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Abstract: Carboxylating enoyl-thioester reductases (ECRs)
are a recently discovered class of enzymes. They catalyze the
highly efficient addition of CO, to the double bond of a,[-
unsaturated CoA-thioesters and serve two biological functions.
In primary metabolism of many bacteria they produce ethyl-
malonyl-CoA during assimilation of the central metabolite
acetyl-CoA. In secondary metabolism they provide distinct a-
carboxyl-acyl-thioesters to vary the backbone of numerous
polyketide natural products. Different ECRs were systemati-
cally assessed with a diverse library of potential substrates. We
identified three active site residues that distinguish ECRs
restricted to C4 and C5-enoyl-CoAs from highly promiscuous
ECRs and successfully engineered a selected ECR as proof-of-
principle. This study defines the molecular basis of ECR
reactivity, allowing for predicting and manipulating a key
reaction in natural product diversification.

The biosynthetic potential of nature is impressively reflected
in the diversity of secondary metabolism. More than 325000
natural products have been described to date."! All of these
compounds differ strongly with respect to chemical structure
and biological activity,?! yet the biosynthesis of their struc-
tural backbone is based on simple elongation reactions from
basic building blocks, the so-called extender units.! A
prominent example is the large class of polyketides that are
assembled through subsequent Claisen condensation reac-
tions from a-carboxylacylthioester units.”! The standard
building blocks in polyketide assembly lines are malonyl-
coenzyme A (CoA) and methylmalonyl-CoA, which are
mainly provided by enzymes of fatty acid metabolism that
a-carboxylate acetyl-CoA and propionyl-CoA, respectively.”!
However, an increasing number of polyketides show varia-
tions from this common principle, because their side-chains
suggest non-standard extender units to vary the structural
backbone.!! Additional extender units include ethylmalonyl-
CoAl" chloroethylmalonyl-CoA,*! propylmalonyl-CoAl! and
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longer chain derivatives,['”l as well as isobutylmalonyl-CoA™!
and other branched-chain analogues.™"

These non-traditional extender units are provided by the
reductive carboxylation of a,f-unsaturated acyl-CoA thio-
esters by carboxylating enoyl-thioester reductases (ECR),
anovel class of enzymes that was described only recently. The
prime example in the ECR family is crotonyl-CoA carbox-
ylase/reductase (Ccr) that catalyzes the NADPH-dependent
carboxylation of crotonyl-CoA into ethylmalonyl-CoA and
that is one of the most efficient CO,-fixing enzymes described
to date." As of 2014, the ECR family features more than 900
homologues that can be physiologically divided into two
subfamilies, a large ECR subfamily of so-called primary
metabolism Ccrs (ECR-1) that function in the ethylmalonyl-
CoA pathway, a recently discovered central metabolic path-
way for acetyl-CoA assimilation,” and a subfamily of
secondary metabolism ECRs (ECR-2) that are associated
with polyketide biosynthesis.®!

Given the fact that ECRs are key enzymes to alter the
polyketide backbone, surprisingly little is known on the
structure and catalytic mechanism of these proteins."! Yet
such information is indispensable 1)to understand what
factors direct and control the incorporation of non-traditional
extender units into the growing polyketide chain, 2) to assign
the biosynthetic function of ECR homologues for correctly
predicting the polyketide product structure, and 3) to manip-
ulate ECR reactivity to rationally engineer polyketide
biosynthesis.

Motivated by the above, we sought to investigate the
molecular basis for substrate specificity of ECRs in more
detail. We first established a diverse substrate library of
enoyl-CoA thioesters to cover the natural and non-natural
chemical space of polyketide extender units (1-19, Figure 1).
This library was used to test eight phylogenetically diverse
ECRs. From the ECR-1 subfamily that is supposedly specific
for crotonyl-CoA (1) as substrate, we included four homo-
logues: CcrCc from Caulobacter crescentus, CcrSg from
Streptomyces griseus, CcrSb from Streptomyces bottropensis,
and CcrPd from Paracoccus denitrificans. From the ECR-2
subfamily, we included CinF from Streptomyces sp. JS360,
RevT from Streptomyces sp. SN-593, SalG from Salinispora
tropica, and EcrSh from Streptomyces hygroscopicus that
were reported to catalyze the reductive carboxylation of
octenoyl-CoA (CinF),™! hexenoyl-CoA (RevT)!¥ and
chlorocrotonyl-CoA, as well as pentenoyl-CoA, repectively
(SalG).® Above candidates were heterologously expressed in
Escherichia coli BL21 cells and purified to homogeneity for
individual screens of above substrate library in a HPLC-MS
based in vitro assay (Supporting Information, Figure S1).
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Figure 1. Enoyl-CoA thioesters used in this study as potential ECR substrates.

Notably, all of the ECRs accepted crotonyl-CoA as
substrate, independent of their physiological context. Besides
this common feat, clear differences were observed between
the two subfamilies: ECR-1s were confined to crotonyl-CoA,
accepting only pentenoyl-CoA and pent-2,4-dienoyl-CoA as
additional substrates. In contrast, ECR-2s showed a surpris-
ingly broad substrate tolerance, accepting unbranched CoA
thioesters of all lengths (C4 to C9) and branched enoyl-CoA
derivatives. An exception was SalG that was reported to
provide (chloro)ethylmalonyl-CoA and propylmalonyl-CoA
in Salinosporamide biosynthesis.”! This ECR accepted CoA
thioesters only up to C7 and as branched substrate only
4-methylpentenoyl-CoA. Our results thus indicate that ECR-
1 and ECR-2 differ strongly with respect to substrate
promiscuity: While ECR-1s seem to be restricted to short,
unbranched CoA esters, ECR-2s are apparently much more
promiscuous, accepting longer chain and even branched-chain
substrates (Figure 2).

Next we aimed at identifying the molecular basis for the
observed substrate spectrum in the ECR family. Inspection of
the active site of different ECR crystal structures allowed us
to pinpoint candidate active site residues for substrate
selectivity. Conservation of these active site residues was
confirmed by analyzing a multiple sequence alignment of 925
ECR homologues, resulting in the identification of three key
residues that seemed to be responsible for restricting the
active site of ECR-1s to short-chain substrates: C146, 1169,
and F373 (numbering according to the ECR-1 CcrCc;
Figure 3).

To confirm the role of these active site amino acids in
substrate recognition, we mutated the three sites in CerCce to

Figure 2. Substrate library screen of ECRs measured with LC-MS. All
possible enzyme substrate combinations were assayed independently
with T mm substrate, 0.4-2.5 um enzyme for 3 h to maximize detection
of poor substrates and to minimize product decarboxylation (see
additional text in the Supporting Information); the incubation time for
CinF assays with 5, 6, and 7 was shortened to 10 min. Shown in
different shades of gray is the relative product formation for samples
with detected carboxylated products exceeding the threshold area of
10* (approximately 10 um reaction product). For complete data refer to
the Supporting Information.

0]

Compound / Enzyme

crotonyl-CoA (1)

pentenoyl-CoA (2)

2,4-pentadienoyl-CoA (3)

hexenoyl-CoA (4)

heptenoyl-CoA (5)

octenoyl-CoA (6)

nonenoyl-CoA (7)

6-oxoheptenoyl-CoA (8)

sorbityl-CoA (9)

4-methylpentenoyl-CoA (10)

5-methylhexenoyl-CoA (11)

4-methylhexenoyl-CoA (12)

6-methylheptenoyl-CoA (13)

7-methyloctenoyl-CoA (14)

cinnamoyl-CoA (15)

4-ethylhexenoyl-CoA (16)

ECR-2s ECR-1s
[ < o QO |a | o
AL
x| O |lg|®|o|8|c|o

2,3-dimethylacrylyl-CoA (17)

3,3-dimethylacrylyl-CoA (18)

butynoyl-CoA (19)

80 % - 100 %

60 %-79 %

40 % - 59 %

www.angewandte.org © 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

20 % -39 %

<20%

Angew. Chem. Int. Ed. 2015, 54, 1345713461


http://www.angewandte.org

Figure 3. Superimposed structures of CinF (brown) crystallized with
octenoyl-CoA (salmon) and NADPH (violet)"? and a Ccr from S.
collinus accession code: 3HZZ (unpublished). The three substrate-
promiscuity determining residues Pro or Cys 146, Ala or lle 169, and
Gly or Phe 373 are labeled.

the major consensus residues of the ECR-2 subfamily
(namely C146P, T169A, and F373G) and screened the
substrate promiscuity of the resulting single and double
mutants of CcrCc, as well as the corresponding triple mutant.
The substrate spectrum of the enzyme increased incremen-
tally from individual single mutants to the triple mutant
(Figure 4), the latter being essentially indistinguishable from
a true member of the ECR-2 subfamily. The CcrCe triple
mutant converted short-chain (1), long-chain (11), branched-
chain (8), and also bulky substrates (16), demonstrating the
importance of all three candidate residues in opening up the
substrate binding site.

To better understand the contribution of each of the three
residues to substrate promiscuity, we spectrophotometrically
determined individual kinetic parameters of different model
sPeterubstrates for CerCe, all seven CerCc mutants, as well as
EcrSh, a promiscuous ECR-2 member, for comparison. As
model substrates we chose a short-chain (1), a long-chain (6),
and a branched-chain (11) substrate (Table 1; Supporting
Information, Figure S2).

The catalytic efficiency for the short-chain model sub-
strate 1 dropped gradually and nearly 2000-fold from CcrCc
wt (27 £10x10° Lmol 's™!) to the CerCc triple mutant (14 +
6 x 10° Lmol's™"). In contrast, the catalytic efficiency for the
long-chain model substrate 6 increased to a maximum of 11 £+
2x10* Lmol 's™! for the CcrCc triple mutant, which is almost
identical to the ECR-2 subfamily member EcrSh (13 £4 x
10* Lmol 's™"). Notably, the bulky model substrate 11 was
converted even one order of magnitude more efficiently by
the CerCc triple mutant (6 =2 x 10° Lmol 's™!) compared to
ECR-2 member EcrSh (4447 x 10' Lmol 's™'). In summary,
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Figure 4. Substrate library screen of CcrCc wt and CerCc single,
double, and triple mutants measured with LC-MS. All possible enzyme
substrate combinations were assayed independently with T mm sub-
strate and 0.4-2.5 um enzyme for 3 h to maximize detection of poor
substrates and to minimize product decarboxylation (see additional
text in the Supporting Information); the incubation time for CcrCc CP
assays for 1 was shortened to 10 min. Shown in different shades of
gray is the relative product formation for samples with detected
carboxylated products exceeding the threshold area of 10* (approx-
imately 10 um reaction product). For complete data refer to the
Supporting Information. Substrates marked in bold were kinetically
characterized in more detail using UV/Vis assays (see Figure 5).

our results point to a tradeoff in CcrCe (and likely the ECR
enzyme family) between catalytic efficiency for the short
natural substrate and promiscuity towards longer and bulkier
substrates (Figure 5).

Finally, we sought to investigate the relevance of this
tradeoff affecting catalytic efficiency in CcrCc, when the
enzyme and its mutant variants are put back in its natural
physiological context of primary carbon metabolism. To that
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Table 1: Spectrophotometrically determined catalytic efficiency and Kj, of
CcrCc wt and mutants with crotonyl-CoA in relation to doubling time of
the complemented Accr strains of Methylobacterium extorquens AM1.F

Mutation Kear/ K Doubling time
[Lmol™'s™] [h]

wt 274£10x10° 53403

cP 32+11x10* 5.440.2

FG 15+9x10* 5.340.1

IA 18+8x10° 5.640.3

CP/FG 39+16x10° 62413

FG/IA 92+2x10% 1342

CP/IA 184+6x 10 50427

CP/IAJFG 14+6x10 2745

[a] Data is shown as mean with 95% confidence interval.
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Figure 5. a) Catalytic efficiencies k/Ky and b) turnover values k., of
CcrCc wt and mutants as well as CcrSh with the three model
substrates crotonyl-CoA (1), octenoyl-CoA (6), and 5-methylhexenoyl-
CoA (11), as determined spectrophotometrically by steady-state kinet-
ics. Catalytic efficiency for CerCe 1A and Cer FG with 6, as well as
CcrCc FG/IA, CerCe CP/IA, and CcrCc IA with 11 was determined in
triplicates at 1 mm substrate concentration owing to low turnover
rates. All kinetic values are listed in the Supporting Information,
Table S1, and the respective Michaelis—Menten graphs are shown in
the Supporting Information, Figure S2.

end, we used a Ccr in vivo complementation system that we
established previously in a Accr strain of Methylobacterium
extorquens AM1.'% This strain can grow on minimal medium
with succinate as sole carbon source, but not with methanol as
long as it lacks an operational Ccr to restore the ethylmalonyl-
CoA pathway, which is indispensable for growth on Cl1
substrates.!"”)

Growth of the complemented strains was comparable for
CerCc wt, all of the single mutants and the C146P/F373G
double mutant, but was dramatically impaired for the other

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

two double mutants and the CcrCc triple mutant (Table 1). A
catalytic efficiency as low as 20-30x10° Lmol 's™' was
sufficient to sustain wt-like growth rates. However, as soon
as the catalytic efficiency fell below this threshold, the
doubling time increased considerably. Because the expression
levels of all CcrCc variants were of comparable range
(Supporting Information, Figure S3), we propose that this
threshold defines the evolutionary pressure that keeps the
active site pocket closed for ECRs in primary metabolism.

Our experiments have the following implications: First,
they identified three key residues that control substrate
specificity in ECRs. This provides the possibility to rationally
manipulate substrate selectivity of these enzymes, as demon-
strated in this study with a model ECR. At the same time, our
findings also allow assigning the function of ECRs in a given
polyketide biosynthetic gene cluster. Using these three
residues, it can be generally predicted whether the corre-
sponding polyketide might feature a structurally diverse
residue, including a longer chain, branched or bulky moiety
(P146, A169, G373), or is strongly constricted to short-chain
moieties (C146, 1169, F373).

Second, our results suggest that the production and
incorporation of non-traditional extender units in polyketides
is not controlled on the level of the ECR reaction. The
observed promiscuity of some ECRs in vitro, which is not
reflected in the polyketide product produced in vivo, indi-
cates that it is likely biosynthetic constraints and intracellular
availability of the enoyl-CoA thioester (that is, the ECR
substrate) itself that controls production of the a-acylcar-
boxylated extender unit.'” Gatekeeping and proofreading
mechanisms might additionally contribute to controlling
extender unit incorporation.

Finally, our findings allow to identify polyketide gene
clusters that are in principle amenable to varying a polyketide
target structure by precursor feeding."®! All gene clusters that
feature an ECR-2 family member with the promiscuous
signature motif should be suited for such feeding strategies
that aim at incorporating variable precursors into the
polyketide chain to obtain modified natural product variants
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