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Abstract: Engineering of biosynthetic enzymes is in-
creasingly employed to synthesize structural analogues
of antibiotics. Of special interest are nonribosomal
peptide synthetases (NRPSs) responsible for the produc-
tion of important antimicrobial peptides. Here, directed
evolution of an adenylation domain of a Pro-specific
NRPS module completely switched substrate specificity
to the non-standard amino acid piperazic acid (Piz)
bearing a labile N—N bond. This success was achieved by
UPLC-MS/MS-based screening of small, rationally de-
signed mutant libraries and can presumably be repli-
cated with a larger number of substrates and NRPS
modules. The evolved NRPS produces a Piz-derived
gramicidin S analogue. Thus, we give new impetus to the
too-early dismissed idea that widely accessible low-
throughput methods can switch the specificity of NRPSs
in a biosynthetically useful fashion. )

Nonribosomal peptides (NRPs) and derivatives are an
important class of antimicrobial molecules."” The rising
threat of antimicrobial resistance necessitates the generation
and screening of novel bioactive compounds. NRPs are
produced by enzyme complexes, so-called nonribosomal
peptide synthetases (NRPS), working like assembly lines.!'?

[*] P. Stephan, D. Winkler, Dr. H. Kries
Junior Research Group Biosynthetic Design of Natural Products,
Leibniz Institute for Natural Product Research and Infection Biology
(HK1)
Beutenbergstr. 11a, 07745 Jena (Germany)
E-mail: Hajo.Kries@leibniz-hki.de
C. Langley, Dr. L. Caputi, Prof. Dr. S. E. O’Connor
Department of Natural Product Biosynthesis, Max Planck Institute
for Chemical Ecology
Hans-Kndll-Str. 8, 07745 Jena (Germany)

Dr. ). Basquin

Department of Structural Cell Biology, Max Planck Institute for
Biochemistry

Am Klopferspitz 18, 82152 Planegg Martinsried (Germany)

preprint server (https://doi.org/10.1101/2023.04.03.535426).

 © 2023 The Authors. Angewandte Chemie International Edition
published by Wiley-VCH GmbH. This is an open access article under
the terms of the Creative Commons Attribution Non-Commercial
NoDerivs License, which permits use and distribution in any med-
ium, provided the original work is properly cited, the use is non-
commercial and no modifications or adaptations are made.

Angew. Chem. Int. Ed. 2023, 62, €202304843 (1 of 6)

On the assembly line, specialized domains organized in
modules, one per amino acid, perform distinct biochemical
activities.'! Adenylation domains (A-domains) recognize a
specific amino acid, activate it under consumption of ATP,
and load it onto the flexible phosphopantetheine arm of
thiolation domains (T-domains). Condensation domains (C-
domains) catalyze formation of a peptide bond between two
adjacent T-domain-bound substrates. Thioesterase domains
(TE-domains) release the peptide from the enzyme complex
via hydrolysis or cyclisation. GrsA and GrsB are two NRPS
proteins that are responsible for the synthesis of gramicidin
S (GS, Figure 1a).! Together, the single module of GrsA
(p-Phe) and the four modules of GrsB (Pro-Val-Orn-Leu)
synthesize cyclo-(p-Phe-Pro-Val-Orn-Leu), in two biosyn-
thetic iterations (Figure 1a).

The modular architecture of NRPSs has inspired various
engineering approaches to produce new or modified
peptides.”™ Often, attempts to replace entire modules,
domains, or smaller subdomains result in chimeric enzymes
with reduced activity or premature termination of peptide
synthesis®'" indicating that also domain interactions need
to be considered."*"*! More recently, studies revealed that
the longstanding assumption, that C-domains act as secon-
dary gatekeepers is not generally true, highlighting A-
domains as ideal targets for NRPS assembly line
engineering."*'% The discovery of a “specificity code” for
A-domains!"” was the basis for site-directed mutagenesis
of the respective residues to change A-domain substrate
specificity. Successful applications of this engineering strat-
egy mainly enabled conservative substrate changes, or
resulted in reduced enzyme activity™?? with only a few
examples of engineering allowing acceptance of non-natural
amino acid substrates.”*?! Recently, directed evolution and
high-throughput screening have been increasingly used in
this context.?*!! Yeast surface display also has been
employed to analyze large mutant libraries resulting in
efficient recognition of B-amino acids and hydroxy acids.***"
However, this technique requires a click-handle in the
substrate and protein expression on the yeast surface,
limiting wider applicability.

Piz is an uncommon NRPS building block with only
around 150 Piz-containing NRPs described.”>* In many of
these, Piz is assumed to be responsible for bioactivity. Piz is
a Pro analogue with a six-membered ring incorporating a
hydrazine, resulting in an even higher structural rigidity than
Pro (Figure 1a).’” Piz is biosynthesized from ornithine and
then incorporated into NRPs.’**! The hydrazides of Piz
provide a rare example of N—N bonds involved in peptide
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Figure 1. A. Biosynthesis of gramicidin S (GS) by the two NRPSs GrsA
and GrsB." Through engineering of the A-domain of module GrsB1, .-
Pro residues in GS are replaced with L-Piz, resulting in Piz-2,2"-GS
(P“GS). B. Alignment of specificity determining residues of GrsB1 with
those of Piz-A-domains. The corresponding NRPs aurantimycin A
(Art)," polyoxypeptin A (Ply),*" and kutzneride 1 (Ktz)"*? contain Piz.

bond formation.” Here, we have engineered the substrate
specificity of the A-domain of the first module of the GS-
producing NRPS GrsB (GrsB1) from Pro to Piz. The labile
N-N bond in Piz might provide an opportunity for late-stage
modification and the introduction of cationic charge to
influence membrane-selectivity of NRPs.) After four
rounds of evolution and screening of only 1,200 mutants for
peptide production using UPLC-MS/MS, we generated a
GrsB1 mutant showing a 140,000-fold improvement in Piz-
preference.

To characterize the starting point of our engineering
campaign, module GrsB1, we initially measured its substrate
selectivity. To analyze Piz and Pro incorporation into
peptides by GrsB1, we measured diketopiperazines (DKPs)
that GrsB1 forms together with GrsAy,, in vitro (Figure 2a).
Measuring DKP formation provides an easy readout taking
into account all relevant reactions catalysed by NRPS
modules (adenylation, thiolation, condensation). The A-
domain of native module GrsBlp,, showed minor DKP
formation with Piz as substrate in addition to its main
activity for Pro (Figure 2b). To guide our design efforts, we
solved the structure of the apo-A.,.-domain of GrsB1 at a
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Figure 2. A. Diketopiperazine (DKP) formation with NRPS modules
GrsA and GrsB1. When Pro and Piz are supplied in equimolar
concentration as substrates for GrsB1, PhePro-DKP or PhePiz-DKP are
formed. The ratio of the respective signals measured by UPLC-MS/MS
is used to compare Piz specificities of GrsB1 mutants. B. Directed
evolution of Piz specificity. In vitro formation of PhePro- and PhePiz-
DKP are compared for GrsB1 mutants. Peak areas for individual
compounds measured by UPLC-MS/MS are shown as fraction of total
peptide (left axis). Measured peak areas of product are combined for
each protein to determine the total amount of peptide formed (right
axis). Values represent the mean of biological duplicates. C. Structure
of GrsB1 substrate binding pocket of GrsB1 solved to 2.6 A resolution.
To place the substrate in the active site, the structure of GrsB1 was first
aligned with the reported structure of PheA*! (PDB 1AMU) and
visualized in Pymol. Next, the Phe ligand in TAMU was replaced with
Piz by aligning the a-amino and carboxyl groups. Residues mutated in
GrsB1-MWG (yellow, new identity in cyan) and the conserved Asp659
interacting with the a-amino group of Piz (grey) are shown as sticks.
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resolution of 2.6 A (Figure 2c, Figure S1). Attempts to
crystallize GrsB1 bound to either Piz or Pro were unsuccess-
ful. We identified residues involved in substrate specificity
of Piz-A-domains*! using NRPSpredictor2®! and com-
pared these residues to the Pro-A-domain of GrsB1 (Fig-
ure 1b). Based on the differences in the active site, we
created six mutants of GrsBl to make Piz the preferred
substrate. These proteins were Ni-affinity-purified from
400 mL of culture and tested in vitro for DKP production in
the presence of equimolar Pro and Piz (10 mM). The
product ratio was determined by UPLC-MS/MS and
mutants conferring increased specificity for Piz were then
also tested in combination (Figure S2). From these experi-
ments inspired by natural Piz-A-domains, we thus obtained
combination mutant GrsB1-AYA harboring three mutations
(H755A, V763Y, V764A). While GrsB1-AYA showed 80-
fold higher Piz specificity compared to GrsB1, Pro remained
the preferred substrate (Figure 2b and Figure S2) confirming
once more that copying specificity codes alone is not
sufficient to engineer A-domains.

To further improve Piz specificity, we considered posi-
tions within 5 A of the substrate binding site that interact
with the residues mutated in GrsB1-AYA (referred to as
“second shell” residues). These positions revealed several
less conserved differences between A-domains. To account
for this ambiguity, we designed mutant libraries using
partially degenerate codons covering all side-chain identities
observed in the second shell of the Piz-A-domains (Fig-
ure S3). To screen these libraries, we performed the DKP
assay with cell lysate of E. coli cultures grown in 96 well
plates. Amino acids, ATP, and Ni-affinity-purified GrsA
were supplied to lysate containing GrsB1 mutants. By
UPLC-MS/MS, peptides from hundreds of variants could be
quantified in parallel. By screening 264 mutants, we
identified GrsB1-SQSF, harboring four mutations relative to
GrsB1-AYA (T730S, P758Q, T761S, H762F) and showing
perfect specificity for Piz. However, the overall production
of DKP was reduced (Figure 2b, Figure S4).

To improve the yield of Piz-derived peptide, we
performed saturation mutagenesis with NNK codons™®! on
13 residues neighboring previously mutated positions and
combined the hits in another round of screening. Screening
in lysate for DKP identified variant GrsB1-MWG carrying
five additional mutations (L634V, V660M, Q663W, F703M,
A731G; Figure S5, Figure S6). GrsB1-MWG not only had
perfect Piz specificity like GrsB1-SQSF, but also DKP
formation activity comparable to GrsBl with Pro (Fig-
ure 2b). While GrsB1 incorporated 0.5 % Piz with equimolar
Piz and Pro offered as substrates, GrsB1-MWG had no
detectable Pro activity demonstrating excellent molecular
recognition by the engineered enzyme. To better understand
the importance of the mutations, we attempted to crystallize
both apo- and substrate-bound forms of the GrsB1-MWG
mutant using amino acids and AMS inhibitors*! but were
unsuccessful. Mapping the mutations on the structure of
GrsB1 revealed residues controlling Piz substrate specificity
to be distributed throughout the binding pocket, suggesting
extensive remodeling of the active site (Figure 2c). Homol-
ogy modelling of GrsB1-MWG based on the GrsB1 crystal
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structure and docking of Piz identified the potential role of
mutation V763Y to hydrogen-bond with the distal nitrogen
atom of Piz, aiding substrate orientation (Figure S7b). In
addition, mutation P758Q may increase flexibility of the
neighboring B13p14 loop, the conformation of which is
important for p-amino acid recognition.***!

We determined the thermal stability of representative
variants by thermal shift assays (Figure S8). GrsB1-SQSF
was the least thermally stable enzyme with a melting point
(T,) of 40.7°C, lowered from 46.4°C for GrsB1, perhaps
explaining its lower activity. The additional mutations in
GrsB1I-MWG mostly recovered protein stability (7=
43.8°C). These findings correlate with the observed protein
yield after Ni-affinity purification. Yields for GrsB1 and
GrsB1-MWG were comparable (volumetric yield: 51-62 mg/
L) whereas GrsB1-SQSF showed lower production of
soluble enzyme (38 mg/L, Figure S9).

To compare the affinity of GrsB1 and GrsB1-MWG for
their ligands, we titrated the proteins with stable adenosyl
monosulfamate (AMS) analogues!® of the activated adeny-
lates Pro-AMP and Piz-AMP and measured T,, values. The
change in T}, was plotted against the ligand concentration to
determine dissociation constants (Kp’s, Figures S10-12).
Since Piz-AMS synthesis proved difficult, nipecotic acid-
AMS (Nip-AMS, Figure S12) was used instead. Piz and the
B-amino acid Nip both have a six-membered ring as a side-
chain, but in Nip, the nitrogen atom in the a-position of Piz
is replaced with a carbon atom. The K for Nip-AMS
increased slightly from GrsBl (14 uM) to GrsB1-MWG
(52 uM), while the K, for Pro-AMS increased dramatically
by 2000-fold (0.7 uM and 1.5 mM, respectively). Hence, a
switch from 20-fold Pro-AMS to 29-fold Nip-AMS prefer-
ence has been achieved by evolving for Piz preference. The
connection between Piz and Nip specificity probably
indicates that the f-amino group of Nip and the correspond-
ing nitrogen atom in Piz play an analogous and important
role in molecular recognition.

In addition, we measured adenylation kinetics for Pro
and Piz with the GrsB1 variants obtained during directed
evolution. Adenylation kinetics were recorded using the
MesG assay that enzymatically couples the rate of pyrophos-
phate (PP;) release during adenylation to the production
rate of a photometrically detectable nucleoside analogue
(Table 1 and Figure S13).*! Addition of hydroxylamine
prevents accumulation of the inhibitory amino acyl-
adenylates.”*" As expected, GrsB1 and GrsB1I-MWG had
the highest catalytic efficiency (k. /Ky) for the native
substrate Pro (17.4 min 'mM ™) and the target substrate Piz
(12min'mM™), respectively. Interestingly, all mutants
maintained similar or even higher turnover rates (k) for
Piz between 2.8 and 5.0 min' that are all well in the range
of typical peptide formation rates of NRPSs.”'*? However,
the Michaelis-constant (Ky;) dramatically increased for Pro
from 0.14 mM (GrsB1) to 10 mM (GrsB1-AYA) after the
first round of directed evolution, and then became undetect-
able in subsequent rounds. In contrast, the Ky for Piz
dropped from 9.2 mM in GrsB1 to 2.4 mM in GrsB1-MWG.
Altogether, directed evolution has drastically affected mo-
lecular recognition of the structurally similar substrates Pro
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Table 1: Adenylation kinetics of representative GrsB1 mutants.”!

Km kKeat keat/Km
(mM) (min-) (mM-* min-)

GrsB1- L-Pro 0.14+0.03 24+03 17.4
WT

L-Piz 9.2+0.9 41+0.2 0.4
GrsB1- L-Pro 102 18+02 0.2
AYA

L-Piz 17+4 50+0.9 0.3
GrsB1- L-Pro nd# nd. nd.
SQSF

L-Piz 44+06 29+0.2 0.7
GrsB1- L-Pro nd. n.d. n.d.
MWG

L-Piz 24+03 28+0.1 1.2

[a] Adenylation kinetics were determined using the MesG/hydroxyl-
amine assay. Initial velocities were plotted against substrate concen-
trations according to the Michaelis—Menten model to obtain values
for Ky and ke, (Figure S13). Each enzyme was measured as biological
duplicate. The errors indicate the error of fit. n.d.: not detectable.

and Piz while maintaining biosynthetically useful catalytic
rates.

After successfully switching the specificity of GrsB1, we
used the engineered NRPS module to produce F“GS in
E. coli. For this purpose, the grsBl gene in grsB was
replaced with the engineered grsBI-MWG in plasmid
pSU18-grsTAB carrying the entire GS biosynthetic gene
cluster.’® The gene cluster was then expressed heterolo-
gously in E.coli following a previously established
protocol® while supplementing Piz to the media. Surpris-
ingly, the evolutionary intermediate GrsB1-SQSF-VM
showed the highest production yield for *“GS under in vivo
conditions, not the mutant GrsB1-MWG. In a brief
optimization of production conditions (Figure S14),
found that media composition, Piz concentration, shaking
speed, and the ratio of culture to flask volume strongly
influence the production rate. Using 50 mL LB media in 2 L
culture flasks shaking at 400 rpm, we obtained 15 mg/L of
PGS in extracts of the cell pellet while no production of
native GS was detectable. Concentrations were estimated by
quantification of UPLC-MS/MS signals using a GS standard
assuming that GS and "GS ionize with similar efficiency.
P“GS was identified by detecting a specific mass transition
586 >85 in MRM mode ([M+2H]** for "“GS parent ion to
iminium ion of Piz side chain after decarboxylation as
daughter ion, Figure3a) as well as measuring HRMS
(calculated: m/z=586.3712 [M+2H]J*" for CgHyN4,040%",
measured: m/z =586.3713 [M +2HJ*", Figure 3c). Compared
to native GS, PGS production reached a level of 20 %
(Figure 3b). When no exogenous Piz is added to the
production culture, neither P“GS nor native GS are
produced, highlighting again the high selectivity for Piz over
Pro in the evolved GrsBl. Cell extracts containing "“GS
were able to lyse liposomes containing a self-quenching
fluorescence dye following a previously established protocol
for measuring membrane activity of GS.**! Extracts contain-
ing PizGS permeabilized liposomes faster than extracts
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Figure 3. A. Total ion chromatograms for full MS scan, "“GS specific
MRM (586 > 85) and native GS specific MRM (571 > 70) for crude
extracts of cell pellets from native GS and "*GS producing E. coli
cultures. Traces are normalized to the highest peak for each measure-
ment (TIC, 586 >85 and 571 >70). B. Comparison of product yield in
pellet extracts for cultures producing native GS (E. coli HM0079::
grsTAB) or "*GS (E. coli HM0079::grsTABy;,) grown under optimized
conditions (TB medium, 6 mM ornithine, 30°C, 5 days or LB medium,
6 mM ornithine, 15 mM Piz, 30°C, 5 days, respectively). A GS standard
of known concentration was used to calculate concentrations. "*GS
concentration was estimated assuming that GS and "*GS ionize
comparably well. Error bars indicate standard deviation from three
biological replicates. C. HRMS spectra for purified "*GS (calculated: m/
z=586.3712 [M+2H]*", measured: m/z=586.3713 [M +2HJ’",
A=0.2 ppm).

containing the same concentration of native GS (Figure S15)
indicating that the Piz-substitution enhances membrane
activity.

Directed evolution is a powerful tool to engineer tailor-
made enzyme catalysts."*>° Here, we have applied a
directed evolution strategy on an A-domain of the GS
biosynthetic assembly line to incorporate the non-proteino-
genic amino acid Piz. Inspired by natural specificity-codes
we performed rational mutagenesis and further refined the
resulting variants using random mutagenesis. Thus, we
achieved a complete switch in substrate specificity after
screening only 1200 mutants in total. Interestingly, GrsB1-
SQSF, the first mutant showing a complete switch in
substrate specificity (Figure 2b), carries mutations in posi-
tions previously shown to induce selectivity for B-amino
acids or o-hydroxy acids (GrsB1-SQSF: P758Q, T761S,
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H762F; TycAgpy,.: T761C, 1762L; TycAp o: P758L; number-
ing of TycAgm. and TycAp , respective to GrsB1).F!l
Considering that the main difference between Pro and Piz is
the additional nitrogen in a “B-like” position of Piz, it is
perhaps not surprising that positions controlling f/a specific-
ity could also impact Piz/Pro specificity. Moreover, replacing
Pro’s amino group with a hydrazine in Piz might have been
expected to affect the condensation as strongly as the
adenylation reaction. Since the “a-like” nitrogen of Piz used
for peptide bond formation is only weakly nucleophilic,*"**!
it was speculated that C-domains might have to co-evolve
with A-domains to achieve Piz incorporation into
peptides.*” However, efficient Piz incorporation into GS
suggests that the unchanged C-domain does not discriminate
against Piz. Therefore, replacing Pro with Piz may be
feasible in other NRPs. Piz incorporation may enable further
modification of natural products if the N—N bond in Piz can
be chemically cleaved, which would convert Piz into Orn.

Previous NRPS engineering attempts have failed to
achieve consistent results based on A-domain specificity
codes alone.? While transplanting the specificity code did
not yield a satisfactory result here, when combined with
random mutagenesis, we were able to selectively switch
substrate specificity. The resulting specificity-determining
code (DMWSIGAYAK) is close but not identical to the
consensus of natural codes identified by Wei et al.,” for
Piz-A-domains (DVFSVAxYAK). The second and third
position are highly conserved in natural specificity codes
(Val and Phe) but different here (Met and Trp). These
differences are likely due to context dependence of the
specificity code and highlight the need for unbiased mutant
screening for successful directed evolution of A-domains.

Yeast-surface display has been previously used to solve
an A-domain engineering task of similar difficulty, the
conversion of a Phe-A-domain into a PPhe-A-domain.[”
However, these efforts require a specialized high throughput
assay that is somewhat limited in scope and time-consuming
to implement. In this study, we have directly measured
peptide formation to prevent optimizing partial reactions at
the expense of the overall functionality.” Screening assays
capable of analyzing mutants in 96-well plate format under
native conditions, such as the UPLC-MS/MS assay used
here, could be implemented for many other NRPSs.

The rise in antibiotic resistant bacteria makes the
discovery of new or modified compounds a primary concern.
Our highly efficient and broadly applicable screen can help
in this regard by enabling faster and easier engineering
strategies for NRPSs, an important source for bioactive
peptides.
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