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A pyridoxal 5′-phosphate-dependent 
Mannich cyclase
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& Yang Hai    1 

Pyridoxal 5′-phosphate (PLP)-dependent enzymes catalyse a diverse 
range of chemical transformations. Despite their extraordinary functional 
diversity, no PLP-dependent enzyme is known to catalyse Mannich-type 
reactions, an important carbon–carbon bond-forming reaction in synthetic 
organic chemistry. Here we report the discovery of a biosynthetic enzyme 
LolT, a PLP-dependent enzyme catalysing a stereoselective intramolecular 
Mannich reaction to construct the pyrrolizidine core scaffold in loline 
alkaloids. Importantly, its versatile catalytic activity is harnessed for 
stereoselective synthesis of a variety of conformationally constrained 
α,α-disubstituted α-amino acids, which bear vicinal quaternary–tertiary 
stereocentres and various aza(bi)cyclic backbones, such as indolizidine, 
quinolizidine, pyrrolidine and piperidine. Furthermore, crystallographic 
and mutagenesis analysis and computational studies together provided 
mechanistic insights and structural basis for understanding LolT’s catalytic 
activity and stereoselectivity. Overall, this work expands the biocatalytic 
repertoire of carbon–carbon bond-forming enzymes and increases our 
knowledge of the catalytic versatility of PLP-dependent enzymes.

Enzymes that utilize pyridoxal 5′-phosphate (PLP), arguably the most 
versatile organic cofactor, constitute a ubiquitous family of proteins 
and play a central role in metabolism and many cellular processes1. 
These PLP-dependent enzymes catalyse a diverse range of chemical 
transformations, including but not limited to, transamination2, decar-
boxylation3, racemization4, epimerization5, [3 + 2] annulation6, β/γ 
elimination7,8 or replacement9–11, aldol addition12, Claisen condensation13 
and O2-dependent oxidation reactions14. Except for glycogen phosphory-
lase15, the catalytic versatility of PLP-dependent enzymes mainly arises 
from the ability of PLP to function as an electron sink, thereby stabilizing 
different types of reaction intermediates for subsequent transforma-
tions16. Moreover, these PLP-dependent enzymes also show remarkable 
chemo-, site- and stereoselectivity that are otherwise challenging to 
achieve using chemical methods17. Therefore, PLP-dependent enzymes 
are extraordinary biocatalysts and play essential roles in natural product 
biosynthesis18, and in asymmetric synthesis of non-canonical amino-
acid building blocks and chiral amine pharmaceuticals2,9,19,20.

Despite the vast number of PLP-dependent enzymes characterized 
to date21, none of them appear to catalyse Mannich-type reactions22, 
one of the most powerful synthetic methods in organic chemistry 
to build carbon–carbon (C–C) bonds23. Based on our mechanistic 
understanding of PLP enzymology, we postulate that such enzymatic 
function (that is, Mannichase activity) is conceptually viable due to 
the mechanistic similarities with many Cα-alkylating PLP-dependent 
enzymes, such as threonine aldolases20 and serine hydroxymethyl-
transferases24 (Fig. 1a). Indeed, recent development of bioinspired 
pyridoxal-based organocatalysts for asymmetric Mannich reactions 
to make α,β-diamino acids provided the molecular basis for their 
enzymatic counterparts25.

Motivated by the synthetic utility of enzymatic Mannich reactions 
for stereoselective C–C bond formation (for example, carboxymethyl
proline synthase)26 and the unmet need to broaden the scope of C–C 
bond-forming biocatalysts27,28, we set out to identify PLP-dependent 
enzymes potentially catalysing Mannich-type reactions from natural 
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To test our hypothesis and unravel the biosynthetic mechanism of 
pyrrolizidine ring formation in loline, we took a biochemical approach 
by overexpressing the three candidate enzymes in E. coli and function-
ally characterizing them in vitro. The two PLP-dependent proteins were 
readily overexpressed and purified to homogeneity by nickel-affinity 
chromatography (Supplementary Fig. 2). As-isolated LolT and LolD 
are yellow, and their absorbance spectra indicate the presence of the 
enzyme-bound PLP cofactor (Supplementary Fig. 3). On the other 
hand, LolF was insoluble despite many attempts with different methods  
(Methods). Thus, we decided to bypass LolF and to chemically synthe-
size the proposed iminium intermediate. Compound 2 was afforded 
from global deprotection of its aldehyde precursor followed by spon-
taneous cyclization. According to the literature, under our assay con-
dition, 2 should exist mainly in the iminium form38,39. The presence of 
the reactive cyclic iminium moiety was indirectly confirmed by in situ 
reduction with NaBH3CN (Fig. 2b). Although incubating 2 with LolD 
showed no effect (Supplementary Fig. 4), addition of LolT converted 
the equilibrium mixture of 2 to a single product 3. No spontaneous 
conversion occurred in the absence of LolT. Product 3 shows the same 
molecular weight as 2 but is resistant to NaBH3CN reduction (Fig. 2b). 
Large-scale reaction allowed us to isolate 3 and determine its structure 
as a pyrrolizidine α-quaternary amino acid with anti configuration. Its 
absolute stereochemistry was ascertained by X-ray crystallography. To 
establish the biosynthetic relevance of 3, we further incubated 3 with 
LolD and observed quantitative conversion of 3 to a decarboxylated 
product (4). Isolation and structure characterization of 4 revealed its 
identity as (+)-exo-1-amino-pyrrolizidine (Supplementary Tables 10 
and 11), suggesting that decarboxylation occurred with retention of 
configuration. The stereochemistry at the vicinal tertiary carbons (Cα 
and Cβ) of 4 is in accordance with natural loline alkaloids and previously 
characterized biosynthetic intermediate exo-1-acetamido-pyrrolizidine 
(Fig. 1), which confirms its intermediacy in loline biosynthesis. To corro
borate our conclusion that the pyrrolizidine scaffold of loline is con-
structed through Mannich cyclization followed by decarboxylation, we 
also synthesized the decarboxylated analogue of 2 and incubated it with 
LolT. As expected, no cyclization was observed (Supplementary Fig. 4). 
Taken together, our results unambiguously demonstrated that LolT is a 
PLP-dependent enzyme catalysing a Mannich-like reaction, while LolD 
is a PLP-dependent decarboxylase acting on quaternary α-amino acids.

LolT is a versatile Mannich cyclase
Since LolT is an unusual PLP-dependent enzyme shown to catalyse 
a Mannich-type cyclization reaction, we next performed density 

product biosynthetic pathways, a rich source for enzyme discovery29. 
In this study, we report the discovery of a PLP-dependent Mannich 
cyclase, LolT, which catalyses the key biosynthetic formation of the 
pyrrolizidine core of loline alkaloids. In addition, we demonstrated its 
synthetic potential for stereoselective biocatalytic synthesis of a myriad 
of conformationally constrained aza(bi)cyclic quaternary α-amino acids 
bearing vicinal quaternary–tertiary stereocentres. We also determined 
the X-ray crystal structure of LolT to 2.1 Å and studied the structure–
function relationship to understand its molecular mechanism.

Results
Discovery of a PLP-dependent Mannich cyclase
Loline alkaloids, a family of pyrrolizidine natural products produced 
mainly by endophytic fungi, are well known for their highly strained tri-
cyclic structure and insecticidal activities30,31. Since the initial report of 
its biosynthetic gene cluster almost two decades ago32, the biosynthetic 
pathway to loline has been partially mapped out. Notably, the oxygenase 
LolO responsible for the installation of the ether bridge has been charac-
terized in detail33,34. However, it remains a puzzle how the pyrrolizidine 
core scaffold is constructed from the committed precursor 1. Although a 
minimal set of genes (lolDFT) were shown to be necessary and sufficient 
for the biosynthesis of intermediate exo-1-acetamido-pyrrolizidine 
in vivo (Fig. 1b), the exact enzymatic function of each gene prod-
uct is unknown and no other biosynthetic intermediates have been 
observed besides 135,36. Because retrobiosynthetic analysis suggests 
that a Mannich-type cyclization might be involved in the formation of 
the pyrrolizidine heterocycle37, here we aimed to elucidate these hidden 
steps in loline biosynthesis (involving enzymes LolDFT) and to uncover 
the potential Mannich cyclization enzyme(s).

Close inspection of loline BGCs revealed that genes lolDFT are 
strictly conserved across different loline alkaloid-producing species 
(Supplementary Fig. 1). Based on their annotated gene function (lolD 
encodes a PLP-dependent amino acid decarboxylase, lolF encodes a 
flavin-dependent monooxygenase, while lolT encodes a PLP-dependent 
cysteine desulfhydrase-like protein) and the current understanding 
of flavin and PLP enzymology, we tentatively propose that the oxyge-
nase LolF may catalyse an oxidative decarboxylation converting 1 to a 
hypothetical cyclic iminium intermediate (2); and the remaining two 
PLP-dependent enzymes (LolT and LolD) may further transform 2 into 
the desired pyrrolizidine heterocycle, although the timing of cycliza-
tion and decarboxylation is not clear (Fig. 2a). Finally, an endogenous 
N-acetyltransferase may install the acetyl group to account for the 
isolation of the exo-1-acetamido-pyrrolizidine intermediate (Fig. 1b).
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functional theory (DFT) calculations to study the intrinsic reactivity 
and selectivity of this reaction (Supplementary Fig. 5). The isolated anti 
product 3 is found to be 7.1 kcal mol−1 thermodynamically less stable 
than the corresponding syn epimer product, which is not observed in 
our reactions. More importantly, the free-energy barriers for the stereo
isomeric transition states are about the same (Fig. 2c): 6.9 kcal mol−1 
(TS-1) for anti cyclization (that is, attack at the si face of iminium) and 
7.1 kcal mol−1 (TS-2) for syn cyclization (that is, attack at the re face of 
iminium). These results suggest the observed Mannich cyclization is 
stereocontrolled by LolT and 3 is a kinetic product.

With the unusual Mannich cyclase activity established for LolT, 
we next explored its synthetic potential for the stereoselective 
synthesis of various quaternary α-amino acids harbouring diverse 
1-azabicyclo[m.n.0]alkane (‘izidine’) scaffolds. We tested a series of 
substrate analogues with systematic variations on the chain lengths. 
The substrate scope of LolT is shown to be broad (Fig. 3): not only can 
it tolerate different cyclic iminiums ranging in ring size from 5- to 
7-membered (that is, B ring), but it can also catalyse 6- and 7-endo 
cyclization, although in the latter case the B ring size is limited  
to 5-membered. For each reactive substrate, only one stereo
isomeric product was observed. All products were isolated and fully 

characterized (Supplementary Tables 5–10). The absolute configura-
tions of 5, 7 and 9 were also determined by X-ray crystallography. Struc-
tural comparison of these products shows uniform stereochemical 
outcome at the two vicinal stereocentres (that is, anti configuration) 
and high e.e., indicating that each cyclization is both enantio- and 
diastereocontrolled by LolT.

Steady-state kinetic analysis shows that LolT efficiently catalyses 
5-endo-trig Mannich cyclization to make 3 with a turnover number (kcat)
of 110 ± 10 s−1 and a Michaelis constant (KM) of 9 ± 2 mM (Supplementary 
Fig. 6). In comparison, the catalytic efficiency decreases by ~12-fold for 
6-endo-trig cyclization (kcat/KM of 9.7 × 102 M−1 s−1 to make product 5) and 
decreases by almost 1,000-fold for 7-endo-trig cyclization (kcat/KM of 
11 M−1 s−1 to make product 7). We reason that the compromised catalytic 
efficiency for expanded ring closures (that is, A ring) are presumably 
due to steric effects: the enzyme active site pocket is not large enough 
to accommodate the expanded transition-state conformation for 
7-endo cyclization, in particular when the B-ring size also increases.

Structural insights for LolT-catalysed Mannich cyclization
To understand LolT’s function at the molecular level, particularly  
the structural basis for its stereoselectivity and substrate specificity,  
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we determined the X-ray crystal structure of LolT in its holo form at 
2.1 Å resolution. LolT is homodimeric with an overall fold similar to 
other aspartate aminotransferase-like fold type I (AAT-I) PLP-dependent 
enzymes40. Electron density clearly reveals the covalently bound PLP 
cofactor, attached to K236 via a Schiff base (Fig. 4a). The orientation 
of PLP is fixed by an assortment of interactions, including a π–π stack-
ing interaction with Y125, a salt bridge between pyridine nitrogen and 
D210 and a hydrogen bond between phenolic hydroxyl group and H213. 
Furthermore, the phosphate group of PLP is firmly anchored through 
extensive hydrogen-bond interactions with T100, D233 and T304(B). 
Adjacent to PLP is a substrate-binding pocket with a volume of ~700 Å3, 
defined by both monomers and accessible through an ~12 Å deep tunnel 
at the dimer interface (Fig. 4b). A highly flexible loop (as indicated by 
its B factors) connecting residue P269(B) and T293(B), also compris-
ing of a one-turn 310-helix, serves as a lid closing over the active site 
pocket. Molecular dynamics (MD) simulation results supported the 
flexible nature of this loop and its potential role in gating active site 
access (Supplementary Fig. 7).

Despite numerous attempts, we were not able to obtain a co-crystal 
structure of LolT with either its native product 3, or the unreactive 
substrate mimic 2re, presumably due to low binding affinity. To 
gain mechanistic insights, we docked the DFT-calculated transition 
state anti-TS-1 with LolT. The energetically favourable conformation  
of the protein–ligand complex was obtained via four replicas of 1 µs 
MD simulations (Fig. 4c). The substrate α-carboxylate is recognized 
by LolT through a salt bridge with R438 and a hydrogen bond with S40. 
The cyclic iminium is making contact (3.6 Å) with W279(B) from the 
capping 310-helix through favourable cation–π interactions. On the si 
face of PLP, liberated K236 is forming a hydrogen bond with the phos-
phate group of PLP. Its location and proximity to PLP-bound substrate 
render K236 the best candidate as the general base for initial deproto-
nation at Cα to trigger the cyclization reaction. Our docking MD model 
also explains the stereochemical outcome. The si face of PLP is steri-
cally hindered, such that the C–C bond formation prefers to occur at  
the re face, causing inversion of configuration at Cα. Superimposing 

the syn cyclization transition state TS-2 with docked anti-TS-1 reveals 
that TS-2 clashes sterically with Y125 (Supplementary Fig. 8), and  
LolT therefore efficiently disfavours syn cyclization by sterically  
blocking the syn orientation of the iminium moiety. Fitting the respec-
tive transition state for 6-endo and 7-endo cyclization reveals that  
these transition states are not well accommodated in the active  
site pocket. In particular, the cyclic iminium side chain from the  
7-endo transition state clashes sterically with residues lining the  
pocket (Supplementary Fig. 9), which supports our aforemen-
tioned hypothesis that the substrate scope is limited by active site  
pocket size and also implies that the catalytic efficiency for 7-endo 
cyclization could be potentially improved by enlarging the active  
site pocket.

To examine the catalytic role of the aforementioned active site 
residues, we performed site-directed mutagenesis and assayed the 
enzyme activity using 2 as substrate (Fig. 5a). Alanine substitution 
at K236 abolished enzyme activity, confirming its essential role for 
activity. Mutations at Y125 revealed an indispensable role of the aro-
matic ring in conferring π–π interactions to bind and orient PLP for 
catalysis: Y125F and Y125H retained 45% and 5% activity, respectively; 
whereas Y125A and Y125S completely lost activity. Enzyme activity 
was also reduced significantly with various substitutions at W279(B), 
among which W279F retained the most of the activity (25% activity 
of WT), while W279E lost nearly 100-fold activity. These results con-
firmed the importance of the cation–π interaction made by W279(B), 
consistent with its strictly conserved nature among LolT orthologues 
(Supplementary Fig. 10). Furthermore, the fact that the W279E mutant 
adversely impacted the catalysis suggests this cation–π interaction is 
not replaceable by a seemingly favourable ionic interaction. Finally, 
mutations at S40 reduced the activity by 60%, in line with our docking 
MD model in which S40 plays a role by interacting with the substrate 
α-carboxylate group. The partially retained activity also suggests the 
major carboxylate recognition is from R438, a residue highly conserved 
in PLP-dependent enzymes. These structural insights, together with 
mutagenesis data, allowed us to propose a catalytic mechanism for 
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LolT (Fig. 5b). Upon formation of the external aldimine, the pKa of Cα–H 
is lowered and K236 located at the si face of PLP acts as a general base 
to stereospecifically deprotonate l-configured α-amino acid, form-
ing a Cα-carbanion (quinonoid intermediate), which then attacks at 
the si face of the iminium groups with concomitant inversion of con-
figuration at Cα. To summarize, the enantio- and diastereoselectivity 
were achieved by sterically blocking the undesired C–C bond-forming 
trajectories.

Expanded synthetic utility of LolT
The crystal structure of LolT also suggests there are minimal inter
actions between LolT and substrate iminium side chain, except for  
the cation–π interaction discussed above. We therefore reason that 
LolT may be promiscuous such that it will activate amino acids which 
resemble LolT’s substrates but cannot undergo Mannich cyclization 
with, for example, 2,4-diaminobutanoic acid (Dab), a substructure of 2. 
Indeed, when l-Dab was incubated with LolT in D2O, its Cα–H was rapidly 
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washed out, whereas no H/D exchange occurred with d-Dab (Supple-
mentary Fig. 11). Chiral analysis of deuterated l-Dab further showed 
that H/D exchange took place with complete retention of configuration 
(Supplementary Fig. 12). Similar carbanion formation was also observed 
with other diamino acids, including 2,3-diaminopropanoic acid (Dap), 
ornithine and lysine. These results are in agreement with our proposed 
mechanism that LolT enantiospecifically deprotonates l-amino acid  
by the general base K236. The same residue may also act as a general 
acid to facilitate reprotonation at Cα to ensure stereoretention.

Inspired by this promiscuous deprotonase activity, we envisioned 
that carbanions generated from these diamino acids could be inter-
cepted by imines that are formed in situ via condensation between 
their side chains and aldehydes (Fig. 6a). Preliminary screenings using 
various aldehydes and l-diamino acids confirmed this hypothesis 
(Supplementary Table 18). LolT accepted a broad range of aldehydes 
with l-Dab as the carbanion donor and catalysed the corresponding 
5-endo Mannich cyclization after imine formation to give pyrrolidine 
quaternary α-amino acids (Fig. 6b). Results from steady-state kinetic 
measurements indicate a ternary complex being formed during the 
reaction, consistent with a proposed PLP-bound imine intermediate 
(Supplementary Fig. 13). In contrast, the aldehyde substrate scope gets 
narrower with l-ornithine as the carbanion donor. Only short-chain ali-
phatic aldehydes without α-substitution groups were accepted, giving 
the corresponding piperidine quaternary α-amino acids (6-endo-trig 
Mannich cyclization products). No Mannich cyclization reaction took 

place with l-lysine as the amino acid donor, consistent with our hypo
thesis that the active site pocket is not large enough to accommodate 
the transition state for 7-endo cyclization.

Regarding the stereoselectivity, LolT predominantly gave the 
anti-configured diastereoisomers with inverted Cα centres and high 
e.e. (Fig. 6b). This stereochemical outcome is in agreement with all 
other LolT-catalysed cyclization reactions. Mechanistic investiga-
tions using benzaldehyde and l-Dab as model substrates showed that 
the product’s d.r. is sensitive to the reaction conditions (Supplemen-
tary Fig. 14), a hallmark of threonine aldolases20. The anti-isomer 11 
was favoured at high pH and kinetically controlled conditions (for 
example, low temperature or short reaction time; Supplementary 
Fig. 15), whereas the racemate syn-isomer 12 was a non-enzymatic 
product that was slowly converted from 11 with the help of PLP (Sup-
plementary Fig. 16). Overall, by using a mechanism-guided approach, 
we successfully expanded the synthetic utility of LolT to catalyse formal 
two-component Mannich cyclization reactions and provide access to a 
variety of pyrrolidine- and piperidine-based quaternary α-amino acids 
bearing vicinal tertiary and quaternary stereocentres.

Discussion
Our studies have elucidated the biosynthetic formation of pyrrolizidine 
core scaffold in loline alkaloids. In particular, we discovered two 
PLP-dependent enzymes: LolT catalyses stereoselective Mannich 
cyclization reaction to yield a pyrrolizidine quaternary α-amino acid 
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intermediate, while LolD subsequently catalyses a stereoretentive 
decarboxylation to give the desired 1-amino-pyrrolizidine scaffold. 
It should be noted that LolD is distinct from the well-studied dialkyl
glycine decarboxylase41. Although both PLP-dependent enzymes  
act on quaternary α-amino acids, LolD is a bona fide decarboxylase which 
only catalyses non-oxidative decarboxylation (Supplementary Fig. 17), 
whereas dialkylglycine decarboxylase is a bifunctional enzyme cata-
lysing oxidative decarboxylation (that is, a tandem decarboxylation– 
transamination cascade).

More importantly, we demonstrated that LolT is a versatile bio-
catalyst, accepting a wide range of substrates to make a myriad of 
quaternary α-amino acids with diverse heterocyclic backbones. In 
all scenarios, LolT shows high enantio- and diastereoselectivity and  
predominantly makes the kinetically controlled anti-diastereoisomers. 
Because these aza(bi)cyclic α,α-disubstituted amino acids are con-
formationally constrained building blocks playing vital roles in 
developing peptidomimetics and pharmaceuticals42,43, LolT could be a 
useful biocatalytic tool for rapid access of these medicinally important  
molecules. In addition, the various aza(bi)cyclic skeletons made  
by LolT are also frameworks for a large number of structurally complex 
bioactive alkaloids (Supplementary Fig. 18), yet a general method  
for asymmetric synthesis of these scaffolds is lacking44,45. Thus, 
a chemoenzymatic approach based on LolT’s Mannich cyclization  
activity could also be a general strategy for constructing diverse  
alkaloid scaffolds.

Additionally, our studies also illuminated the structural basis for 
LolT’s stereoselectivity and substrate specificity. The proposed cycliza-
tion mechanism is reminiscent of another Cα-alkylating PLP-dependent 
cyclase, 1-aminocyclopropane-1-carboxylate synthase, which catalyses 
a SN2-type 3-exo-tet cyclization to make cyclopropane quaternary 
α-amino acid46. Despite this mechanistic similarity, LolT is evolutionar-
ily unrelated to 1-aminocyclopropane-1-carboxylate synthase. Instead, 
phylogenetic analysis indicates LolT is closer to the CsdA family (Sup-
plementary Fig. 19)47. Structural analysis by Dali server48 also shows 
the closest structural homologue to LolT is the carbon sulfoxide lyase 
Egt249 involved in ergothioneine biosynthesis (Supplementary Fig. 20). 
Notably, both Egt2 and CsdA family proteins catalyse β-elimination 
reactions to cleave C–S bonds (C–S lyase activity), which is distinct 
from the function of LolT. This unexpected evolutionary relationship 
not only highlights that divergent evolution of PLP enzymes leads to 
catalytic versatility, but also reinforces the difficulty in accurately 
predicting the function of PLP enzymes solely based on sequence or 
structural similarity with known examples.

In summary, we have identified a PLP-dependent Mannich cyclase, 
LolT, from the biosynthetic pathway of loline alkaloids, and demon-
strated its synthetic utility in stereoselective synthesis of diverse con-
formationally constrained aza(bi)cyclic quaternary α-amino acids. We 
also provided the structural basis and mechanistic insights to under-
stand its C–C bond-forming reactivity and stereoselectivity. Our work 
showcases how natural-product biosynthesis facilitates biocatalytic 
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innovations50, and the insights gained from our study have also laid 
the foundation to further develop new PLP-dependent biocatalysts.

Methods
General methods
Enzymatic reactions were monitored by liquid chromatography–mass 
spectrometry with a photodiode-array detector (LC–DAD–MS) on a 
Shimadzu LCMS-2020 (Phenomenex Kinetex, 1.7 µm, 2.0 × 100 mm, 
C18 column) using positive- and negative-mode electrospray ionization 
with a linear gradient of 2%–98% MeCN–H2O solvent supplemented 
with 0.1% formic acid as additive. This instrument is equipped with 
a DAD to facilitate quantitative analysis. Semipreparative HPLC) was 
carried out on a Shimadzu system, using a Cosmosil C18 AR-II column 
(5.0 µm, 10 mm inner diameter × 250 mm, Shodex). Chemical reac-
tions were monitored by thin-layer chromatography carried out on 
MilliporeSigma aluminium thin-layer chromatography plates (silica 
gel 60 coated with F254) using ultraviolet light for visualization and 
basic aqueous potassium permanganate as the developing agent. 
NMR spectra were recorded on a Bruker Avance III 500 MHz spectro
meter. High-resolution mass spectra were acquired on an Agilent 1260  
Infinity II HPLC time-of-flight system using positive-mode electrospray 
ionization. Optical rotations were recorded on a Rudolph Research 
Laboratory AUTOPOL IV polarimeter. Ultraviolet–visible spectra were 
recorded on a Shimadzu 1601 spectrophotometer. Data fitting was 
performed using GraphPad Prism 9.

Chemicals
Boc-Dab-OtBu·HCl, Boc2O, TBAF, tert-butyldimethylsilyl chloride and 
(S)-tert-butyl 5-amino-2-((tert-butoxycarbonyl)amino)pentanoate 
hydrochloride were purchased from Chem-Impex International.  
(S)-tert-butyl-6-amino-2-((tert-butoxycarbonyl)amino)-hexanoate, 
(S)-2,4-diaminobutanoic acid and pentane-1,5-diol were purchased 
from Ambeed. Isopropyl β-d-1-thiogalactopyranoside was purchased 
from Gold Biotechnology. Pyridoxine hydrochloride, sodium cyano-
borohydride, Fmoc-Cl, o-phthaldialdehyde, 6-mercaptohexanoic 
acid and CM-Sephadex resin were purchased from Sigma-Aldrich. 
(tert-Butyldimethylsilyloxy)butanal was purchased from Aaron  
Chemicals. (S)-2,3-Diaminopropanoic acid, (R)-2,3-diaminopropanoic 
acid, Marfey’s reagent, Nα-(5-fluoro-2,4-dinitrophenyl)-l-leucinamide 
and Nα-(5-fluoro-2,4-dinitrophenyl)-d-leucinamide were purchased 
from TCI. Dess–Martin periodinane was purchased from Combi-block. 
Trifluoroacetic acid (TFA) was purchased from Honeywell. All other 
chemicals and solvents were purchased from Fisher. Silica gel (particle 
size, 56 μm; surface area, 500 m2 g−1; pore volume, 0.75 cm3 g−1) from 
Alfa Aesar was used for flash column chromatography.

General DNA manipulation methods
E. coli XL-1 strain was used for cloning. DNA restriction enzymes were 
used as recommended by the manufacturer (New England Biolabs, 
NEB). Bacterial expression plasmids were ordered from Twist Bio-
sciences. The codon-optimized DNA sequences are listed in Supple-
mentary Table 1. Polymerase chain reaction was performed using 
Q5 High-Fidelity DNA Polymerase (NEB) with a Bio-Rad T100 ther-
mocycler. DNA products were purified using commercial kits from 
Zymo Research. Single-point mutants were generated using the Gibson 
assembly method (NEB); the DNA oligomers used for site-directed 
mutagenesis are listed in Supplementary Table 2.

Protein heterologous expression and purification
For P. expansum LolT (XP_016595153.1) and E. uncinate LolD (Q5MNI5),  
E. coli BL21(DE3) strain (Novagen) was used for heterologous expression.  
Briefly, E. coli transformants harbouring the corresponding plasmids 
were grown overnight in LB medium containing 50 µg ml−1 kanamycin 
at 37 °C. Each 1 litre of fresh LB medium supplemented with 50 µg ml−1 
kanamycin was inoculated with 5 ml of the overnight starting culture. 

The large cell culture growth was incubated at 37 °C and 250 rpm until 
absorbance (600 nm) optical density reached 0.8. To induce protein 
expression, pyridoxin (10 µM, final concentration) and isopropyl β-d-
1-thiogalactopyranoside (200 µM, final concentration) were added 
to the culture medium, and the cells were left to grow at 16 °C for 16 h. 
Cells were harvested by centrifugation and resuspended in MPA buffer 
(50 mM K2HPO4 (pH 7.5), 10 mM imidazole, 300 mM NaCl, 5% glycerol)  
and lysed on ice by sonication. The cell lysate was centrifuged at 
15,000g for 30 min at 4 °C to remove the cellular debris. The cleared 
lysate supernatant was loaded onto nickel–nitrilotriacetic acid agarose  
resin (Qiagen) and the purification was carried out according to  
the manufacturer’s instructions. Purified proteins were examined by 
(SDS–PAGE) and pure fractions were combined. Proteins were concen-
trated using 30 kDa Ultrafiltration centrifuge tubes (Amicon). For crys-
tallization experiments, the concentrated proteins were supplemented 
with 1 mM PLP and subjected to gel-filtration chromatography using a 
Superdex 200 26/60 column equilibrated in SEC buffer (50 mM HEPES 
(pH 7.25), 1 mM tris(2-carboxyethyl)phosphine). Protein concentration 
was determined by quantifying the PLP concentration (based on the 
absorption coefficient at 388 nm, ε388 = 6,600 M−1 cm−1) after it was 
released into solution via base (0.2 N NaOH) treatment51. All mutants 
were expressed and purified using the same procedure as described 
for the wild-type.

For LolF expression, attempts were made to obtain soluble recom-
binant proteins but no successful expression condition was identi-
fied. Briefly, different LolF homologues were codon-optimized for  
E. coli expression including P. expansum LolF (XP_016595152.1) and  
E. uncinate LolF (Q5MNI7). Both genes were ligated to modified 
pET28(a) vectors resulting in constructs harbouring either an 
N-terminal His6-tag, a C-terminal His6-tag, an N-terminal GST-tag or 
an N-terminal MBP-tag. However, none of the expression plasmids  
gave soluble proteins using the expression condition described for  
LolT and LolD. Additionally, two uncharacterized LolF homologues 
were codon-optimized but no soluble protein was obtained upon  
overexpression in E. coli: Monosporascus sp. MG133 LolF (A0A4Q4VH07) 
and Heterodermia speciosa LolF (A0A8H3J612).

Protein crystallography
Crystals of holo-LolT were grown at 18 °C using the sitting drop vapour 
diffusion method in 3 µl drops containing a 1:1 mixture of the pro-
tein solution (10 mg ml−1 LolT in SEC buffer) and a reservoir solution 
(0.1 M sodium malonate, pH 5.2, 14% w/v PEG 3350). Plate-like crystals 
appeared after 3 days. All crystals were flash-frozen in liquid nitrogen 
after soaking in a cryoprotectant solution consisting of mother liquor 
supplemented with 25% v/v glycerol. All X-ray diffraction data were 
recorded at the Stanford Synchrotron Radiation Lightsource, beamline 
9-2. Data reduction and integration was achieved with HKL300052. The 
structure was solved by molecular replacement using the program 
Phaser53. The initial model was prepared through AlphaFold54. The 
graphics program COOT was used for manual model building and 
refinement55. PHENIX was used for crystallographic refinement and 
map calculation56. The X-ray data collection, reduction and model 
refinement statistics are recorded in Supplementary Table 3. Figures 
were prepared with Pymol57.

Enzymatic assays for LolT and LolD
A typical reaction mixture (~50 µl) includes ~1 mM amino acid substrate 
in the assay buffer (50 mM K2HPO4, 50 µM PLP, pH 7.5). The reaction is 
initiated by addition of enzyme (final concentration, ~1 µM) and the 
reaction is incubated at either 28 or 37 °C. The reaction is quenched 
by mixing with an equal volume of acetonitrile. To analyse the product 
by LC–MS, the quenched reaction mixture was derivatized by Fmoc-Cl. 
Briefly, 15 µl of reaction mixture was mixed with 15 µl of sodium borate 
solution (1 M), and 15 µl of Fmoc-Cl stock solution (in acetonitrile) was 
added. The resulting mixture was incubated at 37 °C for 30 min and then 
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injected into the LC–MS system. For steady-state kinetics, a time-course 
study was first performed to identify the linear region. The assays 
were performed in triplicate at various substrate concentrations. The 
product was quantified based on the peak area of derivatized sample 
and compared to a standard curve. Besides Fmoc-Cl derivatization, 
o-phthaldialdehyde (OPA) derivatization was also used. This derivatiza-
tion was conducted by mixing 15 µl of reaction mixture with 15 µl of OPA 
reagent (50 mM OPA and 50 mM 6-mercaptohexanoic acid dissolved in 
methanol) and 5 µl of Na2CO3 (1 M). The resulting mixture was incubated 
at 37 °C for 30 min and then injected into the LC–MS system.

H/D exchange assay
A typical reaction mixture (∼500 µl) includes 10 µM LolT and 4 mM 
diamino acid substrate in assay buffer (12 mM Na2HPO4, 1.8 mM KH2PO4, 
pH 7.5, prepared in D2O). Reaction was incubated at 28 °C and moni-
tored by NMR and LC–MS (the reaction mixture was derivatized with 
Fmoc-Cl as described above before MS analysis). Fully deuterated 
products were further derivatized with Marfey’s reagent (TCL) for chiral 
analysis. Briefly, 80 µl of reaction mixture was mixed with 20 µl of an 
acetone solution of Marfey’s reagent (50 mM) and 20 µl of NaHCO3 
solution (1 M). The resulting mixture was incubated in a 42 °C water 
bath for 30 min. Next, 10 µl of HCl (2 M) was added to the derivatization 
mixture to quench the reaction. The resultant solution was analysed on 
a Shimadzu LC-40 HPLC equipped with a Cosmosil C18 AR-II analytical 
column. Derivatized amino acids were eluted with a linear gradient 
from 10% acetonitrile and 40% acetonitrile over 20 min with a flow  
rate at 1 ml min−1. All HPLC solvents (water and acetonitrile) were  
supplemented with 0.1% (v/v) formic acid.

Single-component Mannich cyclization assay for product 
isolation
A typical reaction mixture at the preparation scale (~20 ml) includes 
5 µM LolT and 5 mM substrate in 50 mM KPi buffer (50 mM K2HPO4, 
50 µM PLP, pH 7.5). The reaction was incubated at 28 °C and monitored  
by LC–MS after Fmoc-Cl derivatization. The reaction was then quenched  
by 1 M HCl and the product was purified using cation exchange  
chromatography. To determine the e.e., isolated products were deri-
vatized with Nα-(5-fluoro-2,4-dinitrophenyl)-l-leucinamide and Nα-
(5-fluoro-2,4-dinitrophenyl)-d-leucinamide and separated by LC–MS.

Two-component Mannich cyclization assay
A typical reaction mixture at the analytical scale (~50 µl) includes 
5 µM LolT, 5 mM diamino acid substrate and 25 mM aldehyde sub-
strates in 50 mM KPi buffer supplemented with 5% v/v DMSO. The 
reaction mixture was taken at different time points and derivatized 
with OPA and 5-mercaptopentanoic acid before LC–MS analysis. The 
pH value, reaction temperature, reaction time and free PLP concentra-
tion (0.1–10 mol%) were optimized for selected reactions according 
to the analytic yield and d.r. Optimized reactions were scaled up to 
isolate the corresponding product for structural determination. To 
ease product isolation, the reaction mixtures were derivatized with 
Boc anhydride and isolated by reverse-phase chromatography. The 
isolated Boc-protected products were deprotected with TFA/CH2Cl2 
and the isolation yields were calculated based on the Boc-protected 
form. To determine the e.e., isolated products were derivatized with 
Nα-(5-fluoro-2,4-dinitrophenyl)-l-leucinamide and Nα-(5-fluoro-
2,4-dinitrophenyl)-d-leucinamide and separated by LC–MS. Briefly, 
10 µl of amino acid product (10 mM in methanol) was mixed with 10 µl 
of Na2CO3 (1 mM) and 10 µl of derivatizing reagent. The reaction was 
incubated at 42 °C for 1 h and quenched with 10 µl of 1 M HCl solution. 
The resulting mixture was analysed by LC–MS.

DFT calculations
Conformational search was conducted using CREST of the XTB 
program58. DFT calculations were performed using the Gaussian 16 

program package59. The structure of the lowest-energy conforma-
tion of each species was submitted for geometry optimization at the 
ωB97X-D/6-31 G(d,p) level with the CPCM solvation model for water and 
with the integration grid set to ultrafine level, followed by frequency 
calculation at the same theoretical level. All reported Gibbs free ener-
gies are for 298 K and are after quasi-harmonic correction using the 
GoodVibes program60.

Computation methods for docking and MD simulations
The transition state calculated using DFT methods was docked into 
the binding pocket of LolT using AutoDock Vina61. For the best-scored 
binding pose, four replicas of 1,000 ns MD simulations were further 
performed with the AMBER 20 program package62. MD simulations 
were prepared by the LEAP program in AMBERTOOLS 20 and per-
formed with a standard protocol as follows. (1) The docked enzyme–
transition state complex was energy-minimized with 5,000 cycles. The 
first 2,500 cycles were performed with the steepest descent algorithm 
but without the SHAKE algorithm activated. A positional restraint of 
2 kcal mol−1 Å−2 was applied. (2) A 1 ns heating process was performed 
with an activated SHAKE algorithm. The temperature was increased 
from 0 to 300 K over 1 ns with a collision frequency of 5 ps−1. A similar 
positional restraint of 2 kcal mol−1 Å−2 was applied. (3) A 2 ns equilibrium 
process was performed with a periodic boundary for constant pressure 
(NPT) and a constant temperature (300 K). A positional restraint of 
2 kcal mol−1 Å−2 was also applied. (4) A 2 ns low-restraint equilibrium 
process was performed, and a positional restraint of 0.5 kcal mol−1 Å−2 
was applied. (5) A 1,000 ns production process was finally performed 
with the standard simulation conditions. For TS-LolT simulations, the 
bond-forming distance of the transition state was constrained to the 
DFT-optimized distance. The CPPTRAJ program in AMBERTOOLS 20 
was used for trajectory processing and analysis.

Reporting summary
Further information on research design is available in the Nature  
Portfolio Reporting Summary linked to this article.

Data availability
The crystal structure data of LolT is available in the Protein Data Bank 
under entry 8DL5. The small-molecule X-ray structure data were depo
sited to the Cambridge Crystallographic Data Centre (CCDC). The 
deposition numbers are CCDC 2182351 for 3 hydrochloride salt, CCDC 
2183481 for 5 hydrochloride salt, CCDC 2183482 for 7 hydrochloride 
salt, CCDC 2190686 for 9 hydrochloride salt and CCDC 2182349 for 
(Boc)2-14. All other data are available from the corresponding authors 
upon reasonable request. Correspondence and requests for materials 
should be addressed to Y.H.
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