate
an additional recombination site beyond A
subdomain exchanges (I8, 21, 24, 25). The
relative obscurity of this recombination site
in previous studies (68) is probably attribu-
table to variations in dataset composition and
methodological divergence characterized by
the integration of phylogenetic HMMs and
a PCA-based machine learning approach in
our research (26). Upon reanalyzing data-
sets describing NRPS evolution (43, 68), we
unequivocally identify the T domain as an
additional recombination site (figs. S13 and
S98), offering a fresh perspective on the dy-
namics of NRPS evolution.

Materials and methods
Cultivation of strains

All E. coli DH10B::mtaA cells were cultured
either on liquid or solid low salt LB medium
(pH 7.5, 10 g/L tryptone, 5 g/L yeast extract
and 5 g/L. NaCl). Either kanamycin (50 pg/ml),
chloramphenicol (34 ug/ml), gentamicin (20ug/
ml) or spectinomycin (50 pg/ml) were added
as selection markers. Solid media contained
1% (w/v) agar. Cells were cultivated at 37°C
and at 22°C for peptide production cultures.

Cloning of biosynthetic gene clusters and
NRPS modules

For use as template, genomic DNA (gDNA) was
extracted from bacteria indicated in Table S1
by use of the Gentra Puregene Yeast/Bact. Kit
(Qiagen) and the Monarch® Genomic DNA
Purification Kit (NEB) which in turn was taken
as template for the PCR amplification. The
proof-reading PCR polymerase Q5® High-
Fidelity DNA Polymerase (NEB) and Phusion
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DNA Polymerase (NEB/Thermo Fisher Scien-
tific) in their standard and hot start variations
were employed. Oligonucleotides for the PCR
and the correct product size are documented
in Table S4. In specified cases (Table S4) al-
ready cloned NRPS parts were used as tem-
plate for the PCR. PCR products were agarose
gel purified taking the Monarch® DNA Gel
Extraction Kit (NEB) to be used as substrate for
the Gibson cloning procedure using the Gibson
Assembly® Master Mix or the NEBuilder® HiFi
DNA Assembly Cloning Kit (NEB). In cases
indicated in Table S4 restriction enzyme digests
with enzymes indicated were used as one part of
the substrate for the Gibson cloning step.

The vector pCK_0407 was cloned in a classic
fashion. To this end the plasmid pCK_0407
was linearised using the restriction enzymes
AvrIl/Xbal and the 1.750 bp fragment ligated
to the 1.933 bp fragment of the Avrll/Xbal
digest of pCDFDuet (Merck-Novagen).

Heterologous expression of NRPS constructs
and HPLC-MS analysis

After plasmid transformation into E. coli
DHI10B::mtaA or in P. putida KT2440, cells
were grown overnight in LB medium contain-
ing all necessary antibiotics (50 pug/ml kana-
mycin, 34 pug/ml chloramphenicol, 100 pg/ml
spectinomycin, 20 pug/ml gentamicin). 10 ml
LB medium containing antibiotics, 0.002 mg/
ml L-arabinose or 0.002 mg/ml vanillic acid
and 2% (v/v) XAD-16 beads were inoculated
with 1% overnight grown culture. After incu-
bation for 72 hours at 22°C, XAD-16 beads
were harvested and one culture volume metha-
nol was added. Methanol extraction was con-
ducted for 60 min at 22°C. The organic phase
was filtrated and diluted 1:10 in methanol.
Cleared HPLC-UV-MS analysis was conducted
on an UltiMate 3000 system (Thermo Fisher)
coupled to an AmaZonX mass spectrometer
(Bruker) with an ACQUITY UPLC BEH C18
column (130 A, 2.1 mm x 100 mm, 1.7-um
particle size, Waters) at a flow rate of 0.4 ml
min-1 (5-95% acetonitrile/water with 0.1%
formic acid, vol/vol, 16 min, UV detection
wavelength 190-800 nm). HPLC-UV-HRMS
analysis was conducted on an UltiMate 3000
system (Thermo Fisher) coupled to an Impact
II qTof mass spectrometer (Bruker) with an
ACQUITY UPLC BEH C18 column (130 A,
2.1 mm x 100 mm, 1.7-um particle size, Waters)
at a flow rate of 0.4 ml min-1 16 min, UV
detection wavelength 190-800 nm). Evaluation
was performed using DataAnalysis 5.3 software
(Bruker).

For peptide quantification of NRPS-8 to -18
and -66 and -67, the production medium was,
deviating from above, XPP medium (70) without
phenylalanine but with 1 mM B-alanine added.
For peptide production and quantification of
NRPS-19 to -28 and -35 to -36, the production
medium was XPP medium.
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Peptide purification

Compounds 4, 5, 7, 10, 47, and 50 were pro-
duced in E. coli DH10B::mtaA expressing the
respective NRPS variants. 4L XPP medium con-
taining 34 pg/ml chloramphenicol, 0.02%
L-arabinose and 2% XAD-16 beads was in-
oculated with 1% overnight grown culture as
described in section S1.3. The culture was in-
cubated at 180 rpm for 72 hours at 22°C. Sub-
sequently, the XAD-16 beads were extracted 3
times with 500 ml methanol for 30 min, stir-
ring. The solvent was fully removed at reduced
pressure. The crude extract of compound 447
was completely solved in DMSO in order to purify
it by preparative HPLC-MS (LC-MS-System 1260
Infinity II Preparative LC/MSD from Agilent). A
C3 column (Agilent ZORBAX 300XB-C3) utilizing
agradient of 40-55% ACN/H,0 (+0.1% formic
acid) was used. The compound was freeze-dried
and the purity of the compound determined by
NMR and HPLC-HR-MS.

The crude extract containing compound 4
and 5 were purified using the Agilent Prep
HPLC-MS using a C18 column (Agilent C-18
22.10x250 mm) applying a 30-50% ACN/H,0
(+0.1% formic acid, 20 ml/min) gradient over
32 min. The retention time for 5 was 11.7 min
and for 4 12.8 min. The crude extract contain-
ing compound 7 and 10 were purified using
the Agilent Prep HPLC-MS using a C18 col-
umn (Agilent C-18 22.10x250 mm, 20 ml/min)
applying the solvent mixture 42% ACN/H,O
(+0.1% formic acid) over 30 min. The retention
time for 7 was 9.0 min and the retention time
for 10 was 9.6 min. The crude extract contain-
ing compound 26 was purified using the
Agilent Prep HPLC-MS using a C18 column
(Agilent C-18 22.10x250 mm, 20 ml/min)
applying a 20-30% ACN/H,0 (+0.1% formic
acid) gradient over 26 min. The retention time
of 26 was 19.5-20.5 min.

Peptide quantification

The absolute production titers were calculated
as previously described (71). Therefore, calibra-
tion curves based on pure 1a (for quantifica-
tion of 1, 2 and 3), 4 (for 4, 5, 15, 17 and 18),
10 (6,7, 8, 9, 10, 11 and 16), 67 (67, 68, 69
and 70), 26a (for 26, 27, 38, 39), 28b (for 28,
29, 36, 37, 40 and 41), 34 (for 34 and 35),
42a (for 30, 31, 42, 43), 44 (for 32, 33, 44,
45) and 47 (for 46, 47 and 48), were pre-
pared. The pure compounds were prepared at
different concentrations: 1a utilizing a stan-
dard curve with concentrations of 5000, 500,
50, 5 and 0.5 ug L} 4 utilizing a standard
curve with concentrations of 10, 4, 1, 0.4, 0.1,
0.04 and 0.01 mg L™’, 10 utilizing a standard
curve with concentrations of 10, 4, 1, 0.4, 0.1
and 0.04 mg L™, 67 utilizing a standard curve
with concentrations of 40, 4, 0.4, 0.04 and
0.004 mg L, 50, 51, 52 and 53 utilizing a
standard curve with concentrations of 100,
20, 4, 0.8 and 0.16 mg L™\, 47 utilizing a
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standard curve with concentrations 10, 5, 2.5,
1.25, 0.625, 0.3125 and 0.1562 mg L™ and
measured by LC-MS using HPLC/MS measure-
ments as described above. To ensure sample
signals being within the range of the standard
curve they were diluted when necessary. The
peak area for each compound at different
concentrations was calculated using Compass
Data Analysis and used for the calculation of a
standard curve passing through the zero point.
Triplicates of all in vivo experiments were mea-
sured. The pure peptide standards 1a, 26, 28,
30, 34, 42, and 44 were synthesized in-house,
4, 10, 47 and 50 were purified from produc-
tion cultures.

Chemical synthesis

The linear peptide 1a (C6/D-Thr/D-Leu/L-Leu)
was synthesized on preloaded resin (0.25 mmol
H-Leu-2CITrt PS resin, Sigma Aldrich, Germany)
by solid phase peptide synthesis using stan-
dard Fmoc/t-Bu chemistry. Fmoc protected
amino acids or fatty acids were activated by
mixture of 5 eq. Fmoc-AA-OH (or fatty acid),
12 eq. N,N-diisopropylethylamine (DIPEA, Iris
Biotech, ¢ = 24 M), 5 eq. O«(7-azabenzotriazol-1-yl)-
N,N,N",N'-tetramethyluronium hexafluorophos-
phate (HATU, Carbolution Chemicals) in 15 ml
dimethylformamide (DMF, Carl Roth, Germany).
The resin was incubated with the activated
amino acid/fatty acid mixture for 2 hours at
room temperature. After each coupling, the
resin was washed with NMP (5 x), DMF (5 x)
and DCM (5 x). Finally, the peptide was cleaved
by addition of 20 ml of a mixture of hexa-
fluoroisopropanol (HFIP) and DCM (1:4v/v).
Subsequently, the peptide was deprotected
upon addition of 2 ml Trifluoroacetic acid (TFA)
incubating for 2 hours at room temperature.
The linear peptide was dissolved in MeOH in
order to purify it by semi-preparative HPLC-
MS (Agilent LC-MS-System 1260 Infinity II
Analytical-Scale LC/MSD) utilizing a C18 col-
umn (Eclipse XDB-C18 (9.4 x 250 mm, 5 um).
The purity was determined by NMR and HPLC-
HR-MS analysis.

Chemical synthesis of peptides 1, 26a, 28a,
28b, 30b, 34, 36, 40a, 40b, 42a, 44, 60
and 77 was performed using the CEM Liberty
Prime 2.0 automated microwave peptide syn-
thesizer with a preloaded Wang Resin from
Sigma Aldrich. Synthesis was performed in
two stages, deprotection with 25% pyrrolidine
in DMF for 40 s at 110°C. Coupling reactions
were performed twice with a 5 fold excess of
Fmoc-AA-OH with 1:1:1.5 AA/DIC/Oxyma for
1 min at 110°C. After addition of the final ami-
no acid and deprotection step, the resin was
washed with DMF (5 x) and DCM (5 x). Cleav-
age was performed using 95:2.5:2.5 TFA/H,0/
TIS for 30 min at 38°C. Following cleavage, the
peptide was dried at the V10 (Biotage) and
washed two times with MeOH. The purity was
determined by HPLC-HR-MS and NMR.
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Expression and purification of yeast
20 S proteasome

The yeast 20S proteasome was prepared as
previously described (72).

ICso value determination with purified yCP
Concentration of purified yeast 20 S protea-
some (yCP) was determined spectrophotomet-
rically at 280 nm. yCP (final concentration:
0.05 mg/ml in 100 mM Tris-HCI, pH 7.5) was
mixed with DMSO as a control or serial di-
lutions of fellutamide derivatives in DMSO,
thereby not surpassing a final concentration of
10% (v/v) DMSO. After an incubation time of
45 min at RT, fluorogenic substrates Boc-Leu-
Arg-Arg-AMC, Z-Leu-Leu-Glu-AMC and Suc-
Leu-Leu-Val-Tyr-AMC (final concentration of
200 uM) were added to measure the residual
activity of caspase-like (C-L, 1 subunit), trypsin-
like (T-L, B2 subunit) and chymotrypsin-like
(ChT-L, B5 subunit), respectively. The assay
mixture was incubated for another 60 min at
RT and afterwards diluted 1:10 in 20 mM
Tris-HCI, pH 7.5. The AMC-molecules released
by hydrolysis were measured in triplicate with
a Varian Cary Eclipse Fluorescence Spectro-
photometer (Agilent Technologies) at Aey. =
360 nm and A.;,,=460 nm. Relative fluores-
cence units were normalized to the DMSO
treated control. The calculated residual activ-
ities were plotted against the logarithm of the
applied inhibitor concentration and fitted
with GraphPad Prism 5. Half maximum in-
hibitory concentration (IC;,) values were de-
duced from the fitted data. They depend on
enzyme concentration and are comparable
within the same experimental settings.

Crystallization and structure determination of
the yeast 20S proteasome core particle (yCP) in
complex with 47

Crystals of yCP were grown in hanging drops
at 20°C as previously described (73). The pro-
tein concentration used for crystallization was
40 mg/mL in Tris / HCI (20 mM, pH 7.5) and
EDTA (1 mM). The drops contained 1 ul of
protein and 1 pl of the reservoir solution [30 mM
magnesium acetate, 100 mM 2-(N-morpholino)
ethanesulfonic acid (pH 6.8) and 10% (wt/vol)
2-methyl-2,4-pentanediol]. Crystals appeared
after two days and were incubated with a fel-
lutamide derivative at final concentrations of
10 mM for at least 24 hours. Droplets were
then complemented with a cryoprotecting buf-
fer [30% (wt/vol) 2-methyl-2,4-pentanediol,
15 mM magnesium acetate, 100 mM 2-(N-
morpholino)ethanesulfonic acid, pH 6.9] and
vitrified in liquid nitrogen. The dataset from
the yCP: 47 complex was collected using syn-
chrotron radiation (A =1.0 A) at the X06SA-
beamline (Swiss Light Source, Villingen,
Switzerland). X-ray intensities and data reduc-
tion were evaluated using the XDS program
package (Table S10) (74). Conventional crys-
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tallographic rigid body, positional, and tem-
perature factor refinements were carried out
with REFMACS5 (75) using coordinates of the
yCP structure as starting model (PDB ID 5CZ4:)
(76). For model building, the programs SYBYL
and COOT (77) were used. The final coordinates
yielded excellent R factors, as well as geomet-
ric bond and angle values. Coordinates were
confirmed to fulfill the Ramachandran plot
and have been deposited in the RCSB (PDB
ID 8BW1).

Evolutionary analysis of ATC tridomains from
NRPS using PhyML_Multi

The amino acid sequence of NRPS were col-
lected from our Photorhabdus and Xenorhabdus
genome collection. 152 ATC tridomain sequences
stem from Photorhabdus and Xenorhabdus. We
also included in our analysis three ATC trido-
main sequences from actinomycetes, three from
cyanobacteria and 20 came from proteobacteria
other than Photorhabdus and Xenorhabdus.
ATC tridomains from NRPS protein sequences
were extracted from our NRPS dataset using
local BLAST with the second ATC tridomain
from GxpS of Photorhabdus laumondii TTO1
as query. Sequences were aligned using MUSCLE
v3.8.31 (78) and trimmed with trimAl v1.2 (79).
This alignment was used for the evolutionary
analysis using the software PhyML_Multi. We
specified that PhyML_Multi search for two trees
under a HMM that together best fit the align-
ment. Since PhyML,_Multi does not have a
model finder, the model finder of IQ-tree (79)
with the selection of “msub nuclear’ was used.
1Q-tree chose JTT (80) as the best fit model which
was also used for the analysis with PhyMIL,_Multi
with a four-category gamma distribution of
among site rate-variation. Afterwards, the log
likelihood of tree 1 was deducted from the log
likelihood of tree 2 and plotted.

The same dataset used for the PhyMIL._Multi
analysis was also used for the MAST analysis.
First, we ran the analysis with two trees gen-
erated from the PhyML_Multi analysis. We
used as the best fit model for both trees JTT
with a 4-category gamma distribution of among
site rate-variation. Again, the log likelihood
value of tree 1 was deducted from the log
likelihood of tree 2 and plotted. Also, we ope-
rated the same analysis but now feeding it
with an A and C domain tree that was individ-
ually inferred using igtree. The corresponding
log likelihood values from both trees were
deducted from each other and plotted.

Evolutionary analysis of the T domain from
NRPS using PhyML_Multi

The T domain dataset covered the amino acid
sequence of the A-T linker and the T domain.
This area was extracted from our NRPS data-
set using local BLAST with the third T domain
from GxpS of Photorhabdus laumondii TTO1
as query. The T domains were aligned using
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MUSCLE and carefully trimmed manually to
reduce gaps. Afterwards, the software PhyML
Multi was used to detect recombination break-
points and phylogenetic histories within the T
domain (26).

Here, the MAST analysis was used as well.

First, we ran the analysis with two trees gen-
erated by the PhyML_Multi run. The best fit
model to run the analysis for both trees was
JTT with a 4-category gamma distribution of
among site rate-variation. The log likelihood
value of tree 1 was deducted from the log like-
lihood of tree 2 and plotted. Afterwards, we
inferred trees of the first half of the T domain
(that is until breakpoint IV) and a tree of the
second half of the T domain. These two trees
were used as an input for the second MAST
analysis. The corresponding log likelihood
values from both trees were deducted from
each other and plotted.

Topological comparison of different
phylogenetic trees

The four different trees generated by PhyML
Multi were pruned using the software mes-
quite (81) to reduce the number branches on
the trees for visual clarity. Trees were com-
pared using the R package phytools (82). To
test the robustness of each topology, we first
divided the alignment into partitions sepa-
rated at breakpoint 4. This was necessary,
because neither bootstrapping nor likelihood-
based confidence measures are implemented
in PhyML,_Multi or Mast, which calculate joint
likelihoods across topologies. We then per-
formed nonparametric bootstraps and calcu-
lated SH-aLRT statistics for both topologies
using iqtree. The number of nonparametric
bootstraps was 500 for the A domain, 500 for
the C domain and 100 for both parts of the T
domain. For the SH-alrt statistics, 1000 repli-
cates were used.
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