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Perquinolines A–C: Unprecedented Bacterial Tetrahydroisoquinolines
Involving an Intriguing Biosynthesis
Yuriy Rebets+, Suvd Nadmid+, Constanze Paulus, Charlotte Dahlem, Jennifer Herrmann,
Harald Hgbner, Christian Rgckert, Alexandra K. Kiemer, Peter Gmeiner, Jçrn Kalinowski,
Rolf Mgller, and Andriy Luzhetskyy*

Abstract: Metabolic profiling of Streptomyces sp. IB2014/016-
6 led to the identification of three new tetrahydroisoquinoline
natural products, perquinolines A–C (1–3). Labelled precur-
sor feeding studies and the cloning of the pqr biosynthetic gene
cluster revealed that 1–3 are assembled by the action of several
unusual enzymes. The biosynthesis starts with the condensation
of succinyl-CoA and l-phenylalanine catalyzed by the amino-
7-oxononanoate synthase-like enzyme PqrA, representing rare
chemistry in natural product assembly. The second condensa-
tion and cyclization events are conducted by PqrG, an enzyme
resembling an acyl-CoA ligase. Last, ATP-grasp RimK-type
ligase PqrI completes the biosynthesis by transferring a g-
aminobutyric acid or b-alanine moiety. The discovered path-
way represents a new route for assembling the tetrahydroiso-
quinoline cores of natural products.

Isoquinoline serves as the core of various naturally occurring,
synthetic and semisynthetic compounds that demonstrate
a broad spectrum of biological activities.[1] Among natural
products, the plant-derived alkaloids of the benzylisoquino-
line family are estimated to include approximately 800 unique
chemical structures, many of which, such as morphine,
papaverine, and noscapine, are of high medical importance
(Figure 1).[2] On the other hand, bacterial tetrahydroisoquino-

line natural products are less common but still have signifi-
cance as potent anticancer agents.[3] As such, saframycins A
and Mx, quinocarcin, dnacins, and ecteinascidins have shown
strong anticancer and migration inhibiting activities thought
to be based on interactions with the DNA. Ecteinascidin ET-
743 (commercial name Trabectidin/YondelisU) has been
approved in the EU for soft tissue carcinoma treatment and
in the USA for liposarcoma (Figure 1).[4] Despite the differ-
ences in structures and biological sources, both plant-derived
benzylisoquinoline alkaloids and bacterial tetrahydroisoqui-
nolines originate from Pictet–Spengler reactions catalyzed by
specific enzymes.[1b,5] Norcoclaurine synthase catalyzes the
condensation of dopamine and 4-hydroxyphenylacetaldehyde
to form norcoclaurine, which is a key intermediate for many, if
not all, benzylisoquinoline alkaloids.[6] Bacterial tetrahydroi-
soquinolines are assembled by non-ribosomal peptide syn-
thases.[7] In this case, reductase with substrate promiscuity
generates aldehyde substrates that are used in the Pictet–
Spengler reaction catalyzed by the condensation domain,
which is specific for amine-bearing substrates.

Herein, we describe the identification and biosynthesis of
new bacterial tetrahydroisoquinolines named perquinoli-
nes A–C (1–3 ; Figure 1). The compounds were isolated
from Streptomyces sp. IB2014/016-6 (Figure S1 in the Sup-
porting Information) using a dereplication-based screening
method aimed at the identification of new natural products.
The planar structures of 1–3 were elucidated by analysis of
their HR-MS and NMR spectroscopy data (Figure 1,
Figure 2, Figures S2, S3 and Tables S3,S4). Perquinoline A
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Figure 1. Structure of ecteinascidin ET-743, noscapine and perquinoli-
nes A–C (1–3). Tetrahydroisoquinoline rings are highlighted in red.
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(1), the main product, shows an ion peak at m/z 452 [M-
H2O + H]+ consistent with the molecular formula
C24H27N3O7. Interpretation of the 1D and 2D NMR data of
1 revealed four spin systems consisting of 2-pyrrolidone and
a benzyl moiety along with a dihydroxyphenyl ring and a g-
aminobutyric acid (GABA). The key HMBC correlations
from H-7 of the benzyl ring established its connectivity with
the 2-pyrrolidone and dihydroxyphenyl moieties. A further
HMBC correlation was observed from H-21 of GABA to
carbonyl carbon C-20, which has a heteronuclear HMBC
correlation with H-15, leading to the extension of the GABA
moiety. Isolated methine singlet H-15 showed key HMBC
correlations to the 2-pyrrolidone and dihydroxyphenyl moi-
eties, forming the tetrahydroisoquinoline ring and completed
the planar structure of 1 (Figure 2).

Perquinoline B (2) showed an ion at m/z 438 [M-H2O +

H]+, which is similar to that of 1 but suggests a shorter side
chain, namely, a b-alanine moiety. Finally, perquinoline C (3)
is a minor product and differs from 1 by the presence of
a hydroxy group instead of an amino group at C-8 (m/z 453
[M-H2O + H]+) (Figure 1, Figures S1, S3). All three conge-
ners have a core structure consisting of a 1,2,3,4-tetrahydroi-
soquinoline ring fused with 2-pyrrolidone and benzyl moieties
and a g-aminobutyric acid or a b-alanine as a side chain
(Figure 1).Compounds 1–2 have no antibacterial activity in
the concentration range tested (up to 64 mgmL@1, Table S5).
These compounds demonstrated weak anticancer activity
against lung and liver adenocarcinoma cell lines (Table S6).
Since 1–3 share the same core structure as opiates, we tested
the binding of 1 to human b2-adrenergic and m-opioid
receptors.[8] Indeed, weak binding with Ki values in the tens
of mm range was detected with 1 (Table S7).

The structures of 1–3 could be considered cyclized
tripeptide with Phe as the N-terminal amino acid and
GABA or b-alanine as the C-terminal moiety (Figure 1).
However, the origin of the ring system of 1–3 was not clear. To
elucidate the biosynthetic pathway of 1–3, a culture of
Streptomyces sp. IB2014/016-6 was supplemented with l-
[ring-d5]-Phe, l-[2,3,3,4,4-d5]-Glu, l-[13C4,

15N2]-Asn and
[2,2,3,3-d4] succinate. LC-MS data of the extracts prove that
the benzyl ring of 1- 3 is derived from phenylalanine
(Figure S4). In the case of l-[13C4,

15N2]-Asn, the isotopic
pattern suggested that most likely only the nitrogen is
incorporated into 1–3, indicating the involvement of an
aminotransferase at some step during biosynthesis (Fig-
ure S4). l-[2,3,3,4,4-d5]-Glu and [2,2,3,3-d4]-succinate were
not incorporated; thus, the origin of the 2-pyrrolidone ring and
the GABA fragment of 1 and 3 remained unclear at this stage.

The remaining structural features of 1–3 suggest a poly-
ketide origin. Streptomyces sp. IB2014/016-6 was thus grown
in the presence of [1-13C]-, [2-13C]-, and [1,2-13C2]-sodium
acetates. Compound 1 was purified, and 13C NMR spectros-
copy was used to determine the positions of acetate incorpo-
ration (Figure 3, Table S7). The [1,2-13C2]-acetate incorpora-

tion study clearly demonstrated that the dihydroxyphenyl ring
of the tetrahydroisoquinoline originates from acetate units via
a polyketide pathway. At the same time, a low level of
incorporation of acetate-13C2 was observed at C-18 and C-19
of the 2-pyrrolidone ring. The 13C NMR spectrum of purified
1 obtained from the cultivation of Streptomyces sp. IB2014/
016-6 with [1-13C]-acetate exhibited enhanced signals corre-
sponding to carbons C-10, 12, 14, 16, 19, 20, and 24 (Table S8).
Furthermore, the feeding of [2-13C]-acetate resulted in
enhanced signals at positions C-9, 11, 13, 15, 17, and 18.
Interestingly, these data suggest a tail-to-tail connection (C2–
C2) of acetates to form the 2-pyrrolidone ring (positions C-17
and C-18). Such an arrangement might arise from the
incorporation of succinate built up in the citric acid or the
glyoxylate cycles.[9] Moreover, C-21 and C-22 were also
enriched but at a relatively lower rate, indicating the indirect
incorporation of acetate into GABA (Figure 3). This suggests
the GABA fragment originates from the succinate (citric acid
cycle) or acetoacetate (butanoate metabolism) rather than
decarboxylation of l-Glu.

To identify the 1–3 biosynthetic gene cluster, the genome
of Streptomyces sp. IB2014/016-6 was sequenced and analyzed
with antiSMASH.[10] The gene cluster encoding putative ATP-
grasp RimK-type ligase (prqI),[11] hydratase (pqrH), acyl-
CoA ligase (pqrG), 8-amino-7-oxononanoate synthase
(AONS, pqrA) as well as type III PKS (pqrB), two dehydra-
tases (pqrC,D), and aminotransferase (pqrE), which are
similar to Dpg enzymes involved in 3,5-dihydroxyphenylgly-
cine (3,5-DHPG) assembly in glycopeptide biosynthesis,[12]

were proposed to be responsible for the assembly of 1–3
(Figure 4, Table S9). In addition, genes encoding putative
transcriptional regulator (pqrR), transporter (pqrW) and
large protein with TolB and amidase conserved domain
motifs (pqrF) are located in the same region of the
chromosome. A BLAST search with the pqrA sequence
revealed a similar gene cluster within the genome of
S. odonnellii NRRL B24891 (Figure S5). This strain, when
cultivated under the same conditions used herein for Strepto-

Figure 2. 2D NMR data of 1 showing the key HMBC (arrows) and
COSY correlations (bold lines).

Figure 3. Incorporation of carbon-labelled sodium acetate into 1. Bold
lines indicate the intact acetate units; sphere indicate the C-2 of
acetate, * indicates a low rate of incorporation.
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myces sp. IB2014/016-6, was found to produce 1–3 (Fig-
ure S6). To confirm that the proposed gene cluster is involved
in the biosynthesis of 1–3, the pqrA gene was deleted from the
chromosome of IB2014/016-6. The resulting mutant did not
produce 1–3 (Figure S7). Lastly, we retrieved both pqr gene
clusters from the chromosomes of IB2014/016-6 and NRRL
B24891 using the TAR cloning technique and successfully
expressed them heterologously in S. lividans TK24, and the
recombinant strains produced 1–3 (Figure S8).[13]

Based on the precursor feeding experiments, we proposed
that the entire biosynthesis of 1–3 starts with the condensation
of Phe with succinate rather than succinate being introduced
into the assembled peptide later. The obvious candidate
protein for this biosynthetic step is the putative 8-amino-7-
oxononanoate synthase (AONS) homologue encoded by the
pqrA gene. This group of enzymes catalyzes the decarbox-
ylative condensation of amino acid and acyl-CoA substrates
in the first steps of the biotin and haem biosynthesis.[13]

Recently, an unusual polyketide synthase employing AONS-
type reactions was reported to assemble the core of sax-
itoxin.[14] Additionally, AONS was proposed to participate in
the production of ring A of moenomycin and other bacterial
natural products.[15] Pyridoxal phosphate (PLP) is a crucial co-
factor for these enzymes. We expressed pqrA in E. coli and
purified the corresponding protein (Figure S9). The PqrA
(1.5 mm) activity was tested with 5 mm l-Phe, 1.2 mm succinyl-
CoA, and 0.1 mm PLP at 37 88C. The reaction mixture with
boiled enzyme was used as a control (Figure S10a). The
mixture was analyzed by LC-MS (Figure 5a). As a result,
a peak with m/z 222 [M++H]+ that is not present in the control
appeared in the spectrum of the reaction mixture containing
active PqrA (compound 4). The molecular weight of com-
pound 4 corresponds to the structure of the proposed product
of the PrqA reaction (detected m/z 222.1124 [M++H]+,
calculated m/z 222.112376 [M++H]+; Figure 5b). Compound
4 is formed by the decarboxylative condensation of l-Phe and
succinyl-CoA. One additional compound with m/z 266
[M++H]+ (5) is present in the reaction mixtures with the
active and denatured PqrA (Figure 5c). Compound 5 was
purified, and its structure was determined by NMR spectros-

copy (Table S10). This compound is an adduct formed by the
spontaneous acylation of the a-amino group of l-Phe with
succinate. When tested, 5 is not accepted as a substrate by
PqrA. Furthermore, in the reaction mixture with active PqrA,
a compound with m/z 322 [M++H]+ (6) can be detected. The
mass of 6 corresponds to an acylation adduct similar to 4
(Figure S10b).

We have analyzed the properties of PqrA catalysis. The
maximum rate of substrate conversion was achieved at 37 88C
after 2 hours of incubation (Figure S11). The rate of the
enzymatic reaction was found to be strongly dependent on the
concentration of PLP in the reaction mixture (Figure S12).
When no PLP was added, only conversion rates of 3–8%
relative to the maximum activity were observed. The residual
activity can be explained by the fact that some of the protein
was already covalently modified with PLP during production
in E. coli. To confirm the mechanism of the reaction with
PqrA, 1-13C and 2-13C l-Phe were used. With 2-13C l-Phe, the
major peak in the mass spectrum of 4 was shifted to m/z 223
[M++H]+ (Figure S13). However, when 1-13C l-Phe was used,
no increase in the m/z of 4 was observed, leading to the
conclusion that the carboxyl group of l-Phe is removed
during the condensation reaction, as described for other
AONS.[16]

We also tested the substrate specificity of PqrA for both
amino acid and acyl-CoA substrates. The enzyme accepted
glutaryl-CoA but with much lower efficiency than succinyl-
CoA (Figure S14a). At the same time, PqrA does not accept
butyryl-CoA or methylmalonyl-CoA with the same number
of carbon atoms as succinyl-CoA, nor does it accept malonyl-

Figure 4. Organization pqr gene cluster and predicted functions of prq
genes.

Figure 5. PqrA catalyzed the reaction and spontaneous acylation of l-
Phe and 4. a) BPC chromatogram of the PqrA reaction mixture.
b) Proposed reaction catalyzed by PqrA. c) Proposed acylation reac-
tions of l-Phe and 4. Suc-CoA =succinyl-CoA; PLP =pyridoxal phos-
phate.
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CoA or acetyl-CoA. PqrA is highly specific for l-amino acids
and cannot act on d-Phe (Figure S14b). Of the 15 tested
proteinogenic amino acids, PqrA was able to catalyze the
condensations of l-Phe, l-Tyr, and l-Met (Figure S14b).
Consequently, we were able to detect the l-Tyr perquinoline
derivative (7) in the extracts of the native producer and in
recombinant S. lividans strains carrying the prq gene cluster
(Figures S15 and S16). PqrA was not able to accept l-phenyl-
lactate as a substrate, which suggests that 3 is a shunt product
in the biosynthesis of 1 and 2. Owing to the amino-acid
substrate promiscuity of PqrA, we hypothesized that it might
accept other derivatives of l-Phe. Indeed, PqrA was able to
catalyze the reactions of l-Phe derivatives bearing substitu-
ents on the benzyl ring but not at the a-carbon or a-amino-
group (Figure S17).

Last, a model for the PqrA structure was generated with
SWISS-Model using E. coli 2-amino-3-ketobutyrate coen-
zyme A ligase (1fc4.1.A) as the template (Figure S18).[17]

Based on this model, we predicted and mutated the amino
acids contributing to the formation of the PqrA active site,
including the highly conserved Lys 265, which is assumed to be
responsible for PLP binding (Table S11). To our great
surprise, the Lys265His variant retained residual activity (up
to 0.5% from the wild type PqrA), whereas other mutations
of this amino acid showed no reactivity.

To elucidate subsequent steps in the assembly of 1–3, we
deleted genes within and surrounding the pqr gene cluster and
analyzed the metabolites produced by recombinant S. lividans
strains carrying the mutated constructs. Deletion of gene
28335, encoding putative epoxidase on the left shoulder of the
pqr cluster, and gene 28395, encoding rRNA methyltransfer-
ase on the right shoulder, have no influence on the production
of 1–3 (Table 1, Figure S19). The same effect was observed
with the deletion of the pqrF gene. As expected, inactivation
of prqA, B, and E caused complete cessation of 1–3
biosynthesis since the corresponding enzymes are responsible
for the initial condensation and assembly of 3,5-DHPG
(Table 1, Figure S20). Importantly, the deletion of pqrI,
encoding ATP-grasp protein, caused a lack of 1–3 but did
result in the accumulation of intermediate 8, which consti-
tutes the core of 1 and 2 without the C-terminal amino acids
(Table 1, Figures S21,S22). This result shows that PqrI, like
similar enzymes, decorates 1–3 by trans-
ferring g-aminobutyric or b-aminopro-
pionic acid moieties.[18] Surprisingly, dele-
tion of the pqrR-encoding transcription
regulator also led to the production of 8,
indicating the possibility that PqrR posi-
tively regulates the final modification and
potentially the transport of 1–3.

Last, recombinant S. lividans carrying
the pqr cluster lacking the pqrG gene was
found to accumulate 4 but not 1–3 (Fig-
ure S23). PqrG is similar to acyl-CoA
ligases and shows some degree of homol-
ogy to the A-domains of NRPS enzymes,
including those implicated in the Pictet–
Spengler reactions in tetrahydroisoquino-
line biosynthesis (Figure S24).[19] This sim-

ilarity leads to the assumption that PqrG catalyzes the
condensation reaction between 4 and 3,5-DHPG. The final
cyclizations of 1–3 remain unclear since the deletion of pqrH,
the last possible candidate for this reaction, led to a significant
increase in the production of 1–3 (Figure S25). However, we
believe that the observed phenotype is caused by the insertion
of the resistance cassette with the strong promoter, driving the
transcription of downstream genes. To identify the enzyme
responsible for the last cyclization, we cloned pqrG in
combination with pqrA (to provide 4) both with and without
pqrH. The corresponding constructs were expressed from the
ErmE promoter in S. lividans. After feeding 3,5-DHPG, the
strain carrying pqrG and pqrA was able to accumulate 8
regardless of the presence of pqrH (Figure S26). This result
suggests that PqrG is responsible for the condensation of 4
and 3,5-DHPG and the formation of both rings of 1–3. The
formation of 3 involves rearrangements in close proximity to
the amino group of l-Phe, which seems to result in its
displacement with water, leading to the formation of shunt
product 3.

Based on the obtained data, we can deduce the biosyn-
thetic steps leading to the production of 1–3 (Scheme 1). First,
PqrA catalyzes the condensation between l-Phe and succinyl-
CoA, leading to intermediate 4. PqrB-E produce 3,5-DHPG,
which is condensed with 4 by PqrG. The cyclization between
the nitrogen atom of the peptide bond and C-19 of the
carbonyl group most likely occurs spontaneously, followed by
PqrG catalyzed closure of the piperidine ring, giving inter-
mediate 8. This compound is further modified by the addition
of GABA or b-alanine by PqrI, leading to 1–2. The loss of the

Table 1: Accumulations of intermediates in the biosynthesis of 1–3 by
mutants lacking individual pqr genes.

Gene
deleted

Compound pro-
duced

Gene
deleted

Compound pro-
duced

28335 1–3 prqG 4
prqA none prqH 1–3[a]

prqB none prqR 8
prqE none prqI 8
prqF 1–3 28395 1–3

[a] 4–6-fold increase in production.

Scheme 1. Proposed biosynthetic pathway for 1–3.
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amino group during the cyclization results in the production
of 3.

In conclusion, 1–3 are a new type of tetrahydroisoquino-
line natural product. Although 1–3 did not show any
prominent activity in the assays employed, the biosynthetic
pathway leading to the formation of these compounds
represents an unprecedented assembly of the tetrahydroiso-
quinoline core structure. Furthermore, the biosynthesis of 1–3
broadens our understanding of the involvement of AONS and
ATP-grasp proteins in the assembly of natural products.
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