An engineered nonribosomal peptide synthetase shows opposite
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ABSTRACT: Engineering of nonribosomal peptide synthetases (NRPS) has faced numerous obstacles despite being an attrac-
tive path towards novel bioactive molecules. Specificity filters in the nonribosomal peptide assembly line determine engi-
neering success, but the relative contribution of adenylation (A-) and condensation (C-)domains is under debate. In the engi-
neered, bimodular NRPS sdV-GrsA/GrsB1, the first module is a subdomain-swapped chimera showing substrate promiscuity.
On sdV-GrsA and evolved mutants, we have employed kinetic modelling to investigate product specificity under substrate
competition. Our model contains one step, in which the A-domain acylates the thiolation (T-)domain, and one condensation
step deacylating the T-domain. The simplified model agrees well with experimentally determined acylation preferences and
shows that the condensation specificity is mismatched with the engineered acylation specificity. Our model predicts changing
product specificity in the course of the reaction due to dynamic T-domain loading, and that A-domain overrules C-domain
specificity when T-domain loading reaches a steady-state. Thus, we have established a tool for investigating poorly accessible
C-domain specificity through nonlinear kinetic modeling and gained critical insights how the interplay of A- and C-domains

determines the product specificity of NRPSs.

Introduction

Compared to the revolutionary advances in the develop-
ment of antibiotics during the second half of the 20t cen-
tury, progress in the field has largely stalled for more than
50 years as the infections caused by multidrug resistant
bacterial strains increased worldwide.! Nonribosomal pep-
tides (NRPs) have long attracted attention due to their im-
pressive structural diversity and antibiotic activities.2 Non-
ribosomal peptide synthetases (NRPSs) are divided into
modules and operate in a linear assembly line fashion,
where each module activates, edits and incorporates a sin-
gle amino acid into the growing peptide chain which is shut-
tled along the assembly line.3 In the minimal module needed
for elongation, substrate is ATP-activated by the adenyla-
tion (A-)domain, tethered to the 5’phosphopantetheine
(PPant) arm of the thiolation (T-)domain and condensed by
the condensation (C-)domain to the amino acyl or peptidyl
intermediate coming from the upstream module. The pep-
tide bond is made in the cleft between the two lobes of the
V-shaped C-domain forming two substrate binding sites.
From upstream, an acyl-PPant-substrate binds to the C-do-
main donor site and from the downstream module, the ami-
noacyl-PPant occupies the acceptor site.* Then, the acyl do-
nor is transferred to the acceptor amino group (Figure 1a).

After several elongation steps, terminal thioesterase
(TE-)domains release the product. Additional domains fre-
quently tailor products through epimerization, methylation,
side-chain cyclization, and other reactions.

Modular structure and straightforward biosynthetic logic
of NRPSs have long inspired engineering attempts aiming at
better antibiotics, for instance.> NRPS engineering would of-
fer attractive biosynthetic routes towards tailor-made pep-
tides which can be difficult or expensive to produce using
standard synthetic or semisynthetic methods. The A-do-
main acts as a first specificity filter by selecting and activat-
ing the substrate before incorporation into peptide by the
C-domain.t As a consequence, several strategies have been
tested to edit the specificity of the A-domain.”-1! Alterna-
tively, domains and modules have been substituted and re-
shuffled.’?-1> One key emerging issue is the substrate toler-
ance of follow-up domains after changing the peptide se-
quence.1®
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Figure 1. a) Acylation of the T-domain of GrsA (pink) and
GrsB1 (grey) with L-Phe and L-Pro, respectively (step 1). L-Phe
is racemized at the E-domain of GrsA. Condensation of T-do-
main loaded D-Phe and L-Pro occurs in the C-domain of GrsB1
(step 2). Spontaneous cyclization at the T-domain of GrsB1 re-
leases D-Phe-L-Pro diketopiperazine (DKP, step 3). b) Subdo-
main swapped sdV-GrsA activates two alternative substrates,
L-Val and L-Phe, which are incorporated into DKPs.

Itis widely suspected that a second specificity filter at the
C-domain is one culprit for non-effective NRPS engineer-
ing.17-19 It was also postulated that the C-domain acceptor
site shows more stringent proofreading than the donor
site.20-2¢ Although the side chain specificity of the C-domain
with two enzyme-bound thioesters as substrates is chal-
lenging to measure, at least the stereospecificity is well es-
tablished.2023-25 An extreme example of C-domain specific-
ity has been described in glycopeptide antibiotics where the
C-domain controls the incorporation of trans-modified sub-
strate, despite promiscuous A-domain selection.?¢ Consid-
ering C-domain specificity adds an additional layer of com-
plexity to NRPS engineering which prompted researchers to
preferentially exchange C-A didomains. A novel recombina-
tion strategy generating chimeric C-domains has alleviated
constraints from A- and C-domain incompatibility when
natural NRPS modules were shuffled.2” However, a specific-
ity code in the C-domain that would be analogous to the
powerful A-domain specificity code describing the sub-
strate binding pocket?82° remains elusive. Additionally, it

seems that not all C-domains perform stringent proofread-
ing but, in some cases, tolerate alternative substrates
well.39-33 The recently solved crystal structure of a C-do-
main in complex with the T-domain bound at the acceptor
site reveals that a binding pocket which would accommo-
date the amino acid side-chain is absent.3* This is in agree-
ment with the outcomes of pyoverdine cluster engineering,
which yielded functional chimeras after nonsynonymous A-
domain substitutions.3? Therefore, the importance of C-do-
main specificity for NRPS engineering is a crucial issue and
still under debate.

If C-domains are substrate specific, engineering A-do-
mains alone will result in mismatches and activity losses. By
“subdomain-swapping”,1935 Kries et al. have generated chi-
meric initiation module sdV-GrsAare (subscript: domain ar-
chitecture; Figure 1b).8 By minimizing the size of the genetic
exchange unit, subdomain swapping constitutes an eco-
nomic strategy for NRPS specificity transfer. The precursor
GrsA, an L-Phe activating initiation module from pentamod-
ular gramicidin S synthetase interacts with the excised sec-
ond module GrsB1car to generate D-Phe-L-Pro diketopiper-
azine (DKP; Figure 1a). The substrate binding A-domain
fragment (“subdomain”) from L-Val activating GrsB2 was
grafted onto GrsA. The resulting chimera, sdV-GrsA, shows
designed L-Val-preference but also accepts L-Phe, and syn-
thesizes Val-Pro and Phe-Pro DKPs with GrsB1 (Figure 1b).
Before condensation, sdV-GrsA racemizes loaded amino ac-
ids in an epimerization (E-)domain.?> The natural substrate
of the donor site of the GrsB1 C-domain is D-Phe, which is
condensed with L-Pro. Multispecific sdV-GrsA additionally
offers D-Val for condensation, a noncognate substrate of
GrsB1. Dipeptides generated on the T-domain of GrsB1 are
released and measured as D-Phe-L-Pro DKP (DF-DKP; indi-
cating chirality and identity of the first amino acid) and D-
Val-L-Pro DKP (DV-DKP), respectively.

Here we investigate how the mismatch between A- and C-
domain specificity affects the designer NRPS sdV-
GrsA/GrsB1. Promiscuity of the A-domain in the first mod-
ule opposed to conserved wild-type specificity of the GrsB1
C-domain creates a unique opportunity to determine the
impact of the partial reactions on the overall product pref-
erence by non-linear kinetic modelling. Surprisingly, we ob-
served time dependent inversion of product ratios of the en-
gineered NRPS. With a simple model we have extracted rate
constants and specificity parameters for amino acid loading
and peptide formation from progress curves of sdV-
GrsA/GrsB1 and improved variants to illuminate the elusive
contribution of C-domains to NRPS specificity.



Results

Protein titration. In the wild type GrsA/GrsB1 system,
GrsB1 is clearly rate limiting with a condensation rate of 1.8
min! lagging behind adenylation (280 min),3¢ acylation
(500 min1),?” and epimerization of L-Phe (160 min-1).3”
Consequently, turnover increases with an excess of the sec-
ond module, as observed in the closely homologous
TycA/TycB1 system.38 We hypothesized that impaired ade-
nylation in sdV-GrsA might shift this situation. In titration
experiments, we investigated the influence of sdV-
GrsA/GrsB1 concentration and ratio on the peptide for-
mation rate to find out which module limits the rate. As a
standalone initiation module, sdV-GrsA (Val/Phe) interacts
with the second module GrsB1 (L-Pro) through communi-
cation (COM) domains, creating a binary complex. To deter-
mine the Kq4, we titrated both enzymes at equimolar concen-
tration (Figure 2a). The titration curve was fitted to a bimo-
lecular binding model to extract an apparent dissociation
constant (Kq,app) and maximal rate (rmax, Table 1). The Kq of
2 to 4 uM measured here is close to that of GrsA and homol-
ogous TycB1 (5 uM) obtained through microscale thermo-
phoresis.?® The enzyme concentration in subsequent pep-
tide formation assays could not always be saturated be-
cause prolonged reactions at concentrations above 2.5 uM
showed erratic behaviour, presumably due to instability of
sdV-GrsA.

Table 1. Interaction of sdV-GrsA and GrsB1.*

Product Kaapp (LM) T'max (min-1)
DF-DKP 4+1 0.032 £0.004
DV-DKP 2.0+05 0.0088 +0.0008

*Apparent Kqa and maximal rate (rmax) were derived from a bi-
molecular binding model for complex formation of sdV-GrsA
and GrsB1 (Figure 2a).

To determine which module limits the peptide formation
rate, at fixed 0.5 uM concentration of one module, we ti-
trated the other. Similar maximum rates for DV-DKP for-
mation are reached at a 20-fold excess of sdV-GrsA (0.007
min-1) or GrsB1 (0.014 min-) relative to the less concen-
trated module (Figure 2b). Hence, both modules seem to

process Val at comparable rates. In contrast, formation of
DF-DKP is limited by sdV-GrsA alone, likely because GrsB1
prefers the native donor substrate Phe over Val (Figure 2c).

sdV-GrsA evolution. We have previously used directed
evolution targeting the A-domain to improve the sdV-GrsA
reaction.? The resulting variants are characterized here in
more detail, because we expected insights into the relation-
ship between A-domain and product formation specificity
from subtle differences between the mutants. Mutations
were introduced into the subdomain region by reverting
amino acid residues to their identities in GrsA, yielding var-
iants enhanced in terms of DV-DKP formation (Supplemen-
tary Protocol and Supplementary Figures 3-5). For kinetic
profiling in this work, we selected the most active (STAP)
and the most selective mutant (MS) by comparing activity
and selectivity in a DKP formation assay under L-Val/L-Phe
substrate competition. The selected mutants bear four
(STAP) and two (MS) point mutations in a region surround-
ing the substrate binding pocket of the A-domain (Supple-
mentary Figures 4 and 5). In the DKP formation assay used
for screening, the STAP mutant showed a 6-fold increase in
activity with slightly lower Val-selectivity (37%) and the MS
mutant showed 2-fold higher activity atincreased Val-selec-
tivity (91%) compared to sdV-GrsA (54%, Supplementary
Figure 6).40

Thermal stability. Since sdV-GrsA is an unstable, chimeric
protein impaired by engineering, we suspected improved
structural integrity as a driver of evolutionary improve-
ments. To compare stability of the mutants with sdV-GrsA,
we recorded DKP formation at a range of temperatures be-
tween 20 and 50 °C (Figure 3a). While sdV-GrsA and the MS
mutant have a temperature optimum at 35 °C, the STAP mu-
tant maintains high activity up to 45 °C, suggesting that im-
proved activity in this mutant is due to structural stabiliza-
tion. To minimize stability issues, we chose 33 °C as a stand-
ard temperature for all further measurements. The in-
creased thermal stability of the STAP mutant confirms our
prior hypothesis that structural integrity compromised by
subdomain swapping can be restored with few mutations.
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Figure 2. a) DV-DKP formation at different equimolar concentrations of sdV-GrsA and GrsB1 (for K app and rmax see Table 1). DV-
DKP (b) and DF-DKP (c) formation at different ratios of sdV-GrsA and GrsB1. Measured rates are normalized to GrsB1 (circles, full
line) or sdVGrsA (squares, dashed line). All reactions were run for 60 minutes at 33 °C with 1 mM amino acid substrates. Error bars
in (b) and (c) indicate the standard deviation from two technical replicates.



Adenylation and thiolation specificity. In the directed
evolution experiment, mutations were targeted to the A-do-
main of sdV-GrsA (Supplementary Figures 3-5) and there-
fore, next to protein stability, expected to mostly affect the
rate of the adenylation and thiolation partial reactions cat-
alyzed by this domain. To thoroughly probe the influence of
the mutations, we measured saturation kinetics of adenyla-
tion, affinity to 5’-0-N-(valyl)sulfamoyladenosine (Val-
AMS) and Phe-AMS active site inhibitors, substrate specific-
ity profiles of adenylation, and acylation of the T-domain.
Saturation kinetics for L-Val as a substrate were measured
using the MESG/hydroxylamine assay to determine Michae-
lis-Menten parameters (Table 2 and Supplementary Figure
7).36 In the stabilized STAP mutant, the adenylation kcat re-
mains largely unchanged compared to sdV-GrsA (6.0 vs. 8.6
mint) accompanied with a lower Kv (34 vs. 120 mM). The
MS mutant also shows a lower Ku (51 mM) which is, how-
ever, overcompensated by a 10-fold reduction in kca.. Ade-
nylation of Phe was too slow for the MESG/hydroxylamine
assay. To anyway compare preferences for Val and Phe, we
determined affinities to the corresponding AMS-type inhib-
itors which mimic the aminoacyl-AMP intermediate.® These
affinities were determined with a thermal shift assay*!
which shows two transitions. The first melting temperature
(Tm1) shifts depending on the concentration of AMS inhibi-
tor, while the second (Tmz) stays almost constant at 57 °C
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(Supplementary Figures 8 and 9). The stepwise melting
process most likely reflects the multidomain ATE-
architecture of the NRPS with a destabilized A-domain (Tm1)
and a stable, native E-domain (Tmz). From Tmi1, we have de-
termined the Kd's of the inhibitors which reveal higher af-
finity for Val-AMS in all enzymes by a factor of 5 (sdV-GrsA),
9 (STAP), and 5 (MS; Table 2). The Tm1 of STAP shows a sta-
bilization by 12.1 K relative to sdV-GrsA, in line with the
temperature dependence of activity (Figure 3a).

While Kd's for AMS inhibitors fail to explain the enhanced
DV-DKP formation of the MS mutant, HAMA specificity pro-
files, which measure hydroxylamine-quenched aminoacyl
adenylates, are consistent with this trend (Figure 3b). Both
in HAMA and in peptide formation, STAP shows higher ac-
tivity with almost unchanged specificity, while MS shows
higher specificity towards L-Val. HAMA, AMS inhibitor bind-
ing and the MESG/hydroxylamine adenylation assay inform
about the first partial reaction catalysed by the A-domain up
to the amino acyl-adenylate. The adenylation partial reac-
tion may behave differently from acylation - comprising
both adenylation and thiolation. We measured acylation us-
ing Val and Phe, one of which was radioactively labelled
with C (Figure 3c and Table 2). Compared to sdV-GrsA
(0.028 mM-! min-1), acylation with Val has been accelerated
t0 0.062 mM1 min! (STAP) and 0.074 mM-! min-! (MS) in the
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Figure 3. Evolutionary improvement of sdV-GrsA. a) Thermostability of sdV-GrsA and mutants. DV-DKP formation rate is measured
at 5 uM enzyme and 1 mM amino acid substrates over 30 min at different temperatures. Error bars indicating the standard deviation
from two technical replicates are too small to be visible. b) Adenylation specificity of sdV-GrsA and mutants (5 pM) determined with
HAMA at 33 °C and 1 mM proteinogenic amino acids (only Phe and Val shown, for full profiles see Supplementary Figure 2). Error
bars indicate the standard deviation from three technical replicates. c) Acylation of sdV-GrsA and mutants (2.5 pM) with 14C labelled
L-Phe and L-Val (0.1 mM) under substrate competition. To extract acylation constants (Kkacv, kacr), progress data for two technical
replicates were fitted to a bimolecular kinetic model with Dynafit (Table 2).

Table 2. Adenylation, acylation, and inhibitor binding in sdV-GrsA and mutants.

Adenylation$ Thermal shift assay$ HAMA* Acylation*
Kcat (Val) Kwm (Val) Val-AMS | Phe-AMS Tm1 [ValHA]/ | kaev(mM-1 | Kack(MM! | Kacv/Kack
(min) | (mM) | (uM) (uM) () | [PheHA] | min®) | min)
0.0281+ | 0.0082+
sdV-GrsA | 8.6 +0.5 120+ 10 80+10 | 400+100 | 33.5+0.4 1.51 0.0005 0.0005 3.4
6.03 + 0.062 + 0.037 +
STAP 0.08 34+1 54+5 500+ 100 | 45.6+0.3 1.15 0.002 0.001 1.7
0.85+ 0.074 0.0050
MS 0.07 51+9 39+2 200+£30 | 36.3+0.8 7.23 0.001 0.0009 14.8

$Kinetic parameters of L-Val-adenylation determined with the MESG/NH20H assay. Error margins are obtained from a nonlinear fit
with technical duplicates to the Michaelis-Menten equation in R. $Dissociation constants of AMS-type inhibitors determined with the
thermal shift assay (Supplementary Figures 8 and 9) using a hyperbolic binding model. Error margins are determined from the error
of the nonlinear fit. Melting temperatures are given for the first transition (Tm1) in the absence of inhibitor, with the standard devi-
ation as error margin. Experiments were done with two batches of enzyme in technical triplicates. *Ratios of hydroxamates (Figure
3b). *Experimental acylation rate constants determined with the 14C assay and ratios for L-Val (kacv) and L-Phe (kacr, Figure 3c).



mutants. At the same time, Val/Phe specificity slightly de-
creased from 3.4-fold in sdV-GrsA to 1.7-fold in the STAP
mutant but increased 15-fold in the MS mutant. These val-
ues show the same trend as HAMA specificities (Figure 3b).
Apparently, the adenylation reaction and not the thiolation
reaction is mostly responsible for the differences in activity
and specificity of STAP and MS mutants. There is, however,
a small trend towards higher Val-specificity at the acylation
stage which is most pronounced with the MS mutant and
which may indicate a contribution of thiolation to Val-spec-
ificity.

Inversion of product preference. Compared to adenyla-
tion (HAMA) and acylation specificity, peptide formation by
sdV-GrsA/GrsB1 in the presence of competing substrates
(1:1 L-Val and L-Phe) shows lower Val-incorporation (Fig-
ure 4a). Surprisingly, the incorporation ratio is not even
constant over time. Peptide production begins with 3-fold
Phe- but ends with slight Val-preference. Substrate deple-
tion cannot account for this effect because substrates are
present in large excess. We hypothesized that the inversion
might occur due to crosstalk between the A-domain of sdV-
GrsA which is weakly Val-specific, and the C-domain of
GrsB1 that we assume to have a Phe-specific donor site. No-
tably, the assembly line architecture of NRPSs allows sub-
strate competition only at the adenylation step, while sub-
sequent steps channel intermediates covalently bound to
the NRPS. We explain the inversion of product ratios by var-
iable T-domain loading: the chimeric A-domain loads the T-
domain with either Phe or Val and slightly favours Val. How-
ever, the C-domain of GrsB1 preferentially consumes D-Phe,
while D-Val stalls on the T-domain. When Phe-loaded sdV-
GrsA becomes deacylated by GrsB1, the replacement will
more likely be Val than Phe. Hence, the population of Val-
loaded sdV-GrsA in the assay grows over time. This scenario
explains the slowing of DF-DKP and acceleration of DV-DKP
formation, since the C-domain is increasingly forced to ac-
cept Val stalled on the T-domain. The proportion of Val and
Phe on the T-domain stays steady once they are loaded and
unloaded at the same ratio. Since the loading ratio is deter-
mined by A-domain preference, unloading by the C-domain
must follow suit. In other words, the A-domain alone deter-
mines the product ratio once the steady-state of T-domain
loading has been reached.

Kinetic model of peptide formation. To test our hypothe-
sis of variable T-domain loading, we have numerically fit re-
action progress data with three simplified kinetic models
(Scheme 1).4243 Progress curves were fit to these models us-
ing Dynafit.#* The three models differ in the equations rep-
resenting the initial catalytic steps of the NRPS. In model 1,
acylation is irreversible, described by the bimolecular rate
constants kcvand kacr. Model 2 describes reversible associ-
ation of substrates with the enzyme with binding constant
Ka=k,/k4, where binding is assumed to be much faster than
the other steps and arbitrarily fixed at a rate of 106 mM-!
min-t. Condensation steps (kc) lead from the acyl enzyme in-
termediate to the peptide product. In models 1 and 2, but
not in model 3, the condensation step includes the epimeri-
zation step. The Dynafit software numerically integrates the
corresponding systems of first-order differential equations
(Supplementary Information) and performs least square re-
gression to obtain rate constants. To challenge the model

and increase the reliability of predicted kinetic constants,
we recorded time courses at varying L-Val and L-Phe ratios
which were globally fit to the three models. The MS and
STAP mutants of sdV-GrsA with altered adenylation proper-
ties were tested, too, to confirm the changes in adenylation
specificity (Table 2). For simplicity, at first, we assumed that
the first (sdV-GrsA) and the second module (GrsB1) actas a
functional unit and kinetically modelled them as a single en-
zyme (E).

Scheme 1. First generation kinetic models.*
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*E: sdV-GrsA/GrsB1 complex; V: L-Val; F: L-Phe.

Models 1 and 2, but not model 3, successfully fit the ex-
perimental data and yield similar values for condensation
constants (kc) in all three enzymes (Figure 4c, Supplemen-
tary Table 1). Indeed, the concentration of Val-acylated en-
zyme increases over time, confirming the hypothesis of dy-
namic T-domain loading (Figure 4b). Absolute values for the
acylation rates in model 1, which most closely reflects our
understanding of the NRPS mechanism, failed to be defined.
However, the Val/Phe preference (kacv/kacr) was calculated
from parameters obtained with a Monte Carlo algorithm
and aligned well with experimental acylation rates (Figure
4d). Therefore, we created an improved version of model 1
(model 1B, Scheme 2) where we fixed kac to the experimen-
tally determined values. Furthermore, the enzyme concen-
tration in the assays falls in the range of the Ka of sdV-
GrsA/GrsB1 (Table 1), which influences the magnitude of kc.
Therefore, model 1B was amended with equilibria for the
interaction of GrsB1 with the acylated and unacylated first
module, where the equilibrium constant was fixed to the ex-
perimental value.

Model 1B, integrating experimental acylation rates and
enzyme dissociation equilibria, successfully fits the data,
too (Table 3). As expected, kc values are larger compared to
model 1, due to incomplete module dimerization which is
now accounted for. Experimental acylation constants,
which were previously not fully defined, are compatible
with the fit. This confirms that the kinetic constants deter-
mined with our model are correctly assigned to the mecha-
nistic steps acylation and condensation and the values for
the condensation rates are meaningful. In model 1B, sdV-
GrsA shows a condensation rate constant for DF-DKP for-



mation 16-fold higher than that for DV-DKP, possibly re-
flecting the preference of the donor site for D-Phe. However,
in case of the STAP and MS mutants, the DF-DKP/DV-DKP
preference is reduced to two to three-fold although the mu-

tants only differ in the A-, not in the C-domain. This discrep-
ancy either indicates an underestimated experimental error
in the predicted constants or an intriguing influence of A-
domain mutations on the condensation rate.
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Figure 4. a) Peptide formation reaction with STAP at 1 mM competing L-Val and L-Phe fit with model 1. b) Concentration change of
acylated STAP during the reaction course, as predicted by model 1. c) Global fit of STAP progress kinetic data to model 1 (Table 3).
d) Selectivity (Val/Phe) comparison between adenylation (HAMA), acylation, and condensation rate constants. e) Time course of the
MS mutant and (f) the corresponding E-domain knock-out fit to model 1B (1 mM competing L-Val and L-Phe). Error bars in a), c), e),
and f) indicate the standard deviation from two biological and two technical replicates.

Table 3. Rate constants fitted with model 1 and 1B.*

Constant sdV-GrsA STAP MS
$kacv/ Kacr 2.61+0.01 1.800 + 0.001 14.49 + 0.02
— ke (min1) x 103 1.3 +0.1 2.12 £ 0.07 2.01+0.06
% kcpv (min-1) x 103 6.8+0.1 11.11 + 0.08 10.5+0.1
= kewr (min-1) x 103 0.6+04 0.6 +0.2 0.4+ 0.4
kepr (min-1) x 103 29 +2 33.5+0.5 13.8+0.9
Kaapp (UM)* 2 2 2
Kacv/ kacr* 3.4 1.7 14.8
? kewv (min-1) x 103 3.7+ 04 5.4+0.3 53+0.2
% kcpv (min-1) x 103 19.0 £ 0.5 30.0 £ 0.4 28.1£0.3
= kevr (min-1) x 103 SND SND 5+2
keor (min-1) x 103 300+ 50 89+1 61+7

#The values shown are mean and standard deviation of the output of Dynafit's Monte Carlo algorithm. $Individual rate constants kacv
and kacr could not be obtained but ratios were well defined in the Monte Carlo algorithm. *These parameters have been fixed to
experimental values in model 1B. $ND: Not determined. Standard errors exceed the value more than 100-fold. Values for kcir are

poorly determined because LF-DKP concentrations were close to the limit of detection in all experiments.



Scheme 2. Kinetic model 1B including enzyme associa-
tion steps.*

1) enzyme association 2) acylation 3) condensation

k.
EA+EB=—=E — _
k acF
a E+F —>» EF
—
E keLp
! . ,.‘, EF —» E + LF-DKP
EAF + EB =—= EF | EA+F — EAF kepr
P EF — » E + DF-DKP

*EA: sdV-GrsA and variants; EB: GrsB1. Constants ka/kd and
both acylation steps (Kacv, kacr) are fixed to experimentally de-
termined values.

E-domain inactivation. Both model 1 and 1B failed to ac-
curately define L-Phe condensation constants, because the
corresponding LF-DKP product was obtained in low yields.
Hence, we knocked out the E-domain in the first module,
which racemizes amino acids before transfer to the C-do-
main, to reroute more flow towards the L-L diastereomers.
We inactivated the E-domain by introducing a His753Ala
mutation previously shown to abolish epimerization activ-
ity,*> and followed the differences in the progress curves of
peptide formation. As expected, DKP products with D-L con-
figuration are almost abolished when L-Val and L-Phe are
offered as competing substrates as before (Figure 4f). Some
DV-DKP formation is still detectable, suggesting that the in-
activation of the E-domain is not complete or epimerization
slowly proceeds via an alternative mechanism. A non-linear
fit of the kinetic data with model 1B yielded a similar acyla-
tion preference as for the MS mutant (Supplementary Table
2). The condensation rates leading to LF-DKP and LV-DKP,
are now better determined (4.4 + 0.2 and 2.80 £ 0.02 x 103
min-1, respectively) and show a 10-fold preference for D-
over L-Val in the C-domain.

Discussion

Transplantation of A-domain specificity is a promising
strategy for NRPS engineering, but has been accompanied
with losses in activity, for instance in subdomain-swapped
sdV-GrsA.23 A good strategy for restoring activity will be
paramount to routinely employing subdomain swapping in
the biosynthetic design of natural products. Steric clashes
on the surface of the grafted subdomain have been sus-
pected to disturb structural stability and compromise activ-
ity. We have shown that testing a small number of rever-
sions to residue identities before swapping can generate
significant improvements.#® In this fashion, substrate speci-
ficity has been increased in the MS mutant and the temper-
ature tolerance has been extended by 10 °C in the STAP mu-
tant (Figure 3a). Since subdomain swapping only directly
affects a limited number of interface residues, screening of
reversion mutations comes at a low cost and may be more
generally applicable to chimeric NRPS domains.

We show that mismatched A- and C-domain specificity
created through A-domain engineering creates an unex-
pected change in product specificity over time. GrsB1’s pref-
erence for the cognate substrate Phe leads to progressive
accumulation of Val-loaded sdV-GrsA and the resulting Val-
excess eventually overwhelms GrsB1’s preference (Figure

4a). These observations of complex, nonlinear product for-
mation kinetics highlight potential pitfalls in the character-
ization of engineered NRPSs which may yield contradictory
results depending on the exact timing of the assay.

The mismatch between A- and C-domain specificity in
sdV-GrsA/GrsB1 offered a unique opportunity to quantify
specificity of the condensation step for Val, Phe and their
enantiomers. We performed nonlinear kinetic modelling of
peptide formation time courses measured at a range of
Val/Phe ratios. Given the complexity of the NRPS mecha-
nism, progress data is explained by a conveniently simple
model. This model determines acylation rate constants for
Val and Phe, and condensation rate constants also for the
respective enantiomers. Ratios of acylation rate constants
for Val and Phe are clearly reflected in the data and match
those experimentally determined with radiolabelled amino
acids strikingly well (Figure 4d).

Condensation rate constants are not as uniform as antici-
pated between mutants having the same C-domain (Table
3). Curiously, it makes a difference for the condensation rate
constant which of the marginally different sdV-GrsA vari-
ants mutated in the A-domain presents the donor substrate
to GrsB1. GrsA/GrsB1 forms the wild-type product DF-DKP
at a rate of > 1 min-1,% while the sdV-GrsA mutants only
reach kcpr values between 0.06 and 0.3 min-L. These differ-
ences might indicate an influence of A-domain mutations on
a reaction step after T-domain acylation. It is intriguing to
speculate that subdomain swapping might have slowed
down a conformational change needed to deliver the donor
substrate to the C-domain, which is now affected by rever-
sion mutations in the MS and STAP variants.*”

Strikingly, it follows from our two-step model of NRPS
specificity that A-domain dominates C-domain specificity,
which is illustrated by simulations of a hypothetical two-
module system with tailored acylation and condensation
constants (Figure 5). The simulations show that C-domain
rate constants matter for the rate of product formation, but
not for the specificity. After an initial period of changing
product ratios caused by dynamic T-domain loading, the
product preference converges to the ratio dictated by the A-
domain. While efficient A-domain engineering will over-
come C-domain specificity, naturally, condensation can still
limit the overall rate. Then, a faster condensation rate di-
rectly translates into faster product formation (Figure 5c
and d).

The relative importance of A- and C-domain catalysis has
decisive implications for choosing the best NRPS engineer-
ing strategy. The <16-fold selectivity for Phe over Val at the
C-domain donor site pales compared to five orders of mag-
nitude separating these substrates in terms of kca/Kwm in a
native Phe-A-domain.*® The only modest differences in con-
densation rate constants contradict a notion of a previously
considered, additional specificity filter.1417.23.24 Moreover,
the unbalanced loading of the T-domain cancels out C-do-
main selectivity at the steady-state, so that the A-domain ef-
fectively determines the product ratio alone. Hence, even a
small preference of the A-domain for Val in sdV-GrsA over-
rides C-domain preference and DV-DKP becomes the main
product late in the reaction. Nevertheless, the product yield
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Figure 5. Hypothetical DKP formation by a dimodular NRPS
with different combinations of A- and C-domain specificities.
The reaction mechanism of model 1 is used to generate simu-
lated progress curves.

depends on the overall processivity and efficiency of both
A- and C-domain catalysis, which is low in sdV-GrsA and
both mutants. Small, promiscuity-promoting interventions
at the C-domain may suffice to relieve condensation con-
straints. Keeping A-domains highly functional with minimal
structural disturbances will be key for the success of NRPS
engineering. The dynamics of T-domain loading are of spe-
cial importance for engineering in producer strains which
express type Il thioesterases. These enzymes will presuma-
bly remove stalled, noncognate substrates from the T-do-
main and constantly reset its loading state, thus counteract-
ing the effects of A-domain engineering.

Nonlinear kinetic modelling has been proven here as a
useful tool to dissect the complex mechanism of an engi-
neered nonribosomal assembly line synthetase. Our results
underline the importance of the A-domain as a gatekeeper
and the potential of A-domain engineering as a powerful
tool for increasing the diversity of nonribosomal peptides.
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