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ABSTRACT:  Pyridoxal phosphate (PLP)-dependent enzymes can catalyze various transformations of L-amino acids at ,  and  positions.  
These versatile enzymes are prominently involved in the biosynthesis of nonproteinogenic amino acids as building blocks of natural products, 
and are attractive biocatalysts.  Here, we report the discovery of a two-step enzymatic synthesis of (2S, 6S)-6-methyl pipecolate 1, from the 
biosynthetic pathway of indole alkaloid citrinadin. The key enzyme CndF is PLP-dependent and catalyzes synthesis of (S)-2-amino-6-oxohep-
tanoate 3 that is in equilibrium with the cyclic Schiff base. The second enzyme CndE is a stereoselective imine reductase that gives 1. Biochem-

ical characterization of CndF showed this enzyme performs -elimination of O-acetyl L-homoserine to generate the vinylglycine ketimine, 

which is subjected to nucleophilic attack by acetoacetate to form the new C-C bond in 3 and complete the -substitution reaction. CndF 

displays substrate promiscuity towards different -keto carboxylate and esters. Using a recombinant Aspergillus strain expressing CndF and 

CndE, feeding various alkyl--keto esters led to the biosynthesis of 6-substituted L-pipecolates. The discovery of CndF expands the repertoire 
of reactions that can be catalyzed by PLP-dependent enzymes. 

Nature is remarkable in building and using structurally diverse 
amino acids.1-2 Nonproteinogeneic amino acids (NAAs), which con-
stitute 96% of the naturally occurring amino acids,1 are frequently 
incorporated into small molecules to broaden reactivity and to es-
tablish biologically relevant conformers.3 Peptides that contain 
NAAs are less susceptible to proteolysis, thereby increasing the half-
lives during circulation.4-5 The usefulness of NAAs have also been ex-
tensively explored through incorporation into recombinant proteins 
in Escherichia coli, yeast, and mammalian cells.6  Because of these 
features, new methods to efficiently synthesize NAAs have gained 
significant attention.7-8  

Parallel to organic synthesis, biocatalysis has been applied in the 
enantioselective synthesis of NAAs.9 For example, threonine al-

dolases can produce -hydroxy--amino acids with complete stere-

oselectivity at C positions and moderate stereospecificity at C po-

sitions.10 Aminomutases have been used to convert -amino acids to 

value-added -amino acids.11 Enzymes discovered from natural 
product biosynthetic pathways that catalyze challenging C-H func-
tionalization have been recently used as biocatalysts for NAA syn-
thesis.12-14 A notable example by Renata and coworkers showed that 

GriE, -ketoglutarate (KG)-dependent hydroxylase, can stereo-

specifically hydroxylate remote sp3 carbons in a wide range of -
amino acids at a preparative scale.13 Chang et al recently identified 

KG-dependent radical halogenases can halogenate unactivated sp3 
carbons of free amino acids.14 In these examples, the natural func-
tions of the enzymes are to build NAAs for further modification or 
uptake by nonribosomal peptide synthetases (NRPS).15-16  There-
fore, mining and characterization of new enzymes from secondary 
metabolism can be fruitful for discovery of new biocatalysts for NAA 
synthesis. 

Pipecolate and derivatives are privileged building blocks fre-
quently used in medicinal chemistry. Pipecolate is present in several 
FDA approved therapeutics, such as levobupivacaine and nelfinavir 
(Figure 1).4 Pipecolate is also found in natural products as high-
lighted by rapamycin, in which the L-pipecolate is involved in for-
mation of the macrolactam and interactions with FKBPs through hy-
drogen bonding.17 Altering the L-pipecolate moiety can change the 
potency of rapamycin derivatives.18  

 

Figure 1. Pipecolates are important synthons in medicinal chemistry. Ex-
amples of FDA approved drugs containing N-heterocyclic amino acids.  



 

Synthetically, pipecolates can be constructed via multiple ap-
proaches including aza Diels-Alder cycloaddition between an acti-
vated carbodiene and an imine,19 full reduction of a substituted pic-
olinate,20 ring closing metathesis (RCM),21 or cyclization/reduction 

of oxo-amino acids generated from sulfinimine-mediated asym-
metric Strecker synthesis.22 The last approach resembles one way 
used by Nature to synthesize unsubstituted L-pipecolate: L-lysine is 
deaminated to give a cyclic imine, followed by reduction to pipeco-
late.23 In rapamycin biosynthesis, a single cyclodeaminase LCD cat-
alyzes both L-lysine deamination and imine reduction (Scheme 

1A).24 In plants, the -amine of L-lysine is first converted to ketone 

followed by Schiff base formation between C and N.25 Subsequent 
reduction takes place stereospecifically to give L-pipecolate (Scheme 
1B).  In fungi, flavin-dependent saccharopine oxidase can generate a 

C-semialdehyde from saccharopine, which  can form an imine be-

tween N and C (Scheme 1C).26 This mechanism is analogous to 
microbial biosynthesis of methylprolines, common building blocks 
in natural products.  Oxygenases can first catalyze remote oxidation 
of aliphatic amino acids such as L-leucine or L-isoleucine, followed 
by imine reduction (Scheme 1D).27-28  

 

Scheme 1. Enzymatic routes to pipecolate and methylated prolines.  

Despite their occurrences in drugs such as Nelfinavir, alkyl-substi-
tuted pipecolates are extremely rare in natural products.  To our 
knowledge, our recent discovery of 5,5-dimethyl-L-pipecolate in fla-
vunoidine is the only example.29 Given the linear aliphatic chain in L-
lysine and the limited side chain lengths of natural aliphatic amino 
acids, it is evident that formation of an alkyl-substituted pipecolate 
via mechanisms shown in Scheme 1 is not possible. Instead, biosyn-
thesis of alkyl-substituted pipecolates will likely involve C-C bond 
formation between two building blocks to reach the required num-
ber of carbons. Uncovering the enzymes that can perform such func-
tion can therefore lead to development of biocatalysts for diverse 
pipecolate synthesis. Here, we reported the discovery of a two-en-

zyme pathway, including a PLP-dependent -substitution enzyme 
and an imine reductase, to produce (2S, 6S)-6-methyl pipecolate 1. 
We explored the synthetic utility beyond the native substrate to pro-

duce a suite of 6-alkyl-pipecolates starting from -keto esters.  

RESULTS AND DISCUSSIONS 
Citrinadin contains a substituted piperidine. Active against mu-

rine leukemia L1210 cells, citrinadin A and B were isolated from ma-
rine Penicillium citrinum (Scheme 2).30-31 Citrinadin A is further 
modified from citrinadin B with an N,N-dimethylvaline ester.31 Both 
Citrinadin A and B contain a pentacyclic core structure comprised 
of spirooxindole and quinolizidine. The complex structures have in-
spired numerous total synthesis of citrinadin A and B, and the struc-
turally related PF1270A–C.32-36 Biosynthetically, citrinadin A is a 
prenylated indole alkaloid, which can be morphed from a mono-
ketopiperazine that is derived from two amino acid building 
blocks.37-39 One of the two amino acid is L-tryptophan as evident by 
the oxoindole moiety, while the other becomes part of the quinoliz-
idine, and is predicted to be (2S, 6S)-6-methyl pipecolate 1 (Scheme 
2).  Retrobiosynthetically, we propose 1 can be derived from the ste-
reospecific reduction of the Schiff base 2, analogous to the last step 
in proline and pipecolate biosynthesis (Scheme 1).  2 is expected to 
be in equilibrium with the ring opened amino acid (S)-2-amino-6-
oxoheptanoate 3, which should be bio-synthesized by dedicated en-
zymes in the citrinadin biosynthetic cluster from primary metabo-
lites (Scheme 2B). 

 

 

Scheme 2. Citrinadin A and B contains a methylpiperidine that is 
likely derived from 6-methyl-pipecolate1.   

The biosynthesis of citrinadin A therefore requires a two-module 
NRPS that activates and condenses tryptophan and 1, and at least 
one dimethylallyl diphosphate transferases (DMAT). The N,N-di-
methylvaline ester group in citrinadin A is likely installed by an addi-
tional single-module NRPS.29 Using the colocalizations of  genes en-
coding a two-module NRPS and DMAT as requirement, we located 
a biosynthetic cluster (renamed cnd) in several sequenced Penicil-
lium citrinum strains (Figure 2A). Among a handful of P. citrinum 
strains that we screened, P. citrinum DSM1997 was the only one that 
produce citrinadin A under laboratory conditions with a titer of 5 
mg/L when grown on potato dextrose agar (Figure S2A).  To con-
firm the detected compound is citrinadin A, we performed large-
scale culturing of P. citrinum DSM1997, purified the compound and 
verified its structure by NMR analysis (Table S1-2, Figures S13-
S14). Next, the cndA gene encoding the NRPS was deleted by ho-
mologous recombination from the genome to generate P. citrinum 

cndA (Figure S2B). Metabolic analysis of P. citrinum cndA 
showed that citrinadin A production was completely abolished (Fig-
ure S2), confirming the cnd cluster is responsible for citrinadin bio-
synthesis.



 

 

Figure 2. Biosynthesis of citrinadin by Penicillium citrinum DSM 1997. (A) The identified cnd gene cluster. The four enzymes that are studied here are 
colored. Abbreviations: FMO: flavin-dependent monooxygenase; DMAT: dimethylallyltransferases; MT: methyltransferase; SDR: short-chain dehy-
drogenase/reductase; NRPS: nonribosomal peptide synthetase (A: adenylation; C: condensation; T: thiolation; R: reductase); (B) Proposed early 
steps of citrinadin biosynthesis involves the NRPS CndA and (2S,6S)-6-methyl-pipecolate 1.  

Identification of cnd biosynthetic cluster.  Since 1 is not a known 
metabolite, we reasoned enzymes responsible for its biosynthesis are 
encoded in cnd cluster. Through comparative analysis of cnd and 
known gene clusters of other related indole alkaloids that do not in-
corporate 1, such as notoamide B and taichuanamide A (Figure 
S3),37 a set of cnd genes (cndE-cndG ) that are uniquely present in 
cnd cluster were identified and highlighted in Figure 2A. Basic local 
alignment search tool (BLAST) searches using CndE as a query re-
vealed that it belongs to short-chain dehydrogenase/reductase 
(SDR) family. Considering that the final steps in L-proline and L-
pipecolate biosynthesis both require reduction of cyclized imine by 
imine reductases (Scheme 1), we reason that CndE may play a sim-
ilar role in biosynthesis of 1.23, 27-28 The remaining two unique en-
zymes encoded in the cluster are a pyridoxal phosphate (PLP)-
dependent enzyme CndF, and a putative HMG-CoA lyase CndG.40 
The closest known homologue of CndF is PLP-dependent cystathi-

onine--synthase (CGS), with a sequence identity of 36%.41-42 In 

fungi, CGS catalyzes the -elimination of O-acetyl homoserine 9 to 
give a vinylglycine ketimine.43 The nucleophilic thiolate of cysteine 

can subsequently attacks C atom to form a new C-S bond.44 We rea-
soned that CndF may catalyze C-C bond formation between vinyl-

glycine and a three-carbon precursor in a -substitution reaction to 
give (S)-2-amino-6-oxoheptanoate 3 (Scheme 2).  If so, CndF 

would be the first example of a -substitution, PLP-dependent en-
zyme that catalyzes C-C bond formation.  

To determine whether 1 is a building block of citrinadins, we het-

erologously expressed CndA in Aspergillus nidulans A1145 EM.45 
Expressing cndA alone did not lead to new metabolites, indicating 
possible lack of a specific amino acid substrate. Feeding commer-
cially available (±)-cis-6-methyl pipecolate, which contain both (2S, 
6S) and (2R, 6R) enantiomers, to the cndA expression strain led to 
the production of two new compounds 6 and 7 (Figure 3, vii).  NMR 
characterization revealed 6 and 7 are dipeptides derived from tryp-
tophan and 1 (Tables S5 and S6, Figures S26-S35). Therefore, the 
exogenously supplied pipecolate is recognized by the NRPS and is 

incorporated into the dipeptide (Figure 2). Both compounds are 
proposed to be off-pathway shunt products that are related to the on-
pathway intermediate monoketopiperazine 5. Formation of the car-
boxylic acid 6 can be a result of nonenzymatic hydrolysis of dipep-
tidyl-S-PCP from the peptide carrier protein (T2) domain of CndA, 
prior to reductive release as the aldehyde 4 by the R domain (Figure 
2B). A sluggish R domain in the heterologous host A. nidulans can 
lead to nonenzymatic hydrolysis of the thioester bond  to offload 6.  
On the other hand, once released, 4 is in equilibrium with the mono-
ketopiperazine 5, in which the amide bond is in a less favorable cis 
configuration.46  In the absence of downstream enzymes that can 
process 5 to more advanced intermediates, the aldehyde of 4 can be 
further reduced to the alcohol 7 by endogenous reductases as a de-
toxification mechanism (Figure 2B).47    

 

 
 

Figure 3. Heterologous expression in A. nidulans established that 
CndE and CndF are necessary and sufficient for the formation of 1. 

 



 

 

Figure 4. CndF and CndE catalyze tandem reactions to yield 1. (A) Acetoacetate is the precursor to 1. (B) In vitro characterization of CndF revealed 
that O-acetyl-L-homoserine is the preferred amino acid substrate.  (C) In vitro reconstitution of activities of CndF and CndE to give 1. (D) Proposed 
biosynthetic pathway to 1. 

 
Determination of the biosynthetic enzymes responsible for pro-

ducing 1. To identify the enzymes required to biosynthesize 1 and 
test the hypothesis that the PLP-dependent CndF catalyzes a C-C 
bond forming reaction, we reconstituted the activities of CndE, 
CndF and CndG in A. nidulans.  Expression of cndF alone or with 
cndG did not yield any new product compared to control (Figure 3, 
i-iii). Co-expression of cndE and cndF led to formation of a new 
product with a m/z =144 ([M+H]+) (Figure 3, iv) that agrees with 
the molecular weight of 1. We purified the compound with a titer of 
5 mg/L and confirmed the structure to be that of 1 by NMR (Table 
S3, Figures S15-S20). NOESY analysis showed that 2-carboxylate 
and 6-methyl substituents in 1 are in a cis configuration. Purified 1 
was derivatized with Marfey’s reagent,48 and the product profile was 
compared with that of derivatized (±)-cis-6-methyl pipecolate (Fig-
ure S4). Derivatized 1 elutes as a single peak, whereas the derivatized 
(±)-cis-6-methyl pipecolate elutes as two separate peaks (Figure 
S4). This demonstrates that 1 is a single enantiomer. Based on the 
total synthesis and stereochemical assignment of the quinolizidine 
methyl group in citrinadin to be in S configuration,33-34 we suggest 
the C6-methyl group in 1 is also in S configuration. Hence the struc-
ture of 1 is assigned to be (2S, 6S)-6-methyl-pipecolate. This result 
shows that cndE and cndF are necessary and sufficient to produce 1. 
Expression of cndE and cndF in the presence of cndA led to the pro-
duction of 6 and 7 (Figure 3, vi), which is consistent with the feeding 
study with (±)-cis-6-methyl pipecolate.  

When cndG encoding a predicted HMG-CoA lyase was coex-
pressed in the strain expressing CndE and CndF, the titer of 1 in-
creased by approximately 3-fold (Figure 3, v) to ~15 mg/L, suggest-
ing the activity of CndG increases the availability of precursors to 1. 
CndG shows >60% sequence identity with fungal HMG-CoA lyases, 
which indicates CndG is likely to catalyze the same reaction: the 
cleavage of HMG-CoA into acetyl-CoA and acetoacetate 10 (Figure 
4D).40  The product 10 could therefore be the three-carbon building 
block that is used by CndF in constructing 1. Although extensive ef-
forts were made to obtain cDNA of cndG from the native producer, 
we found that cndG remained silent under the citrinadin producing 

conditions tested in the lab. Suppression of cndG expression may be 
due to sufficient cytosolic concentration of acetoacetate through pri-
mary metabolism to maintain the production of citrinadin. 

To verify 1 is derived from acetoacetate 10, we supplied [2,4-13C2] 
ethyl acetoacetate 8a to A. nidulans expressing cndE and cndF. We 
reasoned the ethyl ester of 8a may be hydrolyzed by an endogenous 
esterase to give 10. As a result of feeding, an increase of 2 mu in 
MWT of 1 was detected by mass spectrometry (Figure 4A). This in-
dicates both 13C atoms of 8a were incorporated into 1. We purified 
this labeled compound and NMR analysis revealed that carbon at-
oms at C5 and the C6-methyl group are isotopically labeled (Figure 
4A, Table S4, Figures S21-25). Based on differences in reactivities, 

we assigned C5 of 1 to correspond to the more nucleophilic C atom 

of 8a, while C6-methyl to correspond to the terminal C of 8a.  C-C 

bond formation thus occurs between C (C4 in 1) and C (C5 in 1) 
to forge 3, the precursor of 1 (Figure 4D). This agrees with our hy-
pothesis that PLP-dependent enzyme CndF catalyzes C-C bond for-
mation between two smaller precursors. 

CndF is a PLP-dependent -substitution enzyme that catalyzes C-
C bond formation. Having established 10 is a building block of 1, we 
next sought to elucidate the mechanism of CndF. Since CndF is pro-

posed to catalyze a -substitution reaction via a PLP-dependent 
mechanism, the first substrate must be an amino acid with a good 

leaving group at C position.  To identify the amino acid substrate of 
CndF, we heterologously expressed and purified it from Escherichia 
coli with 40 M PLP supplemented in all purification buffers. To 
confirm that CndF binds PLP, we used UV-vis spectrophotometer 
to examine to absorbance profile. A characteristic absorption was 
observed at 420 nm for the purified enzyme, indicating the for-
mation of internal aldimine between PLP and a lysine residue in the 
active site (Figure S5).49 Extensive dialysis of CndF in the presence 
of hydroxylamine eliminated the absorbance peak at 420 nm, indi-
cating the enzyme has been converted to the apo form (Figure S5).  
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Scheme 3. Proposed mechanism of CndF in catalyzing the -substitution reactions to yield 3. 

Next, we tested a panel of amino acids, including L-homoserine, 
O-acetyl-L-homoserine 9, O-phospho-L-homoserine, O-succinyl-L-
homoserine, L-homocysteine, L-cystathionine, and S-adenosyl-L-

methionine (SAM), as substrates of CndF in the -substitution reac-
tion. In vitro reactions of holo-CndF were carried out in the presence 
of 10. To facilitate product detection of 2 (in equilibrium with 3) by 
LC-MS, we used o-aminobenzaldehyde (o-AB) to derivatize the cy-
clic imine 2 into the dihydroquinazolinium complex that has a dis-
tinct absorbance at 440 nm (Figure S6) and a m/z of 245. The assays 
showed that 9 displayed the highest activity among all substrates 
(Figure 4B), and is therefore the most likely natural substrate for 
CndF.  The only other substrate that supported the formation of 2 
was O-succinyl-L-homoserine. 

The proposed mechanism of CndF is shown in Scheme 3.  In the 
first step of the reaction following formation of the external aldimine 
(I) between PLP and 9, PLP serves as an electron sink to delocalize 
the negative charge generated by the initial deprotonation event at 

C position of 9 to give quinonoid (II). Divalent metal ions are 

known to promote electron displacement as a way to stabilize the C 
carbanion and accelerate catalysis.50 We carried out in vitro enzy-
matic reactions of CndF in the presence of different divalent metal 
ions, and found that Co2+ expedites the reaction most (Figure S7).50 

The remaining steps of -elimination and substitution by CndF are 

analogous to that of cystathionine -synthase.44 Protonation of II 

gives the ketimine (III), which can undergo C proton abstraction 
and expulsion of the acetyl group to yield the PLP-bound ketimine 

form of vinylglycine (IV). Next, the acidic proton at C position of 
acetoacetate is abstracted and the resulting enolate attacks the elec-

trophilic IV to form an enamine adduct (V). Reprotonation of C 
forms the ketimine (VI), followed by quinonoid (VII) formation 

and C protonation to arrive at the new external aldimine (VIII). Re-
lease of the adduct 11 as product regenerates the internal enzyme-

PLP aldimine. The -carboxylate of 11 can readily undergo decar-
boxylation to arrive at the desired ketone 3.51  While the C-C bond 

formation step (IV  V) may also be initiated through the decar-

boxylation of 10, our data below with -keto ethyl esters suggest the 
decarboxylation can take place after C-C bond formation. Although 
decarboxylation is depicted to occur after product release in Scheme 
3, we cannot exclude that from taking place during the later catalytic 
steps of CndF (V  VIII).  

CndF is a unique PLP-Dependent enzyme. PLP-dependent en-
zymes are essential in all kingdoms of life to catalyze many reactions 
in metabolism, and arguably represent the most versatile biocata-
lysts.42 The PLP cofactor enables chemical transformations on 
amino acids that are otherwise difficult to perform, including trans-

amination, decarboxylation, / elimination and substitution, etc.41 
Recently, oxidase activities were also identified in PLP-dependent 
enzymes.52 The mechanism of CndF reported here is distinct from 

known PLP-dependent, -substitution enzymes by catalyzing a C-C 
bond formation between the vinylglycine ketimine and the nucleo-

philic C in 10. The closet examples to CndF are cystathionine--
synthase and LolC found in the loline biosynthetic pathway, which 
catalyze C-S and a proposed C-N bond formation using the vinylgly-
cine ketimine as electrophile, respectively.42, 44, 53 Other known C-C 
bond forming PLP-dependent enzymes, such as  UstD in ustiloxin B 

biosynthesis,  can perform -substitutions using an enamine-PLP as 

a nucleophile.42, 54  Threonine aldolases and -aminolevulinate syn-
thase, which are PLP-dependent enzymes, catalyze C-C bond for-

mation at -position of glycine using the nucleophilic glycyl-qui-
nonoid.10 Our recent discovery of bi-functional FlvA is proposed to 
be mechanistically similar to CndF, although biochemical validation 
is still pending.29  

Searches of the nonredundant protein database in the National 
Center for Biotechnology Information (NCBI) for CndF homo-
logues revealed numerous candidates across filamentous fungi. 
None of these homologues have known functions, implicating the 
untapped functional diversity of these enzymes. Phylogenetic analy-
sis showed that the closest homologues to CndF are co-clustered 
with other biosynthetic enzymes (Figure S8-9). One group of these 



 

clusters are highly conserved across several Aspergillus spp. and all 
contain a NRPS-independent siderophore (NIS) synthetase, while 
other cluster contains a single-module NRPS (Figure S9). It is likely 
that these PLP-dependent enzymes also provide NAAs for down-
stream incorporation in a secondary metabolite. 

CndE is an imine reductase. To probe the role of the SDR homo-
log CndE in reducing 2 to 1, we carried out combined enzymatic re-

actions in vitro. Purified CndE and CndF (28 M each final concen-
tration) were incubated with 9 (1 mM), 10 (1 mM), NADPH (1 
mM), and Co(NO3)2 (2.5 mM) in 50 mM phosphate buffer (pH 
6.5) for 1 hour at room temperature. Subsequently, the reaction mix 
was derivatized with Fmoc-Cl and analyzed by LC-MS. The Fmoc-
derivatized product eluted at the same time as Fmoc-1(Figure 4C).  
Formation of 1 is not detected in the absence of CndE or NADPH. 
Together with earlier chiral derivatization result showing that 1 is a 

single enantiomer, these data established 2 that can be stereoselec-
tively reduced to 1 with S-configuration at C6 by CndE. 

CndF can synthesize enamines with -keto esters.  Having veri-
fied the activity of CndF, we next probed the substrate scope of 

CndF by varying the structures of -keto nucleophile (Figure 5).  

We chose the ethyl esters 8 as substrates because very few -keto ac-

ids are commercially available due to spontaneous -decarboxyla-
tion. Substrates with different sizes at R1, as well as those containing 

cyclic -ketones are tested in the assay. We used LCMS to monitor 
appearance of new products, as well as quantifying the consumption 
of substrates (Figure S8).  If 8 can be recognized by CndF and can 
form a C-C bond with the vinylglycine ketimine IV, then adduct 12 

and the cyclized Schiff base are expected to be products.  If the -
position of 8 is not substituted (R2=H), the Schiff base is expected 
to tautomerize and form the stable enamine 13 (Figure 5).  
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Figure 5. In vitro assay of -keto esters with CndF. 

We first tested 8a in the in vitro assay to determine if ethyl esters 
can be accepted as nucleophiles without being hydrolyzed to the car-
boxylate. Surprisingly, 8a can be efficiently converted to a new prod-
uct 14, with nearly complete consumption of 8a (Figure S10A).  To 
produce sufficient amount of 14 for structural determination, we 
transformed E. coli with a plasmid harboring homoserine O-acetyl-
transferase (HAT) and CndF.   Overexpression of HAT increases 
the intracellular levels of 9 for the biotransformation.  In addition, 8a 
does not undergo hydrolysis readily in E. coli due to the absence of 
the esterase that is presumably present in A. nidulans. Feeding L-ho-
moserine (10 mM final concentration) and ethyl acetoacetate 8a (10 
mM final concentration) to E. coli culture after IPTG-induced pro-
tein expression led to the production of 14 at 30 mg/L after 6 hours. 
The compound was purified and the structure was solved by NMR 
to be the enamine shown in Figure 5 (Table S8, Figures S36-S40).  

The max of 14 at 286 nm is also consistent with reported enamine 

absorbance (Figure S10A).55 Formation of enamine 14 confirms the 
cyclic Schiff base 12 to be the product of CndF. Coexpression of 
CndE in E. coli did not reduce 14. This can be attributed to the more 
stringent substrate specificity of CndE against bulky, C5-substituted 
cyclic imines. The production of enamine ester 14 also provides 
mechanistic insight of CndF.  In proposing a mechanism for CndF 
using 10 as the nucleophile, we did not know if decarboxylation is 
required for enolate formation. Conversion of 8a to 14 indicates C-
C bond formation by CndF does not require acetoacetate decarbox-
ylation to drive enolate formation. Therefore, the presence of a gen-

eral base (B4 in Scheme 3) to abstract C proton is required to form 
the enolate.  

4-Mono-, di-, tri-fluoro ethyl acetoacetate (8b-d) can all be con-
verted into new products 15-17 based on LCMS analysis, with full 
consumption of substrates (Figure S10B-D). Increasing the sizes of 



 

R1 substituent in 8e-g led to decrease in substrate conversions, alt-
hough product (18-20) formation can still be clearly detected by 
LCMS (Figure S10E-G).  When the tert-butyl substrate 8f was used, 
only the mass of the uncyclized ketone 19 can be detected (Figure 
S10F). Formation of the cyclic Schiff base may be impeded by steric 
hindrances caused by two bulky substituents surrounding the ke-
tone. Further increasing the sizes of R1 substituent to 8i and 8o abol-

ished conversion by CndF, indicating the cyclobutane -keto ethyl 
ester 8g is at the size limit of the CndF active site available for the 
nucleophile. Surprisingly, we observed ~50% consumption of the cy-
clopentanone-containing substrate 8h, and the emergence of a prod-
uct that matches the expected molecular weight of 21 (Figure 
S10H).  NMR evidence for cyclopentanone incorporation into pipe-
colate is demonstrated in the next section (see 27). This result indi-
cates that CndF not only tolerates ethyl esters and R1 substitutions, 
but also allows the R2 position to be substituted. No product can be 
detected from ethyl 2-cyclohexanone-1-carboxylate 8j, likely due to 
the increased size from 8h. We also tested N-containing R1 variants 
such as 8k and 8l, neither of which was consumed by the enzyme. 

The substitution of -NH2 at R1 position in 8k increases pKa of C 
proton by 5 units and significantly reduces the nucleophilicity of the 
enolate. The amine in 8i is protonated under assay conditions and 
may prevent binding in a presumably hydrophobic pocket in CndF 
that binds R1, which may also explain the lack of reactivity of 8k. Hal-
ogenated substituents 8m and 8n are also not recognized and may 
covalently inactivate CndF.56  

A microbial platform to produce (2S, 6S)-6-alkyl pipecolate.  The 
above data showed that CndF has considerable substrate promiscu-
ity to form adducts between vinylglycine and different nucleophiles. 

However, the use of -keto ethyl esters in vitro or in E. coli limits the 
utility of the enzyme to make alkyl-pipecolate derivatives, due to the 
inability of CndE to reduce the ester product 12.  The incorporation 
of [2,4-13C2]-8a to 1 using A. nidulans as a host showed that the ethyl 

esters can be converted to the corresponding -keto carboxylates in 
cellulo by endogenous esterase and lipases (Figure 4A).57  Encour-
aged by this finding, we explored the use of A. nidulans expressing 

CndF and CndE as a biotransformation host to convert various -
keto ethyl esters 8 into 6-alkyl-pipecolates (Figure 6).  The esters 
were added to the A. nidulans culture and after growth for 4-5 days, 
formation of 6-alkyl-pipecolates was monitored by LCMS. New 
pipecolate compounds were extracted and purified from culture 
(Figure S11), and were structurally characterized by NMR (Figure 
6).  

We were able to obtain several 6-alkyl pipecolates by fermenta-
tion, with yields ranging from 1-5 mg/L. While the titers of mole-
cules shown in Figure 6 are modest, we suspect the limiting substrate 
in A. nidulans is O-acetyl-L-homoserine 9. Production of 9 com-
pletely relies on a single copy of HAT gene encoded in the genome.  
Increasing the pool of 9 by overexpressing additional copies of HAT 
gene may significantly improve the titer of the products. 

The abilities of the different esters to be transformed into pipeco-
late generally match to what was observed in vitro (Figure 5), with 
several notable exceptions attributed to the removal of the ethyl es-

ter in cellulo.  For -keto esters (8e-g) that can be consumed by 
CndF in vitro to give enamine esters, 6-substituted pipecolates 22, 
23, and 24 were synthesized, respectively (Tables S9-S11, Figures 
S41-S58).  Interestingly, the biosynthesis of 23 in the presence of the 
tert-butyl containing 8f suggests that once the ethyl ester is hydro-
lyzed, the corresponding adduct can cyclize into the Schiff base. 
While 8i was not transformed by CndF in vitro, we can detect and 

purify the corresponding 6-cyclopentane-pipecolate 25 from A. nid-
ulans (Table S12, Figures S59-S64).  This suggests that once the 
ethyl ester is hydrolyzed to the carboxylate, the active site of CndF 
can accommodate the bulky R1 substituent. However, larger R1 
groups such as the phenyl group (8o) still cannot be recognized by 
CndF to make 6-phenyl-pipecolate. The formation of 22-25 also 
shows the SDR CndE can tolerate substantially larger substituents at 
C6 in performing imine reduction. The stereochemical configura-
tions of these compounds have all been confirmed by NOESY anal-
ysis. There are no endogenous reductases in A. nidulans that can in-
tercept the imine intermediates generated by CndF to produce dia-
stereoisomers. Therefore, coupling CndF with a promiscuous R-
specific imine reductase can potentially lead to the production of 
(2S, 6R)-6-alkyl pipecolate.58 

 

Figure 6. In vivo biosynthesis of substituted pipecolates.  

In addition to 1, we observed production of enamine 14 in large 
amounts from A. nidulans when 8a is supplied (Figure S12A).  When 
R1 substituent is bulkier as in 8b or 8c, enamine formation becomes 
barely detectable (Figure S12A). We reasoned that the ethyl esters 8 
is subjected to competing hydrolysis by esterases and C-C bond for-
mation by CndF in A. nidulans. When R1 substituent is small as in 

8a, the rates of hydrolysis and -substitution are comparable, which 
results in the formation of both enamine ester 14 and pipecolate 1. 

When R substituent becomes bulkier, the C-C bond formation rate 



 

of ethyl ester is slower than that of ester hydrolysis, leading to the 
formation of nearly all 6-alkyl pipecolate products (Figure S12B).  

Lastly, bicyclic 26 and 27 can be produced from ethyl 2-oxocyclo-
pentanecarboxylate 8h and ethyl 2-oxocyclohexanecarboxylate 8j, 
respectively (Tables S13-15 and Figures S65-S82). Similar to 8i, we 
did not observe enamine formation for 8j in vitro, but 27 was de-
tected and isolated in vivo as a result of ethyl ester hydrolysis. Both 
8h and 8j were supplied as racemic mixtures due to facile racemiza-

tion at the C position. From biotransformation, we observed a pair 
of diastereomers for both 26 and 27 at nearly 1:1 ratios (Figure S11). 
8h was converted to octahydro-1H-cyclopenta[b]pyridine-2-car-
boxylic acid 26cis and 26trans at 1:1 ratio, although we were only able 
to structurally characterize 26cis by NMR due to separation difficul-
ties associated with 26trans. Octahydro-1H-cyclopenta[b]pyridine-6-

carboxylic acid, an analogue of 26, is a conformationally restricted -
aminobutyric acid (GABA) analogue.59 Considering the noted neu-
roactivity of pipecolates,60 we speculate that 26cis and 26trans could be 
useful as conformationally restricted analogues of L-pipecolates.60-61 
Similar to 8h, 8j is presumably hydrolyzed by A. nidulans esterase to 

yield racemic -keto acids, which were converted to a pair of cyclic 
imines at 1:1 ratio by CndF. CndE can reduce the imines to either 
the cis-azadecalin 27cis or trans-azadecalin 27trans, as confirmed by 
NMR analysis. Previous studies showed that racemic 27 produced 
by hydrogenation of quinoline-2-carboxylic acid is a potent inhibitor 
of Angiotensin I converting enzyme.62 Coupling of CndF and CndE 
offers a biocatalytic route to produce decahydroquinoline-2-carbox-
ylic acids. We reason that scrambling of the C5 stereocenter in 26 

and 27 may occur as a result of -decarboxylation after the C-C bond 
formation step, during which formation of an enol intermediate ef-
fectively scrambles the previously established C5 stereocenter.    
 

SUMMARY 

Abundant genome sequences have provided unprecedented op-
portunities to uncover new enzyme reactivities from natural product 
biosynthetic pathways. In this work, we identified a succinct, two-
step pathway to synthesize the noncanonical amino acid (2S, 6S)-6-

methyl pipecolate 1. The first step is a C-C bond substitution reac-
tion between O-acetyl L-homoserine and acetoacetate, catalyzed by 
a PLP-dependent enzyme. The second step is stereoselective Schiff 
base reduction catalyzed by an imine reductase. The substrate toler-
ances exhibited by the two enzymes enabled biocatalytic synthesis of 
a panel of 6-alkyl pipecolate derivatives. In addition, CndF can ac-

cept -keto ethyl esters to generate enamine containing pipecolate 

molecules. CndF displays new catalytic mechanism in catalyzing -
substitution and C-C bond formation using the PLP cofactor. CndF 
therefore represents an attractive starting point for biocatalyst engi-
neering, as well interfacing with other enzymes or synthetic method-
ology to further elaborate the product structures.     
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1. Materials and Methods 
1.1 Fungal genetics and culturing 
  Penicillium citrinum DSM1997 was cultivated on potato dextrose agar (BD) at 28 C for 4-
5 days. Genomic DNA extraction was carried out following the instructions of Zymo Quick-DNA 
Fungal/Bacterial Miniprep Kit. RNA extraction was carried out with Invitrogen RiboPure RNA 
purification Kit. RNA sample was then treated with DNase, followed by cDNA reverse transcription 
with Invitrogen SuperScript IV. Genes in the cluster of interest were amplified from cDNA by PCR 
using the primers in section 2.  

Spores were collected from a potato dextrose agar (PDA) plate grown at 28 C for 4-5 
days. For gene disruption of cndA, Czapek Dox agar (Sigma-Aldrich) supplemented with 1.2 M 
sorbitol and 200 mg/mL hygromycin was used for protoplast regeneration and transformant 
selection.1 After hygromycin-resistant transformants were obtained, first-round selection of 
transformants by metabolism profiling led to the identification of a transformant without citrinadin 
production. Gene disruption of this transformant, namely P. citrinum cndA, was verified by PCR 
amplification of the target locus and neighboring loci using the corresponding primer deck. 
 
1.2 Heterologous expression in Aspergillus nidulans 

Plasmids used for heterologous expression in Aspergillus nidulans were constructed by 
yeast homologous recombination. Corresponding gene fragments were amplified from genomic 
DNA of P. citrinum DSM 1997, and were ligated to double-digested pYTU and pYTR-based 
vectors. After confirming the DNA sequences of the plasmids as shown below, heterologous 
expression in Aspergillus nidulans was carried out as described in previous studies.2 Briefly, 
protoplast was transformed with different combinations of plasmids and grown on CD-sorbitol 
agar at 37 C for 2-3 days. Depending on the nature of the following experiments, transformants 
were then transferred to CD agar or CDST agar and grown at 28 C for 3-4 days. 
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1.3 Compound identification, isolation, and characterization 

To detect compound production from heterologous expression in A. nidulans, a single 
transformant was grown on CDST agar (2% starch, 2% casein, 50 mL/L nitrate salts, 2 mL/L trace 
elements, 1.5% Bacto agar) at 28 C for 3-4 days. A chunk of agar with dense fungal mycelia was 
scraped and vortexed with 300 L of acetone for 2 minutes. Crude extract was obtained by 
centrifugation to spin down the insoluble portion, and was dried in vacuo. The residual was 
subsequently dissolved in methanol and was subject to LC-MS analysis. All LC-MS analyses were 
performed on a Shimadzu 2020 EVLC-MS system (Phenomenex Kinetex, 1.7 m, 2.0 x 100 mm, 
C18 column) using positive and negative mode electrospray ionization at a flow rate of 0.3 mL/min 
using the following gradient of solvents A (0.1% formic acid in water) and B (0.1% formic acid in 
acetonitrile): holding 5% B for 0.25 min, followed by a 13-min linear gradient of 5-95%, and 
finished with holding at 95% for 4.75 min. 

For isotope labeling experiment, A. nidulans transformant was grown on CD agar (1% 
glucose, 50 mL/L nitrate salts, 2 mL/L trace elements, 1.5% Bacto-agar) supplemented with 1 
mg/mL ethyl acetoacetate (2,4-13C2, 99%, Cambridge Isotope Laboratories) at 28 C for 3 days. 
Metabolic analysis was carried out in a similar fashion as aforementioned. 

To access unnatural alkyl pipecolate, 0.5-5 mM -keto acid ester was supplemented to 
CD agar where A. nidulans transformants grew. Metabolic analysis was carried out after 3-day 
growth at 28 C. For compound isolation, spores of A. nidulans transformant harboring CndE and 
CndF were spread on 1-liter CD agar supplemented with corresponding -keto acid ester that 
was evenly poured in 15x150 mm petri dishes. After 4-day growth at 28 C, solid culture was cut 
into small pieces and was extracted extensively with acetone. Crude extract was evaporated in 
vacuo, and the remaining aqueous phase was acidified by 1M hydrochloric acid until pH reaches 
1. Clarified supernatant was obtained by centrifugation at 5,000 g for 15 min, and was 
subsequently applied to a 10x2.5 cm column packed with cation-exchange Dowex 50WX8 resin 
(hydrogen form 200-400 mesh). The resin was pre-treated with extensive washes by 0.1M sodium 
hydroxide, water, methanol, and pre-equilibrated in 0.1M hydrochloric acid. After loading the 
supernatant, the column was washed with 0.1M hydrochloric acid (300 mL), and followed by 0.1M 
hydrochloric acid in methanol (300 mL). The majority of the alkyl pipecolic acid was eluted during 
the methanol wash. The remaining was eluted by 2M ammonium hydroxide. Fractions with most 
abundant target compound were combined and concentrated, and were subjected to reverse-
phase HPLC chromatography with a COSMOSIL column (Nacalai Tesque Inc., C18 AR-II, 
flowrate 4 mL/min). A linear gradient wash of water/methanol (5-20% over 15 minutes) 
supplemented with 0.1% formic acid was applied. Gradients for purifying different alkyl 
pipecolates were slightly adjusted. Purified alkyl pipecolates were then characterized by NMR 
and HRMS. 

As for dipeptide large-scale production and purification, A. nidulans transformant was 
grown on 1-liter CD agar or CDST agar at 28 C for 4-5 days. After extensive extraction by acetone, 
crude extract was evaporated in vacuo, and the remaining aqueous phase was extracted with 
ethyl acetate. The organic layer contained dipeptide alcohol and was dried in vacuo. The residual 
was loaded on a Teledyne Redisep Rf Gold Reversed-phase C18 column and was subject to 
flash chromatography with a gradient of water/acetonitrile supplemented with 0.1% formic acid. 
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Fractions containing 7 were combined and concentrated, and was further purified by reverse-
phase HPLC chromatography with a COSMOSIL column (Nacalai Tesque Inc., C18 MS-II, 
flowrate 4 mL/min). A linear gradient wash of water/acetonitrile (5-50% over 20 minutes) 
supplemented with 0.1% formic acid was applied. On the other hand, 6 remained in the aqueous 
phase after ethyl acetate extraction. Crude sample containing 6 was loaded onto a column packed 
with Amberlite XAD-16N resin (Sigma-Aldrich). 6 was eluted with 30-50% methanol in water. 
Fractions were combined and concentrated, and 6 was purified via similar steps (flash 
chromatography followed by reverse-phase HPLC chromatography). 
 To access compound 14, 1 liter LB media inoculated with E.coli BL21(DE3) harboring 
plasmid pCDFDuet-1 expressing homoserine O-acetyltransferase (HAT) and CndF was grown 
until OD600 reached 1.0. 0.1 mM IPTG was added after the culture was cooled down to 25 C to 
induce protein expression. The production of 14 was monitored after 3, 6, and 12 hrs, and we 
found that it peaked after 6 hrs. Cells were collected by centrifugation, and were subsequently 
disrupted by acetone to extract 14. Crude extract was dried in vacuo, and resulting residue was 
combined with media to incubate with XAD-16N resin overnight. The resin was then packed onto 
a column, and washed with water, 10% methanol in water, 20% methanol in water, 30% methanol 
in water, and methanol. 14 was most abundant in 10% and 20% methanol elution. These two 
fractions were combined and dried, and further purified by HPLC with a COSMOSIL column 
(Nacalai Tesque Inc., C18 AR-II, flowrate 4 mL/min). 

NMR spectra were acquired on a Bruker AV500 spectrometer with a 5 mm dual cryoprobe 
(1H 500 MHz, 13C 125 MHz). HRMS measurements were carried out on a Thermo Exactive Plus 
Orbitrap with IonSense ID-CUBE DART source. 

 
1.4 Protein expression and purification 

E.coli BL21(DE3) was transformed with N-terminal hexa-histidine tagged CndF via heat 
shock. A single colony selected by growing on kanamycin-supplemented (50 mg/mL) LB agar 
plates was inoculated to 5x5-mL LB starting culture with kanamycin and grew overnight with 
aeration at 37 C. The overnight culture was then inoculated to 5x1-liter LB medium supplemented 
with kanamycin. After OD600 reached 0.8-1.0, the culture was cooled down to 16 C, and protein 
expression was induced with 0.1 mM IPTG. The culture was continued to grow at 16 C with 
aeration for 20 hrs, and cells were collected by centrifugation and stored at -80 C. Cell pellets 
were resuspended in buffer A (50 mM K2HPO4, 200 mM NaCl, 5% glycerol, pH 7.8) supplemented 
with 40 M PLP. Sonication (QSonica, 1 s pulse on, 2 s pulse off, 50% amplitude, 10-min total 
sonication time) was used to lyse the cells on ice. Cell debris was clarified by centrifugation, and 
supernatant was incubated with Ni-NTA resin for 1 hr at 4 C. CndF was purified by washing the 
resin with increasing imidazole concentration in buffer A supplemented with 40 M PLP. Fractions 
of CndF were analyzed by SDS-PAGE gel, and most concentrated ones were combined and 
concentrated by Amicon Ultra centrifugal filters (Millipore, EMD). Concentrated CndF was flash 
frozen by liquid nitrogen and stored at -80 C. Protein concentrations were determined by 
Bradford assays. 

Expression and purification procedure of CndE were similar as aforementioned, except 
that CndE was constructed with a C-terminal hexa-histidine affinity tag, and the selection antibiotic 
is ampicillin at 100 mg/mL. 

 
1.5 Derivatization methods used in this study 
1.5.1 Marfey’s reagent derivatization 
 Nα-(2,4-Dinitro-5-fluorophenyl)-L-alaninamide (Marfey’s reagent) was purchased from TCI, 
and derivatization was carried out as described in previous reports.3 Marfey’s reagent was 
dissolved in acetone to make a solution of 1.5%. Purified 1 was dissolved in water to a final 
concentration of 50 mM. Rac-cis-6-methyl pipecolate (Item #: D753872) was purchased from 
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Discovery Molecules. 100 L of 1.5% Marfey’s reagent acetone solution was added to 50 L of 
1, followed by the addition of 20 L of 1M NaHCO3. The reaction mixture was incubated at 40 C 
for 1 hr, and quenched with 10 L of 2M HCl. The quenched reaction was diluted 10 fold with 
methanol, and subject to analysis by Agilent Q-TOF 6545 with a 3.0x50mm Agilent InfinityLab 
Poroshell 120 EC-C18 column. The gradient applied was 30-70% of water/acetonitrile 
supplemented with 0.1% trifluoroacetic acid over 11 minutes. 
 
1.5.2 Fmoc-Cl derivatization 
 Fmoc-Cl derivatization was used to determine that CndF and CndE catalyze tandem 
reactions to give 1. Purified equimolar CndE and CndF (28 M final concentration) were incubated 
with 9 (1 mM), 10 (1 mM), NADPH (1 mM), and Co(NO3)2 (2.5 mM) in 50 mM phosphate buffer 
(pH 6.5) for 1 hour at room temperature. The reaction was then dried in vacuo, and was 
resuspended in 120 L of 83% acetonitrile in water. Any precipitate would be cleared by 
centrifugation at this step. 10 L 0.2 M sodium borate (pH 10.5) and 10 L 100 mM Fmoc-Cl was 
added to the resuspended solution. The mixture was incubated at 50 C for 30 min, and was 
subject to LC-MS analysis. 
 
1.5.3 O-aminobenzaldehyde (oAB) derivatization 
 After reaction of interest was quenched with 3 volumes of acetonitrile, ~ 2 mg oAB solid 
was directly added to the quenched reaction and incubated at room temperature for 5 minutes. 
The mixture was then applied to LC-MS for analysis. 
 

1.6 In vitro conversion of -keto esters by CndF 
 In a 50 L reaction, O-acetyl L-homoserine (final concentration: 8 mM) and -keto esters 
(final concentration: 2 mM) was added into 50 mM phosphate buffer (pH 6.5) supplemented with 
2.5 mM Co(NO3)2. 35 M CndF was added last to initiate the reaction. Reactions were incubated 
at room temperature for 12 hrs, and were quenched with 3 volumes of acetonitrile. Protein 
precipitate was clarified by centrifugation. The supernatant was subject to Shimadzu LC-MS 
analysis as described in 1.3. Standard curves were constructed with -keto esters of known 
concentrations. Conversions by CndF were calculated by quantifying the remaining amounts of 
-keto esters after reactions were quenched. 
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2. Oligomers used in this study. 
 

Primers Sequences 

NTHLIC_CndF_1 CCATGAAAACCTGTACTTCCAATCCAATATGCGCGATCCCAATTTCC
AAAATATTGAC 

NTHLIC_CndF_2 CGAATTCGGATCCGTTATCCACTTCCAATTTAGCGCTCGCTTTTGCA
AAATGTTG 

CTHLIC_CndE_fw GTTTAACTTTAAGAAGGAGATATAGTTATGAAATATAGCCACCAGGA
TATGACG 

CTHLIC_CndE_rv TGAGAGCCGGATTGGAAGTAGAGGTTAGCGTAGTTCTGGTGCCAA
ACATG 

PcR1_ATCATR_fwb ATTACCCCGCCACATAGACACATCTAAACAATGCATTCAACAGCAAT
CGCATCCGAAGCA 

ATCATR_M1 GGATGGTTTGGTTAGCCCAACAGTGCG 
ATCATR_M2 CGCGAAATCTGACATACAAAATGCGACAG 

PcR3_0 CTCTCTGCGTCCGTCCGTCTCTCCGCATGGTTTGGGTGTTGTTTAC
CCTCATCCTTCT 

PcR3_1b GGTAAACAACACCCAAACCATGCGGAGAGACGGACGGACGCAGAG
AGA 

PcR3_2 GTCAATATTTTGGAAATTGGGATCGCGCATGGGAAAAGAAAGAGAA
AAGAAAAGAGCAGC 

PcR3_3 GCTGCTCTTTTCTTTTCTCTTTCTTTTCCCATGCGCGATCCCAATTTC
CAAAATATTGAC 

PcR3_4b TAAAGGGTATCATCGAAAGGGAGTCATCCAGTAAACAAACCCTAAT
TTACTCGTGGCATA 

PcR1_ATCATR_rv GATATCGAATTCCTGCAGCCCGGGGGATCCGTTTGGGTGTTGTTTA
CCCTCATCCTTCTG 

PcR5_1 ATTACCCCGCCACATAGACACATCTAAACAATGCGCGATCCCAATT
TCCAAAATATTGAC 

PcR5_2 CTAAAGGGTATCATCGAAAGGGAGTCATCCGTAAACAAACCCTAAT
TTACTCGTGGCATA 

PcU3_1 CAGCATCATTACACCTCAGCATTAATTAAATGACGATCACAGAATCA
CCATTTGTGCG 

PcU3_2 CCCGTCACCCAAATCAATTCACCGGAGTCCTACTACATAGCTAGTT
TCCTGTAAAA 

PcU3_3 TTTTACAGGAAACTAGCTATGTAGTAGGACTCCGGTGAATTGATTTG
GGTGACGGG 

PcU3_4 CTGGAAGTTGATGCTGGGCTTTCAACATTGTTTAGATGTGTCTATGT
GGCGGGGTA 



 11

PcU3_5 TACCCCGCCACATAGACACATCTAAACAATGTTGAAAGCCCAGCAT
CAACTTCCAG 

PcU3_6 TCTCTCTGCGTCCGTCCGTCTCTCCGCATGGGAATCTTGCACAGTT
AAAATGCGTTGATC 

PcU3_7 GATCAACGCATTTTAACTGTGCAAGATTCCCATGCGGAGAGACGGA
CGGACGCAGAGAGA 

PcU3_8 CAACGTCATATCCTGGTGGCTATATTTCATGGGAAAAGAAAGAGAA
AAGAAAAGAGCAGC 

PcU3_9 GCTGCTCTTTTCTTTTCTCTTTCTTTTCCCATGAAATATAGCCACCAG
GATATGACGTTG 

PcU3_10 GGGATCCACTAGTTCTAGAGCGGCCGCCGTTTGGGAGTATTGATG
GGTATTGAAAG 

PcU4_2 TCTCTCTGCGTCCGTCCGTCTCTCCGCATGCCTACTACATAGCTAG
TTTCCTGTAAAAAG 

PcU4_3 CTTTTTACAGGAAACTAGCTATGTAGTAGGCATGCGGAGAGACGGA
CGGACGCAGAGAGA 

PcU7_0 GGGGGATCCACTAGTTCTAGAGCGGCCGCCCCTACTACATAGCTA
GTTTCCTGTAAAAAG 

PcU9_1 CTTCATCCCCAGCATCATTACACCTCAGCAATGAAATATAGCCACCA
GGATATGACGTTG 

pcdfduet_HAT_5'__F 
TTTAACTTTAATAAGGAGATATACCATGGTCGAAACCAGTGGTGCTC
CTG 

pcdfduet_HAT_5'_R 
ACCATGGTATATCTCCTTATTAAAGTTAAACAAAATTATTTCTACAGG
GG 

pcdfduet_HAT_3'_F 
AGTCGAGGATATTACCGCGTGGTAAAGCTTGCGGCCGCATAATGCT
TAAG 

pcdfduet_HAT_3'_R 
CTTAAGCATTATGCGGCCGCAAGCTTTACCACGCGGTAATATCCTC
GACT 

pcdfduet_CndF_5'_F 
GTTAAGTATAAGAAGGAGATATACAATGCGCGATCCCAATTTCCAAA
ATA 

Pcdfduet_CndF_5'_R GGGATCGCGCATTGTATATCTCCTTCTTATACTTAAC 

pcdfduet_CndF_3'_F 
ACAACATTTTGCAAAAGCGAGCGCTAATAACCTAGGCTGCTGCCAC
C 

pcdfduet_CndF_3'_R 
TCAGCGGTGGCAGCAGCCTAGGTTATTAGCGCTCGCTTTTGCAAAA
TGTT 
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3. Supplementary Tables  
 

Table S1. 1H spectrum data of citrinadin A (CDCl3, 500 MHz) in comparison with 
published data.4-5 

 

 
 

 
I Tsuda et al., Org. Lett., 2004, 6, 3087-3089. 

II Bian et al., J. Am. Chem. Soc., 2013, 135, 10886-10889. 

N

HN

HOH

HN
Me

O

O

O Me

O

O

N

citrinadin A

21 20

22

24
23

7

6
5

4

3a

3

1

7a

2

29 28

19 18

9
8 10

25

26

11

16

15

14

1312

27

1’

7’ 8’
3’

2’
4’

5’

6’

Position (mult.)(salt)
Citrinadin A 

(bis-salt)I

Citrinadin A 
(free base)II

1 9.70 (s) 9.61 9.51

2

3

3a

4 7.62 (d, 7.6) 7.66  7.67

5 7.18 (m) 7.19 7.13

6 7.79 (d, 8.0) 7.78 7.74

7

7a

8 2.17 (m) 2.2  2.09, 2.05

9

10 3.33 (d, 11.6 Hz) 3.26 3.16

3.89 (m) 3.81 2.56

11 11.27

12 3.60 (m) 3.69  3.03

13 1.70 (m) 1.88 1.77

3.42 (m) 3.47 2.03

14 5.35 (m, overlap) 5.43 5.2

15 2.04 (m) 2 1.49

1.92 (m) 3.13 1.8

16 4.10 (m) 4.07 3.18

17 1.90 (m) 1.8 1.35

2.12 (m) 2.17 1.53

18

18-OH 5.31 (s) 5.38 4.55

19

20

21 4.04 (s) 4.05 4.02

22

23 1.59 (s) 1.6 1.58

24 1.27 (s) 1.37 1.27

25

26 2.35 (s) 2.5 2.28

27 1.56 (d, 7.2 Hz) 1.59 1.2

28 1.01 (s) 1.02 0.98

29 1.37 (s) 1.37 1.35

1'

2' 3.76 (d, 12.2) 3.77 2.68

3'

4' 2.30 (m) 2.4 2.01

5' 1.10 (d, 6.9 Hz) 1.07 0.88

6' 0.96 (d, 6.6 Hz) 1.35 0.96

7' 2.62 (s) 2.99 2.29

8' 2.62 (s) 2.94 2.29
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Table S2. 13C spectrum data of citrinadin A (CDCl3, 125 MHz) in comparison with 
published data.4-5 

 

 
I Tsuda et al., Org. Lett., 2004, 6, 3087-3089. 

II Bian et al., J. Am. Chem. Soc., 2013, 135, 10886-10889. a Bian et al. observed c 68.5 ppm 
through HSQC; bBian et al. observed c 21.3 ppm through HSQC. 
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Table S3. Spectroscopic data of 1 in CD3OD. 
 

 
 

Position C (mult.)

2 59.5 3.86 (dd, 1H, J = 12.35 Hz, 2.90 Hz) 

3 27.4 1.61 (m, 1H), 2.32 (m, 1H) 

4 23.9 1.65 (m, 1H), 1.95 (m, 1H) 

5 31.3 1.94 (m, 1H), 1.44 (m, 1H) 

6 54.5 3.24 (m, 1H) 

7 19.5 1.38 (d, 3H, J = 6.57 Hz) 

8 172   
 

HRMS (ESI, M+H+) calculated for C7H14NO2 144.1024; found 144.1019. 
 

[]D21  = -8 (c=0.01, MeOH). 
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Table S4. Spectroscopic data of [5, 7-13C]-1 in CD3OD. 
 

 
 

Position C (mult.)

2 60.1 3.90 (m, 1H) 

3 27.9 1.65 (m,1H), 2.36 (m,1H) 

4 26.9 2.20 (m, 1H), 2.52(m, 1H) 

5 (13C) 31.9 1.96 (m, 1H), 1.68 (m, 1H) 

6 55.1 (t) 3.24 (m, 1H) 

7 (13C) 20 1.38 (m, 3H) 

8 172.2   
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Table S5. Spectroscopic data of 6 in CD3OD. 
 

 
 
 

Position C (mult.)
1 170.6 

2 60.8 3.55 (m, 1H) 
3 28.7 2.12 (m, 1H), 1.33 (m, 1H) 
4 24.3 1.49 (m, 1H), 1.83 (m, 1H) 

5 31.9 1.76 (m, 1H), 1.31 (m, 1H) 
6  54.2 2.99 (m, 1H) 
7 20.2 1.25 (d, 3H, J = 6.5 Hz) 
1‘ 178.6 

2' 57.8 4.62 (m, 1H) 
3' 29.4 3.39 (m, 1H), 3.23 (m, 1H) 
4' 124.7 7.15 (s, 1H) 
5' 112.7 

6‘ 120.0 7.68 (d, 1H, J = 7.9 Hz) 
7‘ 119.8 7.01 (m, 1H) 
8‘ 122.4 7.10 (m, 1H) 
9' 112.3 7.33 (d, 1H, J = 8.1 Hz) 

10' 138.2 

11' 129.6   

 
HRMS (ESI, M+H+) calculated for C18H24N3O3 330.1818; found 330.1795. 

 
[]D20  = -2 (c=0.01, MeOH). 
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Table S6. Spectroscopic data of 7 in CD3OD. 
 

 
 

Position C (mult.)
1 170.8 

2 61.0 3.67 (m, 1H) 
3 29.4 1.64 (m, 1H), 2.21 (m, 1H) 
4 24.6 1.95 (m, 1H), 1.65 (m, 1H) 

5 31.9 1.93 (m, 1H), 1.45 (m, 1H) 
6 54.9 3.18 (m, 1H) 
7 20.1 1.33 (d, 1H, J =  6.3 Hz) 

1' 65.0 3.62 (m, 2H) 
2' 54.6 4.29 (m, 1H) 
3' 28.6 3.06 (m, 1H), 2.97 (m, 1H) 
4' 125.0  7.13 (s, 1H) 
5' 112.9 

6' 120.3 7.65 (d, 1H, J = 8.1 Hz) 
7' 120.5 7.03 (m, 1H) 
8' 123.2 7.11 (m, 1H) 
9' 113.1 7.34 (d, 1H, J = 8.1 Hz) 

10' 139.0 

11' 129.7   
 

HRMS (ESI, M+H+) calculated for C18H26N3O2 316.2025; found 316.2025. 
 

[]D20  = -16 (c=0.01, MeOH). 
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Table S8. Spectroscopic data of 14 in CD3OD. 
 

 
 

Position C (mult.)
2 55.3 3.97 (m, 1H) 

3 26.2 2.05 (m, 1H), 1.97 (m, 1H) 

4 23.0 2.32 (m, 1H), 2.45 (m, 1H) 

5 92.6 

6 156.1 

7 22.2 2.27 (s, 3H) 

8 176.9 

9 171.9 

10 60.8 4.10 (q, 2H, 7.11 Hz) 

11 15.8 1.27 (t, 3H, 7.11 Hz) 
 

HRMS (ESI, M+H+) calculated for C10H16NO4 214.1079; found 214.1035. 
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Table S9. Spectroscopic data of 22 in CD3OD. 
 

 
 

Position C (mult.)

2 62.6a 
3.46 (dd, 1H, J = 11.55 Hz, 2.35 

Hz) 

3 27.9 2.35 (m, 1H), 1.61 (m, 1H) 

4 24.3 1.58 (m, 1H), 1.99 (m, 1H) 

5 26 1.39 (m, 1H), 1.95 (m, 1H) 

6 63.6 2.85 (m, 1H) 

7 32.5 1.97 (m, 1H) 

8 174.0b 

9 19.6 1.09 (d, 3H, 7.01 Hz) 

10 18.3 1.05 (d, 3H, 6.81 Hz) 
 

aSignal of C2 was weak from 13C spectrum, HSQC correlation was used to determine the 
chemical shift. bSignal of C8 was weak from 13C spectrum, HMBC correlation with H2 was used 

to determine C8 chemical shift. 
 

HRMS (ESI, M+H+) calculated for C9H18NO2 172.1337; found 172.1332. 
 

[]D20  = -16 (c=0.01, MeOH). 
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Table S10. Spectroscopic data of 23 in CD3OD. 
 

 
 

Position C (mult.)
2 64.0a 3.56 (m, 1H) 

3 27.6 2.31 (m, 1H), 1.63 (m, 1H) 

4 24.9 2.02 (m, 2H) 

5 24.5 1.59 (m, 1H), 1.48 (m, 1H) 

6 67.6 2.90 (d, 1H, J = 11.91 Hz) 

7 34.3 

8 174.7b 

9 26.8 1.09 (s, 9H) 

 
aSignal of C2 was weak from 13C spectrum, HSQC correlation with H2 was used to determine C2 
chemical shift. bSignal of C8 was weak from 13C spectrum, HMBC correlation with H2 was used 

to determine C8 chemical shift. 
 

HRMS (ESI, M+H+) calculated for C10H20NO2 186.1494; found 186.1489. 
 

[]D21  = -16 (c=0.01, MeOH). 
 
  



 21

Table S11. Spectroscopic data of 24 in CD3OD. 
 

 
 

Position C (mult.)
2 61.1a 3.4 (dd, 1H, J = 12.14 Hz, 3.19 Hz) 

3 28.5 1.55 (m, 1H), 2.32 (m, 1H) 

4 24.1 1.92 (m, 1H), 1.56 (m, 1H) 

5 26.8 1.21 (m, 1H), 1.88 (m, 1H) 

6 62.9 2.97 (ddd, 1H, J = 12.23 Hz, 8.51 Hz, 3.04 Hz) 

7 39.7 2.50 (m, 1H) 

8 174.5b 

9 26.8 1.95 (m, 1H), 2.10 (m, 1H) 

10 19.1 1.85 (m, 1H), 1.99 (m, 1H) 

11 26.4 2.04 (m, 1H), 2.11 (m, 1H) 
 
aSignal of C2 was weak from 13C spectrum, HSQC correlation with H2 was used to determine C2 
chemical shift. bSignal of C8 was weak from 13C spectrum, HMBC correlation with H2 was used 

to determine C8 chemical shift. 
 

HRMS (ESI, M+H+) calculated for C10H18NO2 184.1338; found 184.1332. 
 

[]D21  = -22 (c=0.01, MeOH). 
  



 22

Table S12. Spectroscopic data of 25 in CD3OD. 
 

 
 

Position C (mult.)
2 61.5a 3.43 (m, 1H) 

3 27.2 2.32 (m, 1H), 1.58 (m, 1H) 

4 23.4 1.94 (m, 1H), 1.58 (m, 1H) 

5 28.3 2.01 (m, 1H), 1.41 (m, 1H) 

6 63.0 2.86 (ddd, 1H, J = 12.23 Hz, 8.51 Hz, 3.04 Hz) 

7 45.5 2.02 (m, 1H) 

8 30.8 1.29 (m, 1H), 1.33 (m, 1H) 

9 26.0 1.76 (m, 1H), 1.67 (m, 1H) 

10 22.8 1.98 (m, 1H), 2.02 (m, 1H) 

11 30.7 1.89 (m, 1H), 1.87 (m, 1H) 

12 176.4 

 
aSignal of C2 was weak from 13C spectrum, HSQC correlation with H2 was used to determine C2 

chemical shift. 
 

HRMS (ESI, M+H+) calculated for C11H20NO2 198.1494; found 198.1489. 
 

[]D21  = -4 (c=0.01, MeOH). 
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Table S13. Spectroscopic data of 26cis in CD3OD. 
 

 
 

Position C (mult.)
2 61.6a 3.38 (dd, 1H, J =12.2 Hz, 2.7 Hz ) 
3 31.8 1.83 (m, 1H), 2.17 (m, 1H) 
4 24.0 1.99 (m, 1H), 1.68 (m, 1H) 
5 39.6 2.22 (m, 1H) 

6  61.4 3.54 (m, 1H) 
7 28.5 1.73 (m, 1H), 1.69 (m, 1H) 
8 174.3 

9 23.5 2.21 (m, 1H), 1.94 (m, 1H) 
10 25.7 1.94 (m, 1H), 1.80 (m, 1H) 

 
aSignal of C2 was weak from 13C spectrum, HSQC correlation with H2 was used to determine C2 

chemical shift. 
 

HRMS (ESI, M+H+) calculated for C9H16NO2 170.1181; found 170.1175. 
 

[]D21  = -16 (c=0.01, MeOH). 
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Table S14. Spectroscopic data of 27trans in CD3OD. 
 

 
 
 

Position C (mult.)
2 62.5a 3.48 (dd, 1H, J = 12.5, 3.5 Hz) 
3 29.1 2.34 (m, 1H), 1.68 (m, 1H) 
4 27.1 1.86 (m, 1H), 1.36 (m, 1H) 
5 40.9 1.45 (m, 1H) 

6  62.0 2.72 (td, 1H, J = 10.9, 3.8 Hz) 
7 31.6 2.00 (m, 1H), 1.50 (m, 1H) 
8 174.6b 

9 26.6 1.84 (m, 1H), 1.43 (m, 1H) 
10 33.6 1.11 (m, 1H), 1.79 (m, 1H) 
11 32.3 1.84 (m, 1H), 1.34 (m, 1H) 

 
aSignal of C2 was weak from 13C spectrum, HSQC correlation with H2 was used to determine C2 
chemical shift. bSignal of C8 was weak from 13C spectrum, HMBC correlation with H2 was used 

to determine C8 chemical shift. 
 

HRMS (ESI, M+H+) calculated for C10H18NO2 184.1337; found 184.1333. 
 

[]D21  = -12 (c=0.01, MeOH). 
 
 
  

COSY

Key HMBC correlations

HN

HOOC 2

8 3

4

5

6

7

9

10

11
HN

HOOC 2

8 3

4

5

6

7

9

10

11

R

H
H

R = COOH

Key NOESY correlations

H

H2.00H
N
H

1.45



 25

Table S15. Spectroscopic data of 27cis in CD3OD. 
 

 
 

Position C (mult.)
2 63.8a 3.49 (dd, 1H, J = 12.5, 3.5 Hz) 
3 30.5 2.01 (m, 1H), 1.53 (m, 1H) 
4 24.1 2.14 (m, 1H), 1.77 (m, 1H) 
5 35.2 1.96 (m, 1H) 

6 57.8 3.41 (m, 1H) 
7 30.9 1.85 (m, 1H), 1.76 (m, 1H) 
8 174.7b 

9 27.0 1.42 (m, 2H) 
10 21.0 1.60 (m, 1H), 1.55 (m, 1H) 
11 26.4 1.69 (m, 2H) 

 
aSignal of C2 was weak from 13C spectrum, HSQC correlation with H2 was used to determine C2 
chemical shift. bSignal of C8 was weak from 13C spectrum, HMBC correlation with H2 was used 

to determine C8 chemical shift. 
 

HRMS (ESI, M+H+) calculated for C10H18NO2 184.1337; found 184.1333. 
 

[]D21  = -2 (c=0.01, MeOH). 
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4. Supplementary Figures  
 
 
 

 
 

Fig S1. SDS-PAGE gels of purified proteins used in this study. 
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Fig S2. Identification cnd cluster from citrinadin A producing strain Penicillium citrinum DSM 1997. 
(A) Citrinadin A is produced by P. citrinum DSM 1997. (i) Citrinadin A can be detected from culture 
of P. citrinum DSM 1997. (ii) NRPS gene cndA knockout strain P. citrinum cndA does not 
produce citrinadin A anymore, confirming cnd is the responsible biosynthetic cluster. (B) Primer 
design for examining cndA knockout. KO cassette contains a hygromycin resistance gene (hph), 
which is driven by promoter gpdA and controlled by terminator trpC. Once KO cassette is 
incorporated by protoplast transformation, hph will confer hygromycin resistance for selection. To 
examine the incorporation of KO cassette, three primers will be used: P1 binds to a genomic 
region, P2 binds to KO cassette, and P3 binds to cndA. P1-P2 primer pair recognizes the KO 
cassette, P1-P3 primer pair recognizes wild type P. citrinum DSM 1997. (C) Confirmation of 
knockout of NRPS gene cndA by PCR. Two transformant colonies were selected for PCR 
examination. A cndA transformant should have the KO cassette replace a partial region of cndA. 
Therefore, P1-P2 primer pair that recognizes the KO cassette can lead to an amplification band, 
P1-P3 primer pair should not have a PCR amplification band. 
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Fig S3. Compilation of clusters biosynthesizing related indole alkaloids. The amino acid 
precursors of notoamide B and taichunamide A are L-tryptophan and L-proline, both of which are 
readily available from primary metabolism. On the contrary, citrinadin A contains an unusual (2S, 
6S)-6-methyl-pipecolate, which is not a primary metabolite and requires efforts of dedicated 
enzymes. Genomic comparison across these three clusters can yield insights on unique genes 
cndE-cndG for citrinadin A biosynthesis, which are likely to be involved in the biosynthesis of (2S, 
6S)-6-methyl-pipecolate. 
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Fig S4. Chiral derivatization showed that 1 is a single enantiomer. (A) Marfey’s reagent modified 
(2S, 6S)-6-methyl pipecolate MR-1. (B) Marfey’s reagent modified (2R, 6R)-6-methyl pipecolate 
MR-1’. (C) 1 is a single enantiomer. (i) Derivatization of 1 purified from heterologous production 
by Marfey’s reagent. (ii) Derivatization of (±)-cis-6-methyl pipecolate standard has two peaks, one 
is derived (2R, 6R)-6-methyl pipecolate MR-1’, the other is (2S, 6S)-6-methyl pipecolate MR-1. 
Relative stereochemistry of 1 was determined by NMR (Table S3). Absolute stereochemistry 
assignment was based on previous reports of total synthesis on citrinadin A, which have 
determined the absolute stereochemistry of C6 to be S.5-6 
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Fig S5. CndF is a PLP-containing enzyme. Purified CndF is in holo form, exhibiting a 
characteristic max of internal aldimine at 420 nm (orange line). CndF becomes apo after extensive 
treatment with hydroxylamine, the disappearance of max at 420 nm indicates that CndF lacks PLP 
to form internal aldimine with (black plot).   
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Fig S6. Measurement of amount of imine 2 was used to determine the native amino acid substrate 
of CndF. (A) The amino acid substrate of CndF should possess a good leaving group at  position 
for -substitution reaction. (B) Imine 2 can be derivatized by o-aminobenzaldehyde (o-AB) to 
facilitate detection. (C) o-AB derivatized 2 can be detected by MS. (i) Control reaction with 
denatured CndF did not show oAB-2 EIC(+) peak; (ii) oAB-2 EIC(+) peak can be detected post-
derivatization in reaction mixture of CndF with O-acetyl L-homoserine and acetoacetate. (D) The 
characteristic UV absorbance of dihydroquinazolinium derivative at 440 nm facilitates 
identification of the iminium product. 
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Fig S7. Co2+ facilitates CndF catalysis. A variety of metal ions were tested to evaluate their effects 
on CndF catalysis. The concentration of each metal ion was 2.5 mM. Reactions were carried out 
in 50 mM phosphate buffer (pH 6.5) in the presence of 1.9 mM O-acetyl L-homoserine and 1.9 
mM lithium acetoacetate. 80 M (final concentration) CndF was added to initiate reactions. The 
reactions were incubated at room temperature for 1 hr. Protein was separated from the reaction 
mixture by Amicon centrifugation filters, and resulting protein-free reactions were derivatized with 
o-aminobenzaldehyde. The amount of oAB-2 produced was used to gauge the activity of CndF in 
the presence of different metal ions. Relative activity of highest production of oAB-2 in the 
presence of Co2+ was set to 1.0. 
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Fig S8. Phylogenetic analysis of CndF and its uncharacterized homologues. CndF is highlighted 
in orange, and its closest homologues are highlighted in blue. Phylogenetic analysis was carried 
out by Clustal Omega, and tree was displayed by iTOL (https://itol.embl.de/). 
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Fig S9. Biosynthetic clusters in which closest homologues to CndF are found. These cryptic 
clusters encode a PLP-dependent enzyme similar to CndF, and the presence of a NRPS gene or 
a NIS gene implies that these CndF homologues may participate in synthesis of noncanonical 
amino acids.  
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Fig S10. CndF catalyzes C-C bond formation between O-acetyl L-homoserine and -keto esters. 
(A) LC-MS and UV data for compound 14 from CndF in vitro assay. (B) LC-MS and UV data for 
compound 15 from CndF in vitro assay. (C) LC-MS and UV data for compound 16 from CndF in 
vitro assay. (D) LC-MS and UV data for compound 17 from CndF in vitro assay. (E) LC-MS data 
for compound 18 from CndF in vitro assay. (F) LC-MS data for compound 19 from CndF in vitro 
assay. (G) LC-MS data for compound 20 from CndF in vitro assay. (H) LC-MS data for compound 
21 from CndF in vitro assay. 
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Fig S11. LC-MS traces of 6-alkyl pipecolates in this study. (i) Purified compound 1. (ii) Purified 
compound 22. (iii) Purified compound 23. (iv) Purified compound 24. (v) Purified compound 25. 
(vi) Compounds 26cis and 26trans. (vii) Purified compound 26cis. (viii) Compounds 27cis and 27trans. 
(ix) Purified compound 27cis. (x) Purified compound 27trans. 
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Fig S12. The competition for -keto esters between esterase hydrolysis and CndF condensation 
determines product profiles in vivo. (A) Effects of R1 substituent size on product profiles in vivo. 
(i) Feeding ethyl acetoacetate to A. nidulans transformant harboring CndF and CndE led to 
production of both enamine ester 14 and pipecolate 1, with 14 as the major product. (ii) Feeding 
isopropyl acetoacetate ethyl ester to A. nidulans transformant harboring CndF and CndE led to 
production of pipecolate 23, while enamine ester 18 was not detected. (iii) Feeding t-butyl 
acetoacetate ethyl ester to A. nidulans transformant harboring CndF and CndE led to production 
of pipecolate 24, while enamine ester 19 was not detected. When feeding -keto esters to A. 
nidulans, the product ratio of enamine ester and 6-alkyl pipecolate varies with the size of R1 
substituent. Smaller R1 substituent in -keto esters leads to the production of enamine ester as 
the major product; Bulkier R1 -keto esters results in the dominant production of 6-alkyl 
pipecolates. (B) Esterase hydrolysis competes with CndF condensation for -keto esters in A. 
nidulans. When -keto ester with a small R1 substituent is fed into A. nidulans, it can be directly 
converted to enamine ester, which cannot be further hydrolyzed by esterase or reduced by CndE. 
However, when R1 is considerably bulky, esterase hydrolysis rate will outcompete condensation 
rate, leading to the generation of -keto acid in situ and dominant production 6-alkyl pipecolates. 
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Fig S13. 1H spectrum of citrinadin A in CDCl3. 
 
 

 
Fig S14. 13C spectrum of citrinadin A in CDCl3. 
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Fig S15. 1H spectrum of compound 1 in CD3OD, 500 MHz. 

 
 

 
 

Fig S16. 13C spectrum of compound 1 in CD3OD, 125 MHz. 
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Fig S17. COSY spectrum of compound 1 in CD3OD. 
 

 
Fig S18. HSQC spectrum of compound 1 in CD3OD. 
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Fig S19. HMBC spectrum of compound 1 in CD3OD. 
 

 
 

Fig S20. NOESY spectrum of compound 1 in CD3OD 
 
 



 43

 
 

Fig S21. 1H spectrum of [5, 7-13C]-1 in CD3OD, 500 MHz. 
 
 

 
 

Fig S22. 13C spectrum of [5, 7-13C]-1 in CD3OD, 125 MHz. 
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Fig S23. COSY spectrum of [5, 7-13C]-1 in CD3OD. 
 

 
 

Fig S24. HMBC spectrum of [5, 7-13C]-1 in CD3OD. 
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Fig S25. HSQC spectrum of [5, 7-13C]-1 in CD3OD. 
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Fig S26. 1H spectrum of compound 6 in CD3OD, 500 MHz. 
 
 

 
 

Fig S27. 13C spectrum of compound 6 in CD3OD, 125 MHz. 
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Fig S28. COSY spectrum of compound 6 in CD3OD. 
 

 
 

Fig S29. HSQC spectrum of compound 6 in CD3OD. 
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Fig S30. HMBC spectrum of compound 6 in CD3OD. 
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Fig S31. 1H spectrum of compound 7 in CD3OD, 500 MHz. 
 
 

 
 

Fig S32. 13C spectrum of compound 7 in CD3OD, 125 MHz. 
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Fig S33. COSY spectrum of compound 7 in CD3OD. 
 

 
 

Fig S34. HSQC spectrum of compound 7 in CD3OD. 
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Fig S35. HMBC spectrum of compound 7 in CD3OD. 
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Fig S36. 1H spectrum of compound 14 in CD3OD, 500 MHz. 
 

 
 

Fig S37. 13C spectrum of compound 14 in CD3OD, 125 MHz. 
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Fig S38. COSY spectrum of compound 14 in CD3OD. 
 
 

 
 

Fig S39. HSQC spectrum of compound 14 in CD3OD. 
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Fig S40. HMBC spectrum of compound 14 in CD3OD. 
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Fig S41. 1H spectrum of compound 22 in CD3OD, 500 MHz. 
 

 

 
Fig S42. 13C spectrum of compound 22 in CD3OD, 125 MHz. 
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Fig S43. HSQC spectrum of compound 22 in CD3OD. 

 
 

 
 

Fig S44. HMBC spectrum of compound 22 in CD3OD. 
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Fig S45. COSY spectrum of compound 22 in CD3OD. 
 

 
 

Fig S46. NOESY spectrum of compound 22 in CD3OD. 
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Fig S47. 1H spectrum of compound 23 in CD3OD, 500 MHz. 
 

 

 
 

Fig S48. 13C spectrum of compound 23 in CD3OD, 125 MHz. 
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Fig S49. HMBC spectrum of compound 23 in CD3OD. 
 

 

 
 

Fig S50. HSQC spectrum of compound 23 in CD3OD. 
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Fig S51. COSY spectrum of compound 23 in CD3OD. 
 

 

 
 

Fig S52. NOESY spectrum of compound 23 in CD3OD. 
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Fig S53. 1H spectrum of compound 24 in CD3OD, 500 MHz. 
 

 

 
 

Fig S54. 13C spectrum of compound 24 in CD3OD, 125 MHz. 
 



 62

 

 
 

Fig S55. HSQC spectrum of compound 24 in CD3OD. 
 

 

 
 

Fig S56. COSY spectrum of compound 24 in CD3OD. 
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Fig S57. HMBC spectrum of compound 24 in CD3OD. 
 
 

 
 

Fig S58. NOESY spectrum of compound 24 in CD3OD. 
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Fig S59. 1H spectrum of compound 25 in CD3OD, 500 MHz. 
 
 

 
 

Fig S60. 13C spectrum of compound 25 in CD3OD, 125 MHz. 
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Fig S61. NOESY spectrum of compound 25 in CD3OD. 
 

 
 

Fig S62. HSQC spectrum of compound 25 in CD3OD. 
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Fig S63. COSY spectrum of compound 25 in CD3OD. 
 

 
 

Fig S64. HMBC spectrum of compound 25 in CD3OD. 
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Fig S65. 1H spectrum of compound 26cis in CD3OD, 500 MHz. 
 

 
 

Fig S66. 13C spectrum of compound 26cis in CD3OD, 125 MHz. 
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Fig S67. COSY spectrum of compound 26cis in CD3OD. 
 

 
 

Fig S68. HSQC spectrum of compound 26cis in CD3OD. 
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Fig S69. HMBC spectrum of compound 26cis in CD3OD. 
 
 

 
 

Fig S70. NOESY spectrum of compound 26cis in CD3OD. 
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Fig S71. 1H spectrum of compound 27trans in CD3OD, 500 MHz. 
 

 
 

Fig S72. 13C spectrum of compound 27trans in CD3OD, 125 MHz. 
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Fig S73. COSY spectrum of compound 27trans in CD3OD. 
 

 
 

Fig S74. HSQC spectrum of compound 27trans in CD3OD. 
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Fig S75. HMBC spectrum of compound 27trans in CD3OD. 
 
 

 
 

Fig S76. NOESY spectrum of compound 27trans in CD3OD. 
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Fig S77. 1H spectrum of compound 27cis in CD3OD, 500 MHz. 
 
 

 
 

Fig S78. 13C spectrum of compound 27cis in CD3OD, 125 MHz. 
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Fig S79. COSY spectrum of compound 27cis in CD3OD. 
 

 
 

Fig S80. HSQC spectrum of compound 27cis in CD3OD. 
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Fig S81. HMBC spectrum of compound 27cis in CD3OD. 
 

 
 

Fig S82. NOESY spectrum of compound 27cis in CD3OD. 
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