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Abstract

Protein CGL2373 from Corynebacterium glutamicum was previously proposed to be a member of 

the polyketide_cyc2 family, based on amino-acid sequence and secondary structure features 

derived from NMR chemical shift assignments. We report here the solution NMR structure of 

CGL2373, which contains three α-helices and one antiparallel β-sheet and adopts a helix-grip 

fold. This structure shows moderate similarities to the representative polyketide cyclases, TcmN, 

WhiE, and ZhuI. Nevertheless, unlike the structures of these homologs, CGL2373 structure looks 

like a half-open shell with a much larger pocket, and key residues in the representative polyketide 

cyclases for binding substrate and catalyzing aromatic ring formation are replaced with different 

residues in CGL2373. Also, the gene cluster where the CGL2373-encoding gene is located in C. 
glutamicum contains additional genes encoding nucleoside diphosphate kinase, folylpolyglutamate 

synthase, and valine-tRNA ligase, different from the typical gene cluster encoding polyketide 

cyclase in Streptomyces. Thus, although CGL2373 is structurally a polyketide cyclase-like 

protein, the function of CGL2373 may differ from the known polyketide cyclases and needs to be 

further investigated. The solution structure of CGL2373 lays a foundation for in silico ligand 

screening and binding site identifying in future functional study.
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1. INTRODUCTION

Corynebacterium glutamicum is a non-pathogenic soil bacterium, and an important 

bioindustrial bacterium used for producing amino acids, nucleotides and vitamins, which is 

facilitated by some traits of C. glutamicum such as rapid growth rate and relatively few 

growth requirements.1 C. glutamicum has a circular chromosome and a plasmid for 

encoding more than three thousands proteins.2 The protein CGL2373 (UniProt ID: 

Q8NN40_CORGL) encoded in C. glutamicum genome was proposed to belong to the 

polyketide_cyc2 family (Pfam ID: PF10604), based on amino-acid sequence and secondary 

structure features derived from NMR study.3 The polyketide_cyc2 family includes 

polyketide cyclases for polyketide synthesis in bacteria. All known structures of polyketide 

cyclases adopt a helix-grip fold with an interior pocket,4–7 similar to the structures of the 

START (StAR-related transfer)-like proteins (Pfam ID: PF01852) and the Bet v1 (Betula 
verrucosa birch pollenallergen)-like proteins (Pfam ID: PF00407).

Polyketide cyclase plays an important role in the biosynthesis of aromatic polyketides, a 

class of natural products among which many are the sources of antibiotics or anticancer 

drugs.8,9 Polyketide cyclase is a part of the multi-enzyme complex of type II polyketide 

synthase (PKS), and catalyze the region-specific formation of aromatic rings in polyketide 

synthesis.10 Several representative polyketide cyclases have been structurally and 

functionally characterized, which include three monodomain cyclases (TcmN, ZhuI, WhiE) 

and two di-domain cyclases (StfQ and BexL).4–7 The individual cyclase domain in the five 

polyketide cyclases all adopts a similar helix-grip fold with an interior pocket. However, 

they show different residue composition in the interior pocket, which controls the region-

specific cyclization and determines the selective specificity for the chain length of the 

substrate. Consistently, these known polyketide cyclases show different functional features. 

For instance, TcmN and WhiE both catalyze C9−C14 first-ring cyclization, but show 

difference in the chain lengths of the respective natural substrates (20 and 24 carbons, 

respectively).4,6 On the other hand, ZhuI is a C7−C12 first-ring cyclase for substrate chains 

of variable lengths (C16 and C18−C20).5,11 To our knowledge, most polyketide cyclases that 

have been investigated for their structure and function are from Streptomyces, while the 

structure and function of polyketide cyclases from Corynebacterium are still unknown.

We reported the chemical shift assignments of 1H, 13C and 15N-labeled CGL2373 recently,3 

and its solution NMR structure has been previously deposited in the Protein Data Bank 

(PDB ID: 2M47). Here, we describe the details of the NMR structure determination of 

CGL2373 and make a comparison between CGL2373 and the representative polyketide 

cyclases in the aspects of sequence and structure. Although the overall structures are similar, 

structural details are largely different between CGL2373 and the polyketide cyclases. 

Especially, key residues in the polyketide cyclases for binding substrate and catalyzing ring 

formation are replaced with other types of residues in CGL2373. Thus, the function of 

CGL2373 may remarkably differ from the representative polyketide cyclases.
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2. MATERIALS AND METHODS

2.1 Protein sample preparation

The U-13C,15N-labeled (NC) recombinant CGL2373 protein with a C-terminal His-tag 

(LEHHHHHH) was prepared as described previously.3 The purified protein at a 

concentration of 0.8 mM in the buffer containing 90 % H2O/10 % D2O (v/v), 20 mM MES, 

100 mM NaCl, 5 mM CaCl2, 10 mM DTT, 0.05 mM DSS and 0.02 mM NaN3 at pH 6.5 was 

used for NMR experiments.

2.2 Rotational correlation time (τc) estimate

1D 15N-edited T1 and T2 (CPMG) experiments using NC sample were recorded on a Varian 

Inova 600 MHz at 298 K for determining the rotational correlation time (τc) of CGL2373. 

Longitudinal T1 relaxation delays were 100, 200, 300, 400, 600, 800, 1000, 1500, 1700, and 

2000 ms; transverse T2 relaxation delays were 10, 30, 50, 70, 90, 110, 130, 170, 210, and 

250 ms; both experiments had 1.5 s recycle delays. T1 and T2 relaxation times were 

obtained through integrating intensity from 8.5 to 10.5 ppm. An τc value of 11.5 ns for NC 

CGL2373 was derived from the T1 and T2 measurements following the literature equation.
12 Based on a linear fitting of τc versus molecular weight (MW) for a series of standard 

proteins,13 the MW of NC CGL2373 under the NMR conditions was estimated to be 20.2 

kDa (Supporting Information Figure S1).

2.3 Structure calculation

The chemical shift assignments of CGL2373 deposited in the BioMagResDB (BMRB) with 

the accession number 18989 were reported previously.3 For structure determination, NOE-

based inter-proton distance restraints of CGL2373 were automatically determined using 

CYANA 3.0. Input for CYANA included chemical shift assignments, NOESY peak lists 

from four NOESY spectra with peak intensities, the restraints for backbone phi (φ) and psi 

(ψ) torsion angle derived from chemical shifts of backbone atoms using the TALOS+ 

software program.14 Manual and iterative refinements of NOESY peak picking lists were 

guided through assessing “goodness of fit” between calculated structures and NOESY peak 

lists using NMR RPF quality.15 Towards the end of the iterative process of structure 

calculation, hydrogen bond constraints for the NH and CO distances were introduced based 

on identification of the proximity of potential donors and receptors in earlier structure 

calculations. The 20 lowest energy structures out of 100 structures calculated by CYANA 

3.0 were further refined through restrained molecular dynamics in explicit water CNS 1.2 

and the PARAM19 force field, using the final NOE-derived distance restraints and TALOS-

derived dihedral angle restraints. The final ensemble of 20 structures has been deposited to 

the PDB (ID: 2M47). Structural statistics and global structure quality factors were computed 

using PSVS16 version 1.5 (Table 1).

3. RESULTS AND DISCUSSION

The MW of NC CGL2373 was estimated to be 20.2 kDa based on the determined overall τc 

value of 11.5 ns (Supporting Information Figure S1), close to its theoretical MW (MW = 

19.9 kDa for NC CGL2373 with the C-terminal His-tag), suggesting that CGL2373 exists 
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predominantly as a monomer under the NMR conditions. The overall NMR structure of 

CGL2373 adopts a helix-grip fold, consisting of a seven-stranded antiparallel β-sheet 

surrounding a long C-terminal α-helix and two small helices flanking the β-sheet (Figure 

1A). Additionally, there is a 310-helix formed at the backside of the β-sheet. The RMSD 

values for backbone atoms and heavy atoms in the ordered regions were 1.3 and 1.8 Å, 

respectively (Table 1). Secondary structure elements distribute as α-helices (α1, 17–24; α2, 

112–119; α3, 127–155), β-strands (β1, 5–13; β2, 37–41; β3, 53–59; β4, 64–75; β5, 79–84; 

β6, 89–98; β7, 101–110), and 310-helix (η1, 43–45), with the arranging order of N–β1–α1–

β2–η1–β3–β4–β5–β6–β7–α2–α3–C (Figure 1B). The α-helices and β-strands together 

form a large pocket with a volume of 3302 Å3 in the center of the protein as calculated using 

the CASTp 3.0 server.17 The α1-β2 and β3-β4 loops are very flexible, making the opening 

extent of the pocket vary greatly among the 20 conformers of CGL2373 structure (Figure 

1A). Surface representation of CGL2373 structure looks like a half-open shell, and 

electrostatic surface potential analysis shows that the pocket is largely neutral and is only 

slightly charged (Supporting Information Figure S2A). The Among the 37 residues involved 

in forming the pocket, 21 residues contain hydrophobic side chain and 16 residues contain 

polar side chain (Supporting Information Figure S2B). Only 4 residues with charged side 

chain (one Arg, one Asp and two Glu) are located in the pocket. The properties of the pocket 

are consistent with the potential function of CGL2373 that involves polycyclic ligand 

binding. The amphipathic composition of the pocket residues would provide appropriate 

hydrophobic and hydrogen bond interaction for specific ligands.

BLAST search using CGL2373 sequence obtained 500 homologous sequences with 

alignment scores over 89.7 and sequence identity over 36.4%. However, the obtained 

sequences are annotated as either SRPBCC (START/RHO_α_C/PITP/Bet_v1/CoxG/CalC) 

family protein or polyketide cyclase, and gave no detailed functional and structural 

information. Structure similarity analysis using Dali18 identified 113 peptide chains with Z-

scores over 11.0, which can be classified into three groups including polyketide cyclases,4–7 

plant receptors for abscisic acid (ABA),19–21 and phenolic oxidative coupling proteins.22 

Representative proteins with published papers focusing on function and structure are 

summarized in Supporting Information Table S1

CGL2373 shares sequence identity/similarity of 18.7/34.2%, 21.3/41.3% and 19.3/38.1% 

with three representative monodomain cyclases, TcmN, WhiE and ZhuI, respectively 

(Figure 2A). The overall structures are similar, but at last three major differences can be 

found between CGL2373 and the three cyclases, including the lack of an α-helix between 

α1 and β2, the forming of a 310-helix between β2 and β3, and the forming of an α-helix 

between β7 and α3 in CGL2373 (Figure 2B). Besides, the conformation of β3–β4 loop of 

CGL2373 is significantly different from the counterparts in the three cyclases. The lack of 

rigid α-helix structure between α1 and β2 and the different conformation of β3–β4 loop 

may result from the extremely weak interaction of α1–β2 and β3–β4 loops with the α3 

helix, leading to an unclosed side surface and markedly larger pocket of CGL2373 compared 

with TcmN, WhiE, and ZhuI, which contain ligand-binding pockets with the volumes of 

1269 Å3, 1304 Å3, and 1066 Å3, respectively (Supporting Information Figure S2A). Thus, it 

is possible that the potential ligands of CGL2373 are bigger than those of these three 

cyclases in size. Meanwhile, it’s worth noting that most of the key residues in the three 
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cyclases for binding substrate and catalyzing ring formation, such as Y35, R69 and R82 of 

TcmN and WhiE,4,6 and R66, H109 and D146 of ZhuI,5 are replaced with residues having 

different types of side chains in CGL2373 (Figure 2A). Therefore, CGL2373 may not have 

aromatase/cyclase activity, or if it has, that its catalytic mechanism must be different from 

the known polyketide cyclases. Similarly, the low sequence identity and notable 

conformational differences with the ABA receptors, PYR121, PYL120 and PYL1019, as well 

as lack of key residues for ABA binding (Supporting Information Figure S3), suggest that 

CGL2373 may also not an ABA binding protein. Because the ligand-binding mechanism of 

HYP-1 has not been well demonstrated, detailed comparison between HYP-1 and CGL2373 

for potential similar function was not carried out.

The gene cluster where CGL2373 gene is located contains additional genes encoding 

nucleoside diphosphate kinase (NDPK, CGL2370), predicted acetyltransferase (CGL2372), 

folylpolyglutamate synthase (FPGS, CGL2375), valine-tRNA ligase (CGL2376), and two 

hypothetical membrane proteins (CGL2371 and CGL2374). The substrates of NDPK 

include nucleoside diphosphates (NDP),23 and the substrates of valine-tRNA ligase and 

FPGS include adenosine triphosphate (ATP),24,25 all of which have polycyclic structures. 

Moreover, the substrates of FPGS include folic acid, also a polycyclic molecule. Because the 

expression of neighboring genes in bacteria is usually co-regulated, and their functions are 

associated with each other to some extent, thus, the neighborhood members of CGL2373 

may provide some clues for its function.

In summary, the solution NMR structure of CGL2373 was determined to adopt a typical 

helix-grip fold, but the details of the structure are different from those of the well known 

polyketide cyclases, implying that CGL2373 may not function similarly to the known 

cyclases. The biological function of CGL2373 requires further investigation, and the 

solution structure reported here will be helpful for in silico ligand screening and binding site 

identifying in future.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Solution NMR structure of CGL2373 from Corynebacterium glutamicum. A, Superposition 

of the backbone traces of the 20 conformers of CGL2373 with the lowest energy. B, The 

stereo-view of cartoon model of CGL2373 structure. The α-helices, β-strands, and loop 

regions are colored in cyan, magenta, and salmon, respectively.
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Figure 2. 
Comparison of CGL2373 with three known polyketide cyclases including TcmN, WhiE and 

ZhuI. A, Sequence alignment of CGL2373 with the three polyketide cyclases. Alignment 

was rendered using ESPript 3.0 with default settings for similarity calculations. Secondary 

structural elements of CGL2373 are indicated above the amino-acid residue number in the 

sequence. Identical (white letters filled with red color) and similar (red letters with blue box) 

amino acids are denoted. The residues essential for the cyclase activity of TcmN and WhiE 

are labeled with violet circles below the sequence, while the residues essential for the 

activity of ZhuI are labeled with blue circles. The residues labeled with green circles are 

involved in substrate binding for TcmN and WhiE. B, C, and D, Superposition of the 

structure of CGL2373 (cyan) with those of TcmN (magenta), WhiE (yellow), and ZhuI 

(orange), respectively. Black arrows denote the remarkable differences between CGL2373 

structure and those of the three cyclases.
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Table 1.

Structure statistics for CGL2372 from C. glutamicum

Conformationally-restricting constraints
a

NOE-based distance constraints

 Total 1571

 Intra-residue (i=j) 380

 Sequential (|i-j|=1) 489

 Medium-range (1<|i-j|<5) 238

 Long-range (|i-j|≥5) 464

 NOE constraints per restrained residue
b 10.1

Hydrogen bond constraints

 Long-range (|i-j |≥5)/total 62/108

Dihedral angle constraints 214

 Total number of restricting constraints
b 1893

 Total number of restricting constraints per restrained residue
b 12.1

 Restricting long-range constraints per restrained residue
b 3.4

Number of structures used 20

Residue constraint violations
a, c

 Distance violations per structure

  0.1–0.2Å 7.2

  0.2–0.5 Å 1.4

  >0.5Å 0

  RMS of distance violation/constraint (Å) 0.01

  Maximum distance violation (Å)
d 0.42

 Dihedral angle violations per structure

  1–10° 17.8

  >10° 0

  Average RMS dihedral angle violation/constraint (degree) 0.80

  Maximum dihedral angle violation (degree)
d 8.10

RMSD Values
e

 Backbone/Heavy atoms (Å) 1.3/1.8

Ramachandran plot summary from Richardson’s lab

 Most favored regions (%) 96.0

 Allowed regions (%) 4

 Disallowed regions (%) 0.0

Structure quality Factors (mean/Z-score)
f

 Verify3D 0.27/−3.05

 Prosall (-ve) 0.33/−1.32

 Procheck G-factor
e
 (φ-Ψ)

−0.35/−1.06
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Conformationally-restricting constraints
a

 Procheck G-factor
e
 (all dihedral angles)

−0.27/−1.60

 Molprobity clash score 12.18/−0.56

RPF Scores
g

 Recall/Precision 0.99/0.89

 F-measure/DP-score 0.93/0.77

a
Calculated using PSVS 1.5 program. Residues (1–163) were analyzed.

b
There are 156 residues with conformationally restricting constraints.

c
Calculated for all constraints for the given residues, using sum over r–6.

d
Largest constraint violation among all the reported structures

e
Ordered residues ranges (with the sum of ϕ and ψ order parameters >1.8): 6–24, 36–46, 48–55, 57–75, 78–84, 88–111, 114–121, and 124–156.

f
With respect to mean and standard deviation for a set of 252 X-ray structures < 500 residues, of resolution ≤ 1.80 Å, R-factor ≤ 0.25 and R-free ≤ 

0.28; a positive value indicates a ‘better’ score.

g
RPF scores reflected the goodness-of-fit of the final ensemble of structures including disordered residues to the NMR data.
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