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Abstract

Nanocontainers or macromolecular scaffolds for artificial biocatalytic cascades facilitate
sequential enzyme reactions but diffusive escape of intermediates limits rate
enhancement. Nonribosomal peptide synthetases (NRPS) naturally form gigantic
assembly lines and prevent escape by covalently tethering intermediates. Here, we have
built DNA-templated NRPS (DT-NRPS) by adding zinc finger tags to split NRPS modules.
The zinc fingers direct the NRPS modules to 9-bp binding sites on a DNA strand, where
they form a catalytically active enzyme cascade. DT-NRPS outperform previously reported
DNA templated enzyme cascades in terms of DNA acceleration which demonstrates that
covalent intermediate channeling is possible along the DNA template. Attachment of
assembly line enzymes to a DNA scaffold is a promising catalytic strategy for the
sequence-controlled biosynthesis of nonribosomal peptides and other polymers.

Introduction

Enzymes work in complex metabolic networks that are often spatially subdivided into
cascades of successively acting catalysts. In natural or engineered nanoreactors, confined
space enhances the concentration of intermediates boosting catalytic performance.*™
Similarly, fusion proteins and co-immobilization of enzyme cascades on DNA, protein or
polymer scaffolds have been explored as means to streamline biocatalytic reaction
sequences.”™! However, confinement of intermediates rather than co-localization of
active sites leads to rate enhancement when intermediates escape diffusively.l%12
Therefore, assembly line synthetases for natural products, such as nonribosomal peptide
synthetases (NRPS) and polyketide synthases (PKS), harness covalent tethers for more

efficient channeling.’®

To orchestrate long reaction sequences, chemists have developed DNA-templated

14-16 |n addition to the rate enhancement caused by reactant

chemical synthesis.
proximity, codes written into DNA can control the order in which monomers are

connected. For instance, ssDNA templates have been used to build peptide libraries by
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successively recruiting and connecting ssDNA-tagged monomeric building blocks through
complementary annealing. While DNA templated chemical synthesis can utilize a large
repertoire of building blocks, (bio)catalytic activation and condensation of unprotected

monomers remain elusive.

Here, we engineer DNA templated NRPS (DT-NRPS) to achieve biocatalytic DNA-
templated peptide assembly from unprotected building blocks. In natural NRPSs, one
amino acid per module is selected in the binding pocket of an adenylation (A) domain,
activated and tethered to a thiolation (T) domain. Condensation (C) domains catalyze
peptide bond formation between neighboring C-A-T modules, which is a typical domain
architecture for one-residue elongation (Figure 1). In addition to the large repertoire of A
domains with ca. 500 different substrates reported,’"*° tailoring domains such as
epimerization (E) domains and alternative product release mechanisms by thioesterase
(TE) domains generate astounding structural complexity.2%?!
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Figure 1. Nonribosomal peptide synthesis. Proteins GrsA and GrsB forming the gramicidin S
synthetase interact via a pair of communication mediating domains (COM; grey crescent and circle)
and synthesize peptides of different lengths. A, T, C, E, and TE domains (white circles) are grouped
into modules (grey ovals) with corresponding substrates, in short symbols, shown in bold-faced

single-letter-code.

Results

Inspired by previous enzyme cascades on DNA scaffolds,® we have built DT-NRPS in three
steps (Figure 2). Zinc fingers (ZF) recognizing 9-bp DNA motifs are fused to free standing
NRPS modules to confer DNA affinity. The engineering concept relies on a combination of
tight, specific DNA binding and weak, unspecific intermodular interactions. We first added
ZF tags to NRPS modules, second, engineered low-affinity docking domains for unspecific
intermodular communication and third, optimized the intermodular spacer length within
the template DNA. Modules for DT-NRPS were recruited by splitting the gramicidin S

synthetase (Figure 1). Gramicidin S is a well-investigated cyclic decapeptide antibiotic with
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the sequence cyclo-(fPVOL),.222* Mono-modular GrsA (f) and tetramodular GrsB (PVOL)
concatenate two molecules of pentapeptide fPVOL into gramicidin S. Here, in addition to
the standard abbreviation of amino acids, letters in small case designate bD-amino acids,
“O” ornithine, and “O*” cyclized ornithine. Interruption of the gramicidin S assembly
process leads to shunt products, for instance cyclo-(fP)?* and fPVO* (Figure 1).%

RUACUCT
@ﬂ@d@& -

Zinc finger
OBy @
c Oy
- -~ template

g
distance (bp)

Figure 2. DNA templated NRPS (DT-NRPS) are established in three steps. (A) Zinc finger domains
are fused to NRPS modules. (B) Interaction of docking domains (Dc and Dn) is tuned. (C) The DNA
spacer between binding sites is optimized. The ZF binding sites (blue italic) are directional (blue

arrow), with arrow heads pointing from C- to N-terminus of the ZF domain.

To connect all four modules of GrsB to DNA, they were split apart and equipped with ZF
domains. The initiation module GrsA interacts with GrsB via a non-covalent COM domain
contact which we kept unmodified. Instead of GrsB1, we used TycB1p,?’ as a second
module — a functionally identical, better expressed homologue from tyrocidine synthesis.
As ZF tags, we used Pbsll (P) and Zif268 (Z) domains previously employed by Conrado et
al. in enzyme cascades converting freely diffusing substrates, where up to 5-fold DNA
enhancement was observed.®®73% Additionally, we employed the nuclear receptor
element (N)*! and ZFB (B) engineered for the target site GGG-GCT-GCG with a design
tool.3? With these ZF, we tagged NRPS modules TycB1-N, GrsB2-P, GrsB3-Z, Z-GrsB3 and
B-GrsB4, where “N”, “P”, “Z”, and “B” designate ZF identity and position. For these
proteins, DNA affinities were measured via fluorescence polarization assays employing
fluorescein-dT labeled DNA templates (Table S4). The ZF domains convey specific binding
of DNA recognition sequences to the NRPS modules with nanomolar dissociation
constants (Figure 3).23 Since the ZF used here require three Zn?* ions each for DNA binding
and NRPS require Mg?* for catalysis, we tested the effect of Zn** and Mg?* on cyclo-(fP)
formation of GrsA/TycB1 (Figure S1). A good compromise was found at 0.1 mM Mg?* and
10 uM Zn?, where Zn?* has no inhibitory effect but will be able to saturate several ZF

proteins added at micromolar concentration.

The first design target was a trimodular DT-NRPS with one DNA-independent and one
DNA-dependent module connection that would produce the non-natural peptide fPO*.

This peptide can be released from the synthetase via ornithine side-chain cyclisation
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(Figure 4a).%® GrsA and TycB1-P are connected via a native, non-covalent COM domain
interaction. Between the DNA bound modules TycB1-P and GrsB3-Z, tuned intermodular
affinities must ensure productive interaction while minimizing undesired DNA-
independent activity. Artificial splitting of NRPS proteins into modules and reconnection
with docking domains has yielded good amounts of protein and high peptide yields upon
heterologous co-expression before.3* Therefore, we retrieved C-terminal (Dc) and N-
terminal (Dn) docking domains mediating module interactions in xenortide biosynthesis
from InxAB (InxA-Dc/Dn-InxB).3>3® These docking domains are fully portable to the
gramicidin S NRPS modules. In a disconnected, trimodular system for fPO* formation
(GrsA, TycB1, GrsB3) a Dc/Dn domain pair added to connect the second and third module
increases activity more than 70-fold compared to modules without docking domains

(Figure S2).
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Figure 3. Affinity of ZF to DNA. Fluorescence polarization data were fitted to a bimolecular binding
model to determine the dissociation constants (Ks) between modules and ZF binding sites. (A)
TycB1-N (140 £ 10 nM). (B) GrsB2-P (170 + 10 nM), (C) GrsB3-Z (31 + 4 nM) and Z-GrsB3 (12 + 2
nM), (D) B-GrsB4 (350 + 50 nM). A yellow shade indicates an N-terminal ZF. All modules were tested
with their cognate ZF binding site, but module GrsB3-Z (bottom left) was also tested with
noncognate binding sites n and p.

For tuning the docking domain (Dc-Dn) interaction to DT-NRPS requirements,
modification of the C-terminal residues of the Dc domain seemed promising based on
mutational and biophysical data.® We prepared a series of truncated versions of Dc and
tested activity in the presence and absence of DNA. The truncated docking domains were
integrated between NRPS module and ZF (Tables S1 and S3). TycB1-P carrying a two-
residue docking domain truncation (DcA2) showed a good compromise between DNA
enhancement and overall activity (Figure S3). Hence, the DcA2 truncation was used in all

ZF tagged modules. Measurements with an isothermal titration calorimeter (ITC) detect
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weak interaction between Dn-tagged GrsB3 and the C-terminal octapeptide of Dc (Figure
S4). Additional C-terminal residues also present when a ZF follows the Dc domain weaken
binding, suggesting beneficial electrostatic effects of a free C-terminus. No interaction is
detectable by ITC after two-residue truncation, confirming the desired lowering of binding
affinity.

The rigid double-stranded DNA template with predictable molecular dimensions served
as a ruler to probe the structural requirements of the floppy NRPS modules attached to
it. In crystal structures of the linear gramicidin synthetase A, module dimensions of 85-
216 A have been measured in highly variable conformations.?” To optimize intermodular
spacing, we tested a range of spacers between the ZF recognition sites that would hold
the NRPS modules at approximately these distances. Strikingly, with the trimodular
system for fPO* formation, we observed a periodic pattern with activity maxima at 10, 20
and 32 bp distance (Figure 4a). We interpret the sinusoidal activity pattern as an effect of
the DNA helical angle because it has a wavelength of 10.1+0.3 bp similar to the length of
a turn in B-DNA (10.5 bp). The NRPS modules are either on the same (maxima) or on
opposite sides of the helix (minima). The maximum at 32 bp (2 109 A) is a positive outlier
which might imply a higher fragility of the architecture at this length, arguing in favor of
20 bp (2 68 A; scenario 1) as a default spacer. A spacer of 20 bp yielded plausible
geometries in a homology model (Figure 4b) and was also expected to prevent module
skipping since twice this length would be too long for productive interaction (Figure 4a,
scenario lll). In agreement with a generally high flexibility of the DT-NRPS, inverting the
direction of the ZF binding sites in the DNA template sequence only reduces the fPO* yield
by 40 + 2 % (Figure S5).

Then, we tested with construct Z-GrsB3 whether a ZF domain could also be fused to the
N-terminus. With a pair of modules connected head-to-tail at C- and N-terminus, the
distance optimum for the DNA ‘staple’ reinforcing the docking domain was observed at
10 bp (Figure 4c). More fPO* product is obtained with this architecture compared to the
head-to-head construct (Figure 4a) and DNA accelerates the reaction by a factor of up to
90 + 30 but application seems limited to terminal modules. Internal modules would have

to be ZF-tagged on both ends, leading to additional complications.

We validated the optimized spacer length with two adjacent spacers by testing modules
TycB1-N, GrsB2-P, and GrsB3-Z on templates with 9, 20, and 32-bp spacing (Figure 5a). To
compare with the natively fused, first three modules of GrsB (GrsB123), TycB1-N which
causes non-templated cyclo-(fP) formation was supplied at limiting concentration.
Comparison with the cyclo-(fP) concentration corrects for the imperfect purity of the
covalently linked control protein GrsB123 with a size of 358 kDa (Figure S6). Addition of a
20-bp spacer template enhances the [fPO*]/[fP] ratio by a factor of 40 * 10. Hence, the
DT-NRPS reaches one third of the productivity of natively fused GrsB123 and higher DNA
enhancement than previously reported artificial enzyme cascades relying on freely

diffusing intermediates.® A 20-bp spacing reduces formation of byproduct fPO* compared
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to 9 bp and is almost twice as efficient as 32 bp, confirming that 20-bp spacing is

preferable.
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Figure 4. Adjustment of the DNA spacer in a trimodular NRPS. (A) One free and two DNA-bound
modules synthesize tripeptide fPO* and the spacer between modules two and three is optimized.
The spacer length includes the 9 bp ZF binding site and a random sequence of variable length (Table
S4). Blue dashed line: no DNA. Reaction conditions: 0.4 uM GrsA, 0.1 uM TycB1-P, 0.5 uM GrsB3-
Z, and 0.4 uM DNA template. At least three data points were collected per distance with two
batches of protein. Data points up to 34 bp (closed circles) were nonlinearly fit in R to a sine wave
with a wavelength of 10.1+0.3 bp. Three scenarios for the positioning of DT-NRPS modules along
the DNA helix: (1) favourable helical angle, (II) unfavourable helical angle, and (lll) favourable helical
angle but unfavourable spacer length. (B) A two-modular DT-NRPS was homology modelled (see
Supplementary Methods) on an NMR structure of the docking domain complex (Dc: green; Dn:
yellow)3® and crystal structures of an NRPS module (grey)3” and a ZF (protein in blue, Zn atoms in
pink, DNA in grey).3® (C) In the third module (yellow shade), the ZF is moved to the N-terminus and
the DNA spacer is optimized between the C- and N-terminal ZF. Reaction conditions: 0.4 uM GrsA,
0.1 uM TycB1-P, 0.5 uM Z-GrsB3, and 0.4 uM DNA template with replicates from two batches of

protein.
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Figure 5. Multimodular templating. (A) Optimization of spacers between three DNA-bound
modules and comparison to natively-fused, trimodular GrsB123. Production of the desired product
fPVO* and the module-skipped product fPO* was quantified with biological duplicates in
comparison with chemically synthesized standards (Table S7). Reaction conditions: 0.4 UM GrsA,
0.25 uM GrsB123, no DNA (GrsB123); 0.4 uM GrsA, 0.1 uM TycB1-N, 1 uM GrsB2-P, 1 uM GrsB3-Z,
with or without 0.5 uM DNA template (other columns). (B) Effect of full (npzb) or partial (npz)
template on tetra- and pentapeptide formation measured with biological duplicates. Reaction
conditions: 1 uM of GrsA, TycB1-N, GrsB2-P, GrsB3-Z, and B-GrsB4 with 0.25 uM DNA template.

Addition of module B-GrsB4 completed the gramicidin S synthetase (Figure 5b). The
expected fPVOL peptide was formed with the appropriate DNA template at a
concentration of 0.7 £ 0.1 uM. However, fPVO* was formed more efficiently (1.4 + 0.1
KUM) and removing the ZF binding site for the last module from the DNA template only
reduced fPVOL formation by a factor of 2.6 + 0.4. Imperfect elongation in the last step
might be due to relatively low DNA affinity of the B-GrsB4 construct (Figure 3). These
results indicate potential for optimization of DT-NRPS through recruitment of ZF or other
DNA binding domains with higher affinity.

To confirm the supramolecular structure, we measured apparent sizes of module-DNA
complexes by analytical size exclusion chromatography (SEC; Figure 6). Successive
addition of GrsB3-Z, GrsB2-P, and TycB1-N revealed accelerated elution, suggesting that

multimodular assembly occurs mostly as intended.
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Figure 6. Investigation of the supramolecular assembly. Analytical size exclusion chromatography
was performed at 2.5 uM of each protein and 2 uM template DNA. Molecular weight (MW)
standards: 669 kDa thyroglobin, 440 kDa ferritin, 158 kDa aldolase, and 75 kDa conalbumin.

Discussion

With the DNA-directed assembly of a pentamodular DT-NRPS, we are spearheading a
novel catalytic concept for DNA-templated peptide synthesis relying on biocatalysts and
unprotected amino acid building blocks. High DNA-enhancement factors demonstrate the
advantage of covalent intermediate capture in biocatalytic cascade reactions. NRPS
modules are mechanistically far more complex than single-domain enzymes previously
assembled on DNA, for instance horseradish peroxidase and glucose oxidase, and
intermediate tethering comes with the additional challenge to hand over the
intermediate to the next module in the right orientation. Nonetheless, NRPS are not only
active on DNA but also show a remarkable tolerance for different structural arrangements
(Figures 4 and 5). The oscillating activity upon spacer elongation shows a strong influence
of the helical angle between the NRPS modules up to a distance cut-off, where they can
no longer assume the compact conformation required for peptide formation.?” The
generally high tolerance of the DT-NRPS for different spatial arrangements is consistent
with the vast conformational flexibility of NRPS modules observed in crystallography. This
flexibility augurs well for the integration of non-canonical modules performing
formylation, methylation, cyclization, or oxidation, without re-optimization of linkers,

spacers, and docking domains.

DT-NRPS open up new perspectives for combinatorial NRPS engineering which receives
broad attention since nonribosomal peptides such as actinomycin D, vancomycin, or

cyclosporin A are clinically used drugs.2>?3%%0 When megaenzymes are spliced or
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shuffled, every design requires time-consuming manipulation of large gene clusters,
limiting combinatorial freedom. In contrast, DT-NRPS form the desired module sequence
in situ directed by the DNA template. Instead of ~3 kb per module gene, DT-NRPS only
require 20 bp “codons” containing a 9 bp ZF binding site and a spacer possibly useful for
binding site recombination. The successful combination of modules TycB1 and GrsB3 gives
a first indication that DNA can enforce non-native module interactions. Not all module
interactions must rely on DNA. Here, we have left the GrsA/TycB1 interaction in the native
state to generate a non-templated control peptide. Especially in the re-design of complex,

non-linear architectures, parts of the enzyme can also remain non-templated.

DT-NRPS showcases a catalytic concept with implications beyond peptide synthesis. Next
to NRPS, polyketide synthases are in nature’s repertoire of intermediate-tethering
assembly line enzymes, which may be suited to join DNA-assembled machineries, too. In
the future, enzyme design and engineering can integrate various modules into DNA
templated cascades to achieve programmable, biocatalytic synthesis of multifarious
polymers.
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