Understanding substrate binding and the role of gatekeeping
residues in PigC access tunnels
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Semi-rational redesign of the substrate binding pocket and access
tunnels of prodigiosin ligase PigC enhanced the catalytic efficiency
in synthesis of pyrrolic anti-cancer agents more than 45-times. A
molecular understanding was gained on residues V333 and T334
relevant in substrate binding and translocation of small pyrroles
through PigC access tunnels.

Prodigiosin ligase PigC catalyses the final step in the prodigiosin
(1a) biosynthesis of Serratia marcescens.'?> The ATP-dependent
condensation leads to the fusion of two pyrrolic prodigiosin
precursors, 4-methoxy-2,2’-bipyrrole-5-carbaldehyde (MBC, 2),
and 2-methyl-3-amyl-1H-pyrrole (MAP, 3a), yielding the red
pigment and secondary metabolite prodigiosin (1a; Figure 1).

H3;CO
~
\NH
<~ NH
MBC MAP Prodigiosin
2 3a 1a

Figure 1 PigC catalysed reaction. Two pyrrolic precursors, MBC (2) and MAP (3a), are
condensed to the secondary metabolite prodigiosin (1a) under ATP consumption.
Shortening the circled aliphatic side chain at the C3 position in the pyrrole C-ring
enhanced the prodiginines’ anticancer bioactivity in autophagy tests.?

Prodigiosin (1a) derivatives form the compound class of
prodiginines, which have attracted much attention due to their
multiple bioactivities.*> For instance, effects of prodiginines
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against plant pathogenic nematodes and fungi indicate their
potential use as pesticides in agriculture,® while bioactivity
against cancer cells hold potential for the pharmaceutical
application of prodiginine compounds.®>’ The impact of
prodiginines on cancer cells in autophagy tests was most
efficacious, when the length of the n-pentyl moiety shown in
Figure 1 is reduced to a n-propyl or shorter side chain.?
Therefore, a special pharmaceutical interest lies in the synthesis
of short-chain prodiginines. Because the multi-step chemical
synthesis of tripyrrolic prodiginines is neither sustainable nor
cost-efficient,>®° biosynthesis or a combination of chemical
synthesis of prodiginine precursors with biocatalysis constitutes
a promising bioeconomic alternative.>1%'! The bottleneck of
enzymatic short-chain prodiginines synthesis is the limited
substrate acceptance of the prodigiosin ligase PigC. The PigC
substrate scope has already been reported in several studies,*?~
17 which revealed a significant drop in PigC activity when the C3-
substituent was lacking or shortened to a methyl group.?

In this study, we investigated and semi-rationally redesigned
the PigC substrate binding pocket and access tunnels to
enhance the acceptance of monopyrrole substrates with short
aliphatic side chains to enable broad spectrum mutasynthesis
experiments. First, target amino acid residues were selected
based on their evolutionary conservation as well as their
location in the substrate binding pocket or access tunnels.
Subsequently, the selected target residues were saturated
experimentally to determine amino acid substitutions with a
beneficial effect on the acceptance of 2,3-dimethyl-1H-pyrrole
(3b; Figure S1). Beneficial substitutions were finally analysed in
in silico substrate docking and ligand translocation studies in a
PigC structural model with the aim to gain molecular
understanding and propose a role of the PigC access tunnels in
the catalytic mechanism of the PigC reaction (Figure S15).

PigC access tunnels and the substrate binding cavity, which
encloses the catalytic phosphohistidine H840, were identified
by the Caver Web 1.0 tool*® with standard settings and H840 as
starting point. A large cavity was found in the core of the PigC
substrate-binding domain (Figures 2a and S11) with a volume
of 1612 A3 and 59 involved residues (relevance score: 100%;
druggability score: 0.3; Table S7). Furthermore, three PigC
tunnels were identified starting from the substrate binding
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pocket, two of which connected the active site with the outer
solvent (tunnels 2/3 in Figure 2b), the first tunnel 1 being
reversibly sealed by the phosphohistidine swivel domain of PigC
in the depicted structural conformation (Figure S15). As second
step, the short-chain monopyrrole substrate 3b and the native
PigC bipyrrole substrate MBC (2) were generated as ligands with
the YASARA Structure 17.4.17 software suite.'® Substrate
docking studies in a 8 A simulation cell around the catalytic
phosphohistidine H840 revealed a list of 15 residues that were
predicted to be involved in prodiginine formation (Tables S4
and S5). By evolutionary conservation analysis (ConSurf and
multiple sequence alignments),?>?2 conserved amino acid
residues within the predicted substrate binding pocket and
access tunnels were identified. Residues with high conservation
confidence interval indices of [9,-] and ConSurf scores <-1.1
were discarded due to the risk of functional loss, and
neighbouring residues selected instead (Figure S7). Based on
these three approaches (tunnel/cavity analysis, substrate
docking, and evolutionary conservation analysis), ten potential
target residues were shortlisted (M327, T329, G330, V333,
T334, F603, R674, A677, T678, and P680, Figure 2b), and cross-
referenced by evolutionary trace and FuncLib analysis (Figures
S$8/59 and Table S6).2372° Finally, a consensus list was compiled,
containing seven target residues for site-saturation
mutagenesis (T329, G330, V333, T334, F603, R674, and P680;
Table 1 and Figure 2b, framed in cyan). All positions were
located close to highly conserved regions with evolutionary
importance (Figure §9).%3:24
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Figure 2: Identification of target residues for semi-rational engineering of PigC access
tunnels. a) Residues forming the catalytic substrate pocket in the substrate-binding
domain of PigC wild type. b) Access tunnels identified with the Caver Web tool 1.0.18
Zoom: Target positions alongside PigC tunnels. Seven final positions that were selected
for site-saturation mutagenesis are highlighted in frames.
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Table 1 Final list of semi-rational target amino acid positions in access tunnels and the

20-22 3nd rvET2324

substrate binding pocket of PigC, including ConSur scores.

Residue Position ConSurf2°-22 score* rvET?:24 scoret
[confidence interval colour]*
T 329 -0.837 [8,7] 14.01
G 330 -0.472 [7,6] 16.66
\% 333 -1.012  [8,7] 12.24
T 334 -0.985 [8,7] 10.46
F 603 -1.043  [8,8] 8.57
R 674 0.247  [5,4] 19.57
p 680 -0.661 [7,6] 12.98

* Normalised ConSurf?%-22 conservation scores. Low scores imply conservation.

* A confidence interval is assigned to each evolutionary conservation score by the
bayesian method for calculating rates. The colour scale [cyan — 1 (low
conservation) to magenta — 9 (high conservation); Figure S7] represents the lower
and upper bounds of the confidence interval.

T Evolutionary scores for residues are calculated with real-value evolutionary trace
(rvET) method.?>?* Low scores (down to 1) imply evolutionary importance.

After selection of the seven target residues (Table 1), individual
site-saturation mutagenesis (SSM) libraries were generated and
screened with the short-chain substrate 3b in a 96-well
photometric assay in order to identify beneficial PigC variants.2®
In three of the seven SSM libraries, beneficial substitutions with
an up to 6.9-times increased prodiginine formation were
obtained (V333A, T334A, and R674Q/L; Figure S2). The single-
substituted variants T334A and R674Q showed a clear
preference for short-chain substrates (1.5-4.8-times higher
prodiginine formation with pyrroles 3a—3c; methyl to pentyl
side chains; Figure S5), while variant V333A also produced slight
improvements with bulkier substrates (up to 2.3-times
increased prodiginine yields with pyrroles 3e-3g). Double and
triple recombination of substitutions V333A, T334A and R674Q
in PigC variants V1-V4 did not further increase prodiginine
yields (Figure S5). The latter is often the case if beneficial
substitutions have an energy penalty (AAG > +0.36 kcal/mol)
comparable to the ones calculated for V333A and T334A (Table
S3).%7

PigC wild type and variants were subsequently overexpressed,
quantified and kinetically characterised as previously published
(Table 2, Figure S$3).1%26 purified membrane fractions of the PigC
variant V3 (T334A/R674Q) had the highest catalytic activity
(kcat = 3.1 £ 0.6 mint), which was 3.4-times increased over that
of the PigC wild type (ket = 0.9 + 0.1 min). Improvement in
catalytic efficiency of the triple recombination variant V4
(V333A/T334A/R674Q; keat/Km = 27.3 mM! s1; Table 2, Figure
S4) can mainly be attributed to a significant increase of affinity
towards pyrrole 3b [Ky (2) = 1.8 uM compared to 25.4 uM for
the PigC wild type].

Substrate docking studies revealed that substitution V333A in
V1, V2, and V4 enabled a beneficial change in the docking pose
of substrate 3b in the active pocket (Figure 3a) with a slightly
enhanced binding energy (-4.4 kcal/mol) compared to the PigC
wild type and PigC variants without the V333A substitution
(-4.0 kcal/mol; Figure 3b and Table S4).
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Table 2 Kinetic characterisation of PigC wild type and semi-rationally designed variants in E. coli BL21(DE3) membrane fraction with substrates 3b and 2.

Substrate 3b Substrate 2
PigC [nﬁ—l] K (3b) Kear/ Ko (3b) K (2) e/ Kot (2)
[kM] [mM*s™] [uM] [mM*s7]
wT 0.9+0.1 25.4+3.0 0.6+0.1 1.6+0.2 9.3+0.9
V333A 1.2+0.2 3.3+0.3 6.1+0.8 47+0.6 4.0+0.5
T334A 1.5+0.1 3.6+0.3 6.9+0.3 1.5+0.4 16.3£0.7
R674Q 1.5+0.2 10.4 1.0 2.5£0.3 1.4+06 17.7£2.3
V1 (V333A/T334A) 1.9+03 33+1.1 9.4%15 11.1+3.3 2.8+0.4
V2 (V333A/R674Q) 2.0£0.6 9.9+ 43 3.4+1.1 3.5£0.6 9.5+3.0
V3 (T334A/R674Q) 3.1£0.6 44+0.7 11.7£23 3.74£04 14.0£2.8
V4 (V333A/T334A/R674Q) 2.9%0.5 1.8+0.5 27.3+45 5.8+0.7 83+1.4

The different orientation of pyrrole 3b in the substrate binding
pocket brought substrate 3b into closer proximity to the
catalytic phosphohistidine H840 (3.5 A compared to 6.9 A in
PigC wild type), which might be a reason for lower Ky values,
higher turnover frequencies (ket), and enhanced catalytic
efficiencies with monopyrrole 3b (Table 2).
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Figure 3 a) Preferred docking pose of 2,3-dimethyl-1H-pyrrole (3b) in a 8 A simulation
cell around phosphohistidine H840 in PigC WT and variant V1. b) Binding energies from
substrate docking studies with 3b in semi-rationally designed variants.

Substitutions T334A and R674Q had no influence on the Ky of
MBC (2), while V333A significantly reduced MBC (2) affinity (Kwm
values increased from 1.6 uM for the PigC wild type to up to
11.1 uM for variant V1; Table 2). Compared to the double
recombination variant V3, V4 had a slightly lower k. with
monopyrrole 3b and bipyrrole 2 (keat = 3.1 min™ for V3 and
2.9 min? for V4) next to an obvious decrease in catalytic
efficiency with MBC (2; from 14.0 to 8.3 mM1s1).

In variants V333A, V1 and V2, a slight substrate inhibition was
observed at high concentrations of pyrrole 3b over 50 uM
(Figures S3 and S4; K; = 1.12 mM for V333A, 334.9 uM for V1
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and 334.0 uM for V2), which was neither observed with the PigC
wild type nor with variants that did not contain the substitution
V333A (T334A, R674Q, and V3). Possibly, V333A promoted a
competition between substrates 2 and 3b for binding to the
substrate pocket by preferring substrate 3b over 2, which
inhibited the catalytic activity of PigC. A competitive inhibition
has been observed before for other monopyrrole substrates, so
far mainly reported for pyrroles with long side chains. The latter
might fit into and subsequently block the MBC (2) binding
site.1%28 |t has further already been postulated that MBC (2)
needs to bind prior to the monopyrrole substrate to the PigC
active site to initialise the reaction.'>6 In variants harbouring
V333A, the access of the larger MBC (2) substrate to the active
pocket might be blocked by already bound 3b molecules at
higher 3b concentrations in the new catalytically competent
docking pose enabled by substitution V333A (Figure 3).

A second effect of the substitutions V333A and T334A in the
PigC structural model was the site-specific widening of
substrate tunnel 3 that connects the outside with the buried
PigC active pocket in the substrate-binding domain (Figure 4).
The PigC substrate access tunnel 3 was widened by 0.2 A in the
disk radius and by an area of ca. 4 A2 after simultaneous
substitutions of V333 and T334 by the sterically less demanding
alanine residues in variants V1 and V4 (Figures 4 and S14). The
tunnel widening supposedly improved the translocation of
substrates through tunnel 3 at the respective site of positions
333 and 334, whichisindicated by the decreased binding energy
at the respective tunnel position (approx. 15 A; Figure 4b).
While the hydrophobicity is unchanged in V333A, in the
substitution T334A the polar residue threonine was exchanged
to the inert residue alanine. The latter substitution of threonine
by alanine therefore may also have had a positive influence on
transport of hydrophobic substrates, because the hydroxy
group of T334 could have acted as a polar barrier and
gatekeeper in the tunnel, limiting substrate translocation.
Upon our analysis of the three PigC access tunnels and ligand
translocation (Tables S8 and S9),82°30 we suggest a crucial role
of the three PigC access tunnels in the PigC catalytic mechanism
(Figure S15), building on previously proposed mechanisms by
Chawrai et al. (2012) and Picott et al. (2020).16:28
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Figure 4 a) Access tunnel analysis of the PigC wild type (WT) and variant V1
(V333A/T334A), using Caver Web 1.0.18 The zoom shows the tunnel 3 bottleneck with
gatekeeper residues V333 and T334 (cyan), and the catalytic phosphohistidine H840
(grey). b) Ligand transport analysis by Caver analyst 2.023° of pyrrole 3b traveling
through substrate tunnel 3 of the PigC WT (dashed lines) and variant V1 (solid lines). The
red arrow marks the widened tunnel site around the positions 333 and 334.

In conclusion, the PigC variant V3 (T334A/R674Q) enables
synthetic access to pharmaceutically interesting short chain
prodiginines (k. enhanced 3.4-times over the PigC wild type,
from 0.9 min? to 3.1 min?t). Molecular understanding of the
gatekeeper role of residue T334 as polar barrier in substrate
access tunnel 3 and of the key position 333 in the substrate
binding pocket further enlightens the PigC catalytic mechanism
and empowers rational PigC engineering studies to broaden the
substrate profile and enhance the catalytic performance.
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