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Chlorogenic acid esterases (ChlEs) are a useful class of enzymes that hydrolyze

chlorogenic acid (CGA) into caffeic and quinic acids. ChlEs can break down

CGA in foods to improve their sensory properties and release caffeic acid in the

digestive system to improve the absorption of bioactive compounds. This work

presents the structure, molecular dynamics, and biochemical characterization of

a ChlE from Lactobacillus helveticus (Lh). Molecular dynamics simulations

suggest that substrate access to the active site of LhChlE is modulated by two

hairpin loops above the active site. Docking simulations and mutational analysis

suggest that two residues within the loops, Gln145 and Lys164, are important for

CGA binding. Lys164 provides a slight substrate preference for CGA, whereas

Gln145 is required for efficient turnover. This work is the first to examine the

dynamics of a bacterial ChlE and provides insights on substrate binding prefer-

ence and turnover in this type of enzyme.

Keywords: chlorogenic acid; chlorogenic acid esterase; ferulic acid

esterase; hydrolase; substrate specificity

Chlorogenic acid esterases (also referred to as chloro-

genate esterases, ChlEs, EC 3.1.1.42) hydrolyze CGA,

a water-soluble ester of caffeic and quinic acids. ChlEs

are a/b hydrolases, a superfamily of enzymes that

share a common a/b fold but differ considerably in

terms of overall structure and substrate range [1,2].

That said, all known ChlEs use a Ser-Asp-His catalytic

triad to catalyze ester bond hydrolysis [1,3–5]. ChlEs

are found in both bacteria and fungi, however,

ChlEs from bacterial and fungal species have low

sequence similarity and are structurally dissimilar.

ChlEs can also cleave substrates that are similar to

CGA, such as ethyl- and methyl ferulic acid [6,7]. Thus,

ChlEs are closely related to ferulic acid esterases (FAEs,

EC3.1.1.73) since their substrate ranges overlap. ChlEs

are biotechnologically interesting since they have the

ability to break down CGA in foods such as coffee and

sunflower meal, thereby improving the foods’ sensory

properties [8–11]. Furthermore, ChlEs have been stud-

ied for their ability to mobilize caffeic acid in the gut

and to break down CGA in fermented foods, thus

improving their antioxidant content [12,13].

Despite their potential biotechnological utility and

importance in mediating antioxidant uptake in the

human digestive system, critical structural and functional

properties of ChlEs are not well understood. Compared to

fungal ChlE’s, the bacterial enzymes are not well charac-

terized. Although CGA hydrolysis has been demonstrated

for several bacterial ChlEs [13,14], only a single ChlE has

been both structurally and functionally characterized,

Lj0536 from Lactobacillus johnsonii [4]. Lj0536 features a

characteristic a/b insertion or lid domain that is located
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above the active site cleft [4]. The insertion domain does

not resemble that of fungal ChlEs [5], however, it is

homologous to that of Est1E, a ferulic acid esterase from

Butyrivibrio proteoclasticus [15]. Lj0536 is promiscuous

toward aromatic esters since it can hydrolyze several

hydroxycinnamic acid derivatives. However, it has a slight

catalytic preference for CGA over the smaller substrate,

ethyl ferulic acid, since the specificity constant, kcat/Km,

for CGA hydrolysis is 1.4-fold higher for CGA [7]. Muta-

tional analysis of the Lj0536 insertion domain showed that

it is required for enzyme function. Deletion of the domain

produces an inactive enzyme, and point mutations in the

insertion domain around the active site that abolish

hydrogen bonding between the enzyme and substrate are

detrimental to both catalysis and binding [4].

Our group recently characterized a putative ChlE

from Lactobacillus helveticus (LhChlE). LhChlE is very

active against CGA and was used to break down CGA

in sunflower flour to prevent sunflower flour cookie dis-

coloration [9,10]. However, LhChlE’s substrate prefer-

ence was never unambiguously determined [16,17].

Moreover, its structure and the conformational dynam-

ics of its insertion domain have not yet been studied.

The goal of this paper is to structurally and biochemi-

cally characterize LhChlE. To this end, we solved the

structure of LhChlE and performed molecular dynamics

simulations to study how conformational changes in the

insertion domain influence substrate binding. Our

results suggest that the movement of two insertion

domain loops modulates the size of the entrance to the

active site pocket and is thus important for substrate

binding. Furthermore, docking simulations suggest that

two residues on these loops, Lys164 and Gln145, may sta-

bilize CGA binding. Enzyme kinetics data demonstrate

that LhChlE is not specific in its substrate range; how-

ever, it has a slight preference for CGA, like Lj0536.

Mutational analysis indicates that Lys164 is important

for imparting a slight CGA binding preference. In con-

trast, Gln145 does not contribute to establishing a prefer-

ence for CGA. Instead, it is important for binding and

catalysis for all substrates, likely because Gln145 is

involved in conformational changes that are required

during turnover for all substrates.

Materials and methods

Materials

Materials were purchased from Sigma-Aldrich (St. Louis,

MO, USA), Thermo Fisher Scientific (Hampton, NH,

USA), and VWR (Radnor, PA, USA). All reagents were

ACS grade or equivalent. Primers were purchased from

Integrated DNA Technologies (IDT, Coralville, IA, USA).

Cloning and mutagenesis

Wild-type LhChlE (Genbank ID: AHI12574.1) from

L. helveticus H9 was used as a template to generate the K164A

and Q145A mutants. Each mutant was made by site-directed

mutagenesis using the Q5 Site-Directed Mutagenesis Kit from

NEB (Ipswich, MA, USA) using the following primers:

K164A Forward: 50 GGTGGGCAACGCGC

TGGGCATGAAAGTGGG 30

K164A Reverse: 50 AGCGGCACCACATCCGGA 30

Q145A Forward: 50 CGGCAACACCGCGGGCG

CGACCT 30

Q145A Reverse: 50 CGCAGCGCATCATCTTTC 30

pET28a plasmids containing the esterase gene were

cloned into BL21(DE3) cells, grown overnight in LB broth

containing 50 lg�mL�1 kanamycin. The plasmid was then

purified using a miniprep kit (Thermo Fisher Scientific).

Plasmids were sent for sequencing (Genewiz, Cambridge,

MA, USA) to confirm the presence of the mutation.

Protein expression, purification, and physical

characterization

Protein expression and purification for WT, Q145A, and

K164A LhChlE were carried out as described in Lo Verde

et al. [16]. The gel filtration, circular dichroism, and ther-

mal stability measurements were also carried out as

described in Lo Verde et al. [16].

Protein crystallization

Crystallization of WT and K164A LhChlE were both per-

formed using the hanging drop vapor diffusion method

with a well volume of 1 mL and a drop size of 2 lL. The
drop contained 1 lL of protein and 1 lL of well solution.

For WT LhChlE, the well solution contained 0.1 M citric

acid, pH 5.0, 10% PEG 6000, and 1.6 M lithium chloride.

The protein concentration was 20 mg�mL�1. For K164A

LhChlE, the well solution contained 0.1 M citric acid pH

5.0, 7.5% PEG 6000, 0.01 M zinc chloride, and 1.5 M

lithium chloride. The protein concentration was 19 mg�mL�1.

For both proteins, crystals formed after approximately

2 weeks, and crystals were harvested and cryo-protected in a

solution containing equal volume well solution and 50%

glycerol, and flash frozen in liquid nitrogen.

Data collection and structure determination

WT LhChlE was diffracted at ALS beamline 12-2 and

K164A LhChlE at ALS beamline 5-02 using a wavelength

of 1 �A. Indexing, scaling, merging, and truncation were

done using the DIALS pipeline [18] in XIA2. For WT LhChlE,

two datasets were merged prior to molecular replacement.

The structure of WT LhChlE was solved by molecular
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replacement with 3PF8 as the search model. WT LhChlE

was used as the search model for K164A LhChlE. After

molecular replacement, an initial structure was generated

using PHENIX AUTOBUILD [19]. Structural refinement was con-

ducted iteratively using PHENIX REFINE and COOT [20]. All

protein structures were visualized in PYMOL (Schr€odinger,

Cambridge, MA, USA) [21].

Molecular dynamics methods

Molecular dynamics simulations of the enzymes were per-

formed using GROMACS v. 2022.3 [22,23] using the

CHARMM36 all-atom protein force field [24]. Proteins were

situated 1 nm from the edges of a dodecahedral box and were

solvated with TIP3P water molecules [25], yielding > 11 000

solvent molecules for each simulated protein. Sodium ions

were added to neutralize the system. Initial energy minimiza-

tion was performed using a steepest descent algorithm with a

maximum of 10 000 steps. All simulations were performed

using 2.0 fs time steps and the LINCS algorithm for con-

straining H-atom bonds [26]. Temperature coupling was

implemented at 300 K using the modified Berendsen thermo-

stat with stochastic velocity rescaling [27], with protein and

nonprotein coupling groups using a time constant of 0.1 ps.

Long-range electrostatics were calculated using the particle

mesh Ewald method [28], and a long-range cutoff radius of

12 �A. The NVT and NPT simulations were run for 200 ps

each using positional constraints on the heavy atoms. The

NPT and production simulations were run at a pressure of

1.0 bar using the Parinello-Rahman barostat [29]. Produc-

tion simulations lasting 200 ns were prepared using the NPT

ensembles without positional constraints. Each protein was

analyzed in triplicate.

Protein flexibility was analyzed using root-mean-square

deviation (RMSD) calculations of the protein backbone,

selected residues, and the insertion domain compared to the

initial protein conformation, along with root-mean-square fluc-

tuation (RMSF) calculations of Ca atoms for each residue.

Clustering analyses across triplicate simulations were per-

formed using GROMACS’s cluster module using the clustering

algorithm described by Daura et al. [30], with an RMSD cutoff

of 1.25 �A. Visualizations of simulations were prepared using

PYMOL. Data visualizations were prepared using R v. 4.1.2 [31].

Docking simulations

All docking models were created using MOLSOFT ICM-PRO [32].

Default settings for ligand docking were used and thorough-

ness/effort was 3 for all complexes. The models with the low-

est (best) ICM scores were selected for further analysis.

Kinetic characterization of LhChlE

The kinetic properties of WT, K164A, and Q145A

LhChlE were determined using Michaelis–Menten assays.

Hydrolysis of CGA, ethyl caffeic acid, and ethyl ferulic

acid were all carried out at 21 °C using an Cary 60 UV-Vis

spectrophotometer (Agilent Technologies, Santa Clara, CA,

USA) in a buffered solution of 50 mM 4-(2-hydroxyethyl)-

1-piperazineethanesulfonic acid (HEPES), pH 8. A stock

solution of CGA was prepared by dissolving CGA in

50 mM HEPES pH 8.0. Stock solutions of ethyl caffeic acid

and ethyl ferulic acid were made by dissolving each sub-

strate in 50 mM HEPES pH 8.0, 5% ethanol. The concen-

tration of each solution was calculated using the Lambert–
Beer law using their respective extinction coefficients

(Fig. S1). For all experiments, the enzyme concentration

was 10 nM and the reaction volume was 0.8 mL. All reac-

tions were monitored for 1 min at 0.05-min intervals from

250 to 400 nm. When the substrate concentrations were

under 0.10 mM, the pathlength was 1 cm. For concentra-

tions above 0.10 mM, the pathlength was 0.2 cm. The equa-

tions used for calculating product formation from the

difference in molar absorptivity are listed in the Supporting

Information. All kinetics data represents the average of at

least five true independent replicates with at least three dif-

ferent batches of enzyme. Enzymatic velocities were calcu-

lated using a linear fit of the initial rates, and enzyme

kinetics parameters were calculated by nonlinear curve fit-

ting. All kinetic data analysis was conducted in PRISM 9

(Graphpad, Boston, MA, USA).

Results

Structure of WT LhChlE

The structure of WT LhChlE was solved by single-

crystal X-ray diffraction to a resolution of 2.2 �A with

Rfree/Rwork values of 0.21 and 0.18, respectively

(Fig. 1A,B). The crystallography statistics are summa-

rized in Table S1. The asymmetric unit of LhChlE

contains three chains, with two chains forming a dimer

(Fig. 1A). The third chain forms a dimer with its

counterpart in a neighboring asymmetric unit. We pre-

viously established that the protein is dimeric in solu-

tion [16]. The LhChlE dimer interface was determined

using the ccp4i program Areaimol [33]. It is large,

approximately 2910 �A2, as expected for a dimer. The

overall structure of LhChlE is typical of the a/b hydro-

lase fold, containing at its core eight b-stands con-

nected by a-helices on either side of the b-stands. The
active site catalytic triad consists of Ser106, His229, and

Asp201, which sit toward the base of an elongated

active site cleft. The active site volume was determined

to be 283 �A3 using MOLSOFT ICM-PRO [32].

The a/b insertion domain starts at Ala133 and ends

at Leu180. The domain has an a-bb-bb-a arrangement.

The domain forms one face of the active site cleft

(Fig. 1B) and also creates a flap at the top of the
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active site through an extended loop (Loop160–167) that

contains the bulky residues Asn163 and Lys164 at its

tip. Compared to the rest of the protein, the insertion

domain exhibits greater mobility, as suggested by its

high B-factors (Fig. 2A).

Structural comparison with related bacterial

chlorogenic acid and ferulic acid esterases

The structure of LhChlE is very similar to Lj0536 with

an RMSD of 0.58 �A over the aligned Ca (Fig. 3A)

based on a pair-wise alignment by TM-align [34]. The

active site residues are highly conserved (Fig. 3B), as

are the active site pocket volumes (283 �A3 for LhChlE

and 291 �A3 for Lj0536). The largest structural differ-

ence between LhChlE and Lj0536 is Loop160–167, as

shown in Fig. 3A. This loop protrudes about 6 �A fur-

ther over the active site in LhChlE compared to

Lj0536. Like LhChlE, Lj0536 also has a lysine residue

in its corresponding loop above the active site, how-

ever, due to the loop’s smaller size, the lysine residue

sits outside of the active site cleft. LhChlE is also very

similar to two recently described ferulic acid esterases

from Lactobacillus acidophilus (LaFAE) [35],

(A)

(B)

Fig. 1. (A) Structure of the LhChlE dimer. The insertion domain is highlighted in teal. Two important active site loops are also highlighted.

(B) Structure of a protomer. Secondary structure elements are labeled on the figure. The insets offer close-up views of the active site as

cartoon and surface representations. Active site residues are displayed in both inset. The surface representation highlights structural fea-

tures that likely restrict substrate binding to the catalytic pocket. The views between the two insets are identical.
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Lentilactobacillus buchneri (LbFAE) [36], and Est1E

[15]. The RMSD values are 0.50, 1.77, and 1.36 �A,

respectively, over the aligned Ca based on pairwise

alignment with TM-align [34] (Fig. S2). The insertion

domains in LhChlE, LaFAE, and Est1E are nearly

superimposable, sharing the same topology. The inser-

tion domain in LbFAE has a small a-helix connecting

the two beta hairpins (a-bb-a-bb-a topology) but is

otherwise identical to LhChlE. The next closest struc-

tural relative of LhChlE based on a DALI server

search [37] is a human monoglyceride lipase (PDB:

3JW8), which features a similar core but has a differ-

ent insertion domain topology.

Molecular dynamics simulations of LhChlE

suggest that the insertion domain is mobile

The B-factors suggest that the insertion domain is flex-

ible (Fig. 2A). Fluctuations in LhChlE were further

examined using 200 ns molecular dynamics (MD) sim-

ulations with an explicit solvent model. Simulations

were run on a single LhChlE protomer after confirm-

ing that MD trajectories for a protomer reflect those

of the dimer (Fig. 2, Figs S3 and S4). Simulations con-

verged, as evidenced by the stable radius of gyration

(Fig. S4) and Root Mean Square Deviation (RMSD)

values for the protein at the end of the simulation

(Fig. 2B, Fig. S4).

Consistent with B-factor analysis, MD simulations

suggest that the insertion domain contains the most

flexible regions of the protein. The RMSD compared

to the initial structure is higher by about 1 �A for the

insertion domain than for the core of the protein, as

shown in Fig. 2B,C. Furthermore, analysis of the root

mean square fluctuation (RMSF), a measure that

describes conformational variability during the trajec-

tory, demonstrates that the most mobile part of the

protein is the expended hairpin Loop160–167 (Fig. 2D).

(A) (B) (C) (D)

Fig. 2. (A) Plot of the B-factors by residue. The B-factor of the Ca of each residue was averaged over the three copies in the asymmetric

unit. (B) RMSD per residue for triplicate MD trajectories for the entire protein and (C) the insertion domain (residues Ala133 to Leu180), indi-

cating the RMSD values are higher in the insertion domain. (D) RMSF values per residue for triplicate MD trajectories.

(A) (B)

Fig. 3. Structural comparison of (A) protomers of LhChlE (blue) and Lj0536 (PDB ID: 3PF8, green). (B) Close up of the active sites of LhChlE

(blue) and Lj0536 (green), highlighting the close structural similarity. The catalytic triad is composed of Ser106, His229, and Asp201 (LhChlE

numbering).

5FEBS Letters (2023) ª 2023 The Authors. FEBS Letters published by John Wiley & Sons Ltd on behalf of Federation of European Biochemical Societies.

K. K. Omori et al. Structure and dynamics of a bacterial CGA esterase

 18733468, 0, D
ow

nloaded from
 https://febs.onlinelibrary.w

iley.com
/doi/10.1002/1873-3468.14731 by C

hapm
an U

niversity, W
iley O

nline Library on [02/10/2023]. See the Term
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline Library for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons License

https://doi.org/10.2210/pdb3JW8/pdb
https://doi.org/10.2210/pdb3PF8/pdb


A second insertion domain loop between residues 142

and 149 (Loop142–149) (Fig. 1A) that includes Gln145 at

its tip also displays large RMSF values. Regions out-

side of the insertion domain that undergo large fluctu-

ations are located around residues Glu18, Phe72, and

Val203. Val203 is part of the substrate binding cleft

and sits across from Gln145. Phe72 is located on a

surface-exposed loop adjacent to the insertion domain,

but it is not part of the active site, and Glu18 is located

on a surface-exposed loop that is distant from both

the insertion domain and the active site.

Analysis of insertion domain conformational

dynamics

The flexibility of insertion or lid domains plays an

important role in substrate binding and catalysis for

many a/b hydrolases [1]. For example, conformational

changes in the insertion domain are required for sub-

strate recognition and binding in tannases [38,39],

epoxide hydrolases [40], and lipases [41,42]. The inser-

tion domain in LhChlE is similar to that of Lj0536 but

does not resemble that of any a/b hydrolases with

known conformation dynamics. Moreover, the struc-

tures of apo- and ferulic acid-bound Lj0536 are nearly

identical around the active site and thus do not pro-

vide information on the conformational flexibility of

the domain [4].

In the crystal structure of LhChlE, the insertion

domain is likely in a closed conformation (Fig. 1B), sug-

gesting LhChlE must undergo conformational changes

to enable substrate binding. Entrance to the active site is

restricted by two structural features. The first represents

the narrowest section of the active site cleft and is

located directly above the catalytic serine. It is formed

by Gln145 and Val203, whose sidechains are 4.6 �A apart

in the crystal structure (Fig. 1B). Together, Gln145 and

Val203 form a collar that likely must widen to allow the

caffeic acid moiety of CGA to enter the catalytic pocket

(Fig. 1B). The second restriction is at the mouth or

entrance of the active site cleft and is between 7 and 9 �A

wide. The bulky sidechains of Asn163 and Lys164 form a

flap that sits above the active site. The closest residues to

the flap on the opposite side of the cleft are Val203 and

Arg230 (Fig. 1B). Furthermore, the flap is in close prox-

imity to Loop142–149 since Gln145 and Lys164 form a

2.8 �A hydrogen bond with each other (Fig. 1B). This

leads to the hypothesis that the hydrogen bond between

Gln145 and Lys164 may play a role in keeping the flap in

a closed conformation by holding the Loop160–167 over

the active site.

To monitor structural changes that may influence

substrate binding, we measured the distance between

key amino acid pairs that gate the active site over the

course of the molecular dynamics trajectory. The Ca
distance between Gln145 and Val203 increases from 10

to 13 �A and their sidechain distances increase from 8

to 11 �A over the course of the trajectory (Fig. 4A,

Fig. S5), causing a widening of the active site cleft.

Furthermore, the trajectories suggest Gln145 and Lys164
drastically move apart after 50 ns (Fig. 4B) and that

this movement is irreversible in the timescale of the

simulation. The Ca distance between Gln145 and

Lys164 increases from about 9 to 13 �A. More notice-

ably, the sidechain carbonyl and amine distance

increases from ca. 6 to 15 �A. These conformational

changes are illustrated in Fig. 4C, that shows LhChlE

at the beginning and end of the trajectory.

Distances between additional residues at the active

site entrance were also measured. Lys164 and Arg230
(located opposite Lys164) remain separated by over 10 �A

throughout the trajectory (Fig. S5). The distance

between Asn163 and Arg230 fluctuates and the residue

pair likely hydrogen bond reversibly during parts of the

trajectory (Fig. S5), however, the residues do not appear

to move closer together or further away, overall.

Finally, we tracked the distance between Gln145 and

Gln202 (the residue next to Val203). These two residues

move closer together during parts of the trajectory,

coming within 9 �A of each other (Fig. S5). This suggests

that at different times of the trajectory, either Val203 or

Gln202 may represent the closest amino acid to Gln145.

Taken together the MD simulations suggest that the

insertion domain is flexible, likely to enable substrate

entry to the active site. Loop142–149 and Loop160–167
are especially important in modulating the active site

size since they experience large fluctuations and may

participate in a gradual opening of the active site dur-

ing the trajectory by moving apart.

LhChlE mutant generation and K164A LhChlE

crystal structure

K164A and Q145A mutants were generated to study

their role in LhChlE activity. Protein expression and

purification for the mutants was identical to the WT

(Fig. S6). Their physical properties (oligomeric state,

secondary structure, and melting point) are very simi-

lar to the wild-type enzyme (Figs S6 and S7) as well.

The structure of K164A LhChlE was solved to 2.1 �A

and Rfree/Rwork values of 0.20 and 0.18, respectively

(Table S1). It aligns with the wild-type LhChlE with

an RMSD of 0.165 �A per protomer (Fig. 5). The elec-

tron density around Ala164 was well defined in the

K164A mutant (Fig. S8). As expected, there are no

significant differences in the sidechain orientation of

6 FEBS Letters (2023) ª 2023 The Authors. FEBS Letters published by John Wiley & Sons Ltd on behalf of Federation of European Biochemical Societies.

Structure and dynamics of a bacterial CGA esterase K. K. Omori et al.

 18733468, 0, D
ow

nloaded from
 https://febs.onlinelibrary.w

iley.com
/doi/10.1002/1873-3468.14731 by C

hapm
an U

niversity, W
iley O

nline Library on [02/10/2023]. See the Term
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline Library for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons License



loop and active site residues between the K164A- and

WT LhChlE structures except for a single residue,

Gln145. Since this residue no longer can hydrogen

bond with Lys164, it moves horizontally approximately

2 �A compared to the wild-type structure (Fig. 5). The

structure of Q145A LhChlE was determined by

Robetta [43] using template-based modeling with the

wild-type structure as the template. The model of

the Q145A mutant and WT are nearly identical with

an RMSD of 0.2 �A. No notable structural changes

were detected around the active site, including in the

loops containing residues 145 and 164 (Fig. 5).

Analysis of Q145A and K164A LhChlE molecular

dynamics trajectories

Molecular dynamics simulations were run on Q145A

and K164A LhChlE to determine how the mutations

influence the conformational dynamics of the enzyme.

As shown in Fig. 6A,B and Fig. S9, the overall RMSD

values for both the entire protein and the insertion

domain are much higher for Q145A LhChlE than the

wild type, suggesting a greater departure from

the original structure during the course of the trajec-

tory. In contrast, K164A LhChlE displays only slightly

higher RMSD values (Fig. 6A,B, Fig. S9). Similarly,

fluctuations for Q145A LhChlE are higher than for the

wild type in the insertion domain loop regions and

around residue 145 and around Val203, whereas the

RMSF plot for K164A is similar to that of the wild

type (Fig. 6C, Figs S10 and S11). We note that the

variability in the RMSF and RMSD values for the

insertion domain is large between the three replicate

MD runs for the Q145A mutant (Figs S9 and S10).

Such variability can be expected when predicting the

motions of regions in a protein that are very flexible

Fig. 4. Distances between Gln145 and (A) Val203 and (B) Lys164 (rolling 5 ns averages). The red line represents the average of three triplicate

MD runs. The individual runs are displayed in Fig. S5. The trajectories show that Gln145 and Val203 move apart by about 3 �A (Ca and

sidechain). More drastically, the sidechains of Gln145 and Lys164 move apart by 9 �A. (C) Snapshots of LhChlE at the start and end of the

trajectory, illustrating the increase in access to the catalytic pocket. The distances that are marked are between the Ca. The catalytic Ser106

is shown for reference. Key residues that are discussed in the text are highlighted in blue.
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[44]. The trends between Q145A and WT, however,

hold true for all three Q145A runs. Taken together,

the RMSD and RMSF plots suggest that the Q145A

mutation causes the insertion domain of LhChlE to

become more mobile.

Next, clustering analysis was performed to compare

the major conformations that were sampled during the

trajectories of wild type, Q145A, and K164A LhChlE,

as shown in Fig. 7. Clustering was run with a binning

RMSD of 1.25 �A. Only structures that represent at

least 2.5% of the total population were analyzed

(Fig. 7B, Fig. S12). Clustering analysis suggests that

the loop mutations alter the distribution of active site

conformations (Fig. 7A). Visual comparisons of the

three most common conformations suggest that

the Q145A mutation leads to a more open active site

than WT. To compare open and closed conformations,

we measured the dimensions of the active site at its

narrowest points (Fig. 8) and also determined the sur-

face accessible area of the catalytic triad as a proxy

for accessibility using the GetArea server [45]. We

chose this metric since comparing the size of the entire

active site using either volume or total solvent accessi-

ble area was not descriptive. The pocket of the Q145A

Fig. 5. Crystal structure of the K164A mutant and a model of Q145A LhChlE, suggesting that both proteins align very closely to the wild

type. The top inset compares WT with K164A and the bottom inset compares WT with Q145A LhChlE.

Fig. 6. Rolling average (5 ns averaging) RMSD values for WT compared to Q145A and K164A LhChlE for (A) the entire protein and (B) the

insertion domain. (C) RMSF for the wild type and the two mutants. The individual replicates are found in Figs S9–S11.
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(A)

(B)

(C)

Fig. 7. (A) The top three conformations detected during the trajectory. Key residues lining the active site are highlighted, as is the catalytic

serine. (B) Histogram of the three largest clusters. (C) Exposed surface area of the catalytic triad in the three largest clusters, suggesting

that the triad is the most solvent exposed in the Q145A mutant.
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mutant becomes so wide that it is recognized as multi-

ple binding cavities when using common pocket detec-

tion programs such as Molsoft or Caver. Compared to

the wild type, the surface accessible area of the active

site residues is higher for the Q145A mutant and smal-

ler for the K164A mutant (Fig. 7C) for the top three

clusters. This suggests that the active site for Q145A is

more open than for either WT and K164A LhChlE.

Distance measurements between key residues at the

entrance to the active site provide further evidence for

an increase in flexibility around the active site of the

Q145A mutant. Average distances are shown in Fig. 8

and the distances for individual replicates and between

sidechains are presented in Fig. S13. The Ca distance

between Ala145 and Val203 in the Q145A mutant

increases to approximately 20 �A during the trajectory

(Fig. 8A). Similarly, the Ala145 to Gln202 distance is

much larger for Q145A than it is for wild-type LhChlE

(Fig. 8B). These measurements suggest that the Q145A

mutation causes the collar around the active site to

open. This is consistent with the clustering results. As

shown in Fig. 7, the collar is open in all top three clus-

ters for Q145A but only in two for WT. The Q145A

mutation also impacts the dynamics of residue Lys164.

In Q145A LhChlE, Lys164 rotates away from Gln145
during the first 20 ns of the trajectory, which is about

30 ns sooner than for the wild-type enzyme (Fig. 8C).

Furthermore, Lys164 fluctuates slightly more in the

Q145A mutant, compared to the wild type, as indi-

cated by the higher RMSF values (Fig. 6C).

The K164A mutation leads to a rapid increase in the

distance between residues Gln145 and Ala164 (Fig. 8C).

Ala164 separates from Gln145 within the first 15 ns of

the trajectory in the K164A mutant compared to 50 ns

for the wild type. The K164A mutation also causes an

overall increase in RMSF in Loop160–167 (Fig. 6C).

Interestingly, the K164A mutation impacts the Gln145-

Val203 and Gln145-Gln202 distances. As seen in the clus-

tering results, the collar remains closed in the top three

conformations of K164A LhChlE (Fig. 7). This is

reflected in the Gln145-Val203 and Gln145-Gln202 dis-

tances, which are shorter than for WT throughout most

of the trajectory (Fig. 8, Fig. S13).

In summary, the MD trajectories of the mutants

suggest that both Loop160–167 and Loop142–149 are criti-

cal in enabling substrate access to the active site and

that Gln145 and Lys164 have important but different

roles in modulating active site dynamics. Mutation of

Gln145 causes an overall gain in flexibility of the active

site, a widening of both the catalytic binding pocket

(the collar), and an opening of the flap/mouth of the

pocket. However, mutation of Lys164 has varying

effects on different parts of the active site. While the

mutation causes the flap above the active site to open,

access to the catalytic residues remains more restricted

since the collar remains closed.

Docking CGA to LhChlE suggests Lys164 and

Gln145 stabilize CGA binding

To date, there are no experimental structures of CGA

bound to a LhChlE; however, a Lj0536 structure with

ethyl ferulic acid has been reported [4]. Our attempts

to obtain substrate-bound structures by soaking

LhChlE crystals with CGA yielded only apo-protein.

Thus, we turned to docking studies using MOLSOFT

ICM-PRO [32] to understand how substrates bind to

LhChlE. To start, we tested the accuracy of our dock-

ing process by generating ethyl ferulic acid bound to

Lj0536, which recapitulated the crystal structure [4]

(Fig. S14). CGA docked deeply into the LhChlE active

site cleft, with Gln145 and Val203 forming a collar

Fig. 8. Distances between key residue pairs for Q145A and K164A LhChlE. (A) Distance between Ala/Gln145 and Val203, (B) Ala/Gln145 and

Gln202 and (C) Ala/Gln145 and Ala/Lys164. The solid lines represent 5 ns rolling average of triplicate MD runs. All distances are measured

between Ca.
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around the caffeic acid moiety (Fig. 9A,B). The caffeic

acid moiety of CGA binds to the active site in a simi-

lar fashion as ferulic acid binds to Lj0536 in the crys-

tal structure, and the ester is oriented so that it can be

attacked by the hydroxide of the active site serine

(Ser106) (Fig. 9A). The docking model suggests that

numerous hydrogen bonds stabilize CGA binding.

Table 1 shows a list of key interactions proposed to be

involved in CGA binding. Two noteworthy predicted

hydrogen bonds between the protein and the caffeic

acid moiety of CGA are from the sidechains of Asp138
and Tyr173 to the hydroxyl groups of the catechol ring.

In addition, Phe34 may form a 3.9 �A p-stacking inter-

action with the catechol ring. The docking model sug-

gests the quinic acid moiety is stabilized through

hydrogen bonds with Thr35, Gln145, Lys164, a possible

hydrogen bond with Arg230, and the main chain from

two residues (Phe34 and Ala36). The docking models of

the smaller substrates EFA and ECA are shown in

Fig. 9C,D. The models indicate that both EFA and

ECA bind to LhChlE in the same general orientation

as CGA; however, residues Thr35, Lys164, and Gln145
do not seem to interact with the smaller substrates.

Docking CGA to K164A LhChlE indicates that

CGA binds to the mutant in an overall similar confor-

mation as WT LhChlE (Fig. S15A). Furthermore,

ECA and EFA also bind in a similar orientation

(Fig. S16A). The most notable difference is the

absence of the hydrogen bond between CGA and resi-

due 164. In contrast, CGA docks to Q145A LhChlE in

a different conformation (Fig. S15B). Compared to

both WT and K164A LhChlE, CGA is docked into

the active site less deeply and the hydrogen bonding

network is different. The ester bond is also much fur-

ther away from the catalytic triad. The different dock-

ing orientation is likely due to the opening of the

collar around the ester in the mutant, which makes the

active site less restricted. Similarly, ECA and EFA

bind closer to the entrance to the active site

(Fig. S16B). This is predicted to lead to the formation

Fig. 9. Docking models for (A, B) CGA (C) Ethyl ferulic acid (EFA) and (D) Ethyl caffeic acid (ECA) binding to LhChlE. Key residues are

shown as sticks and important H-bonds within 4 �A of the substrate are shown as dashed lines. The dotted line (teal) between Gln145 and

the esters of ECA and EFA illustrates the residue is close to the ester bond but predicted to be outside of hydrogen bonding distance. The

surface representation in (B) highlights the collar that encloses CGA.
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of a hydrogen bond between the ester and the side-

chain of Lys164.

Overall, MD simulation and docking results lead to

the hypothesis that residues Lys164 and Gln145 are

important for LhChlE function. Both residues directly

interact with CGA, which likely increases substrate

binding affinity. Furthermore, these residues may help

impart a substrate preference for CGA over ECA and

EFA. At the same time, both residues may influence

conformational changes that likely are required for

substrate binding and product release.

Enzyme kinetics of WT, K164A, and Q145A

LhChlE

We hypothesize that Lys164 and Gln145 stabilize sub-

strate binding to LhChlE and enhance CGA binding

over ECA and EFA. These residues likely also influ-

ence substrate binding because of their role in modu-

lating active site conformational changes. To test these

hypotheses, the Michaelis–Menten parameters for

CGA, ECA, and EFA hydrolysis were measured

for the wild type and the two mutants. The measure-

ments are shown in Fig. 10 and Table 2 and represent

the averages and standard deviations from multiple

independent triplicate runs.

For WT LhChlE, the kinetic constants for CGA

hydrolysis are within the range of error of our previ-

ously published values (Fig. 10A and Table 2) [16].

The Km values for ECA and EFA are higher than for

CGA, and the kcat/Km values are lower. This indicates

that LhChlE is more active against CGA than against

ECA or EFA. The kcat for ECA hydrolysis is higher

than for CGA hydrolysis. We are unsure why ECA

hydrolysis is faster than CGA hydrolysis but speculate

that ECA’s smaller size may allow for quicker product

release.

The Km of K164A mutant for CGA is 2.6-fold

higher than the Km of the WT, supporting our hypoth-

esis that Lys164 is important for stabilizing CGA bind-

ing. The kcat of the mutant increases 1.4-fold

compared to the WT. The difference is statistically sig-

nificant with a P-value of 0.022 over seven indepen-

dent triplicate runs, so we are therefore confident that

kcat indeed increases in the K164A mutant. However,

although kcat increases, the mutant is nevertheless the

worse enzyme for CGA hydrolysis as the kcat/Km value

decreased 1.9-fold in the mutant. For both ECA and

EFA hydrolysis, the values of Km and kcat between

WT and K164A LhChlE are within error of each

other. This further supports the hypothesis that Lys164
is involved in CGA but not ECA and EFA binding

(Fig. 10B,C and Table 2). The increase in kcat for

CGA hydrolysis may be explained by the more open

flap above the active site for K164A mutant, which

may allow quinic acid release to occur more rapidly,

and thus kcat to increase. The observation that kcat for

ECA and EFA hydrolysis are not affected by the

K164A mutation is somewhat surprising and suggests

that the mutant’s altered conformational dynamics in

the Gln145-Val203 collar do not influence catalysis.

Table 1. Wild-type LhChlE amino acids predicted to be involved in

hydrogen bonding to CGA, EFA, and ECA.

No. of

H-

bonds

Interacting amino acids

Side chain

Main

chain

CGA 13 Y173, D138, S106,

H229, Q145, K164,

T35, R230

F34, A36

Ethyl ferulic acid 4 D138, S106, H229 F34

Ethyl caffeic acid 5 Y173, D138, S106,

H229

F34
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Fig. 10. Michaelis–Menten analysis for (A) CGA, (B) EFA, and (C) ECA hydrolysis. Each data point represents the mean and standard

deviation of at least five independent triplicate measurements. The kinetic constants for these experiments are listed in Table 2. We note

that the error for the Km for ECA is large since saturation was not reached due to the enzyme’s weak affinity for the substrate.
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The Q145A mutation has a significant effect on both

the Km and kcat for CGA hydrolysis. The large

increase in Km confirms that Gln145 plays an important

role in substrate binding by hydrogen binding to

CGA. However, the Q145A mutation also causes the

Km to increase for ECA and EFA hydrolysis, and kcat/

Km decreases significantly compared to the wild type

for CGA, ECA, and EFA. Thus, unlike Lys164, Gln145
does not appear to play a role in establishing a

binding preference for CGA. The Q145A mutation is

predicted to cause all three substrates to dock less

deeply into the active site, providing an explanation

for the increase in Km for all three substrates. The

Q145A mutation’s effect on kcat suggests that Gln145
likely has multiple roles. Gln145 is located close enough

to the ester of the substrate (4.4 �A in the docking

model) that it may be able to take part in catalysis,

either by helping stabilize the transition state or by

being involved in substrate positioning.

Discussion

In this work, we solved the structure of LhChlE,

examined its dynamic behavior, and characterized its

kinetic properties. The structure of LhChlE is very

similar to that of Lj0536, as is its moderate substrate

preference for CGA over ethyl ferulic acid. To date,

all characterized CGA esterases are relatively specific

toward the hydrolysis of aromatic esters, and are not

reactive toward linear, short, and long-chained esters

[7]. This behavior is consistent with the relatively

occluded catalytic triad in bacterial CGA esterases.

Mart�ınez-Mart�ınez et al. [46] determined that esterase

specificity correlates well with the surface accessibility

of the catalytic triad. The catalytic triad of LhChlE in

the crystal structure has a surface accessible area of

only 40.1 �A2, as determined in GetArea [45],

classifying it as a specific esterase. In addition, specific-

ity for binding to aromatic substrates is likely pro-

moted by residues in the binding pocket that are able

to engage in p-stacking, such as Phe34 and Tyr173.

That said, while bacterial CGA esterases are specific

toward aromatic esters, they are able to cleave a wide

range of aromatic substrates that are structurally simi-

lar to CGA as well as model compounds such as

p-nitrophenyl ester derivatives.

One goal of this paper was to determine how

LhChlE achieves a moderate substrate preference for

CGA hydrolysis. Mutational analysis in LhChlE dem-

onstrated that Gln145 is important for enzyme func-

tion. This aligns with previous observations in Lj0536

that showed a change in both Vmax and Km when

using the model substrate 4-nitrophenolbutyrate [4].

However, Gln145 is required for effective catalysis of

both CGA and ECA/EFA and is therefore not

involved in enacting a CGA preference. In contrast,

Lys164 is important for achieving a moderate binding

preference for CGA. Although Lys164 plays a role in

CGA binding, it is not required for LhChlE function,

as the K164A mutant only displayed a small reduction

in catalytic efficiency. For comparison, mutations of

individual residues located on loops surrounding the

active site of the well-characterized hydrolase chymo-

trypsin lead to orders of magnitude-level differences in

substrate specificity [47]. Although Lys164 was not

required for LhChlE function, a structure-based

sequence alignment suggests that the residue is semi-

conserved between LhChlE, Lj0536, Est1E, LaFAE,

and LbFAE (Fig. S17), which suggests that it may be

involved in establishing a moderate substrate binding

preference whenever it is present.

In addition to Lys164, other residues in LhChlE may

be important in helping establish a CGA binding pref-

erence. Docking results suggest that residues Thr35 and

Table 2. Michaelis–Menten parameters (mean and standard deviation) for CGA, EFA, and ECA hydrolysis for WT, K164A, and Q145A

LhChlE.

Km (mM) Vmax (lmol�min�1�mg�1) Vmax (mM�min�1�mg�1) kcat (s
�1) kcat/Km (mM

�1�s�1)

WT

CGA 0.147 � 0.041 164.6 � 38.0 205.8 � 47.6 82.6 � 19.1 561.8

Ethyl ferulic acid 0.386 � 0.046 144.9 � 9.9 181.2 � 12.4 72.7 � 5.0 188.4

Ethyl caffeic acid 0.645 � 0.112 499.9 � 79.9 624.9 � 99.8 250.8 � 40.1 388.7

K164A

CGA 0.384 � 0.111 227 � 49.4 283.8 � 61.7 113.9 � 24.8 296.5

Ethyl ferulic acid 0.38 � 0.077 128.1 � 15.2 160.1 � 19.0 64.2 � 7.6 168.9

Ethyl caffeic acid 0.564 � 0.163 460.2 � 117.1 575.2 � 146.3 230.9 � 58.7 409.0

Q145A

CGA 0.623 � 0.029 123.4 � 22.7 154.3 � 28.4 61.9 � 11.4 99.4

Ethyl ferulic acid 0.704 � 0.099 62.7 � 9.1 78.4 � 11.4 31.5 � 4.6 44.7

Ethyl caffeic acid 0.855 � 0.114 122.8 � 44.3 153.5 � 55.4 61.6 � 22.2 72.1
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Arg230 are able to form hydrogen bonds with CGA.

While neither of these residues is conserved, they may

play a role in establishing a substrate binding prefer-

ence since they are not predicted to interact with ECA

or EFA. We intend on examining the importance of

these residues on CGA binding in future work.

In addition to being structurally similar to Lj0536,

LhChlE is highly homologous to the ferulic acid ester-

ases LbFAE, LaFAE, and Est1E. The three latter

enzymes are able to release ferulic acid from feruloy-

lated arabinoxylan (F-AX) from the cell wall of plant

biomass [15,35,36]. However, CGA hydrolysis was

never tested in any of them. Given their high structural

similarity with LhChlE and Lj0536, it would be interest-

ing to determine if these enzymes are active against

CGA and, conversely, if Lj0536 and LhChlE are able to

hydrolyze ferulic acid from F-AX in biomass. To date,

the most common classification method for FAEs relies

on measuring enzyme activity against a range of model

substrates that may not reflect the enzyme’s true range

[48–50]. Given the high structural similarity between

bacterial ChlEs and FAEs, and the fact that bacterial

ChlEs are capable of hydrolyzing ferulic acid esters, we

hypothesize that bacterial FAEs and ChlEs may, in fact,

be part of the same enzyme family.

This work is the first to examine the dynamics of a

bacterial ChlE. Based on the crystal structure, we

hypothesized Loop142–149 and Loop160–167 are important

in modulating the dynamics of the insertion domain.

This hypothesis is supported since mutation of either

residue leads to altered flexibility. Loop142–149 (the

Gln145-containing loop) is more important in modulat-

ing the dynamics of the insertion domain since a Q145A

mutation leads to a more open conformation, both

around the active site pocket and at its mouth. The

effect of the K164A mutation is different. While the

mutation causes Loop160–167 to flip outward more read-

ily, the active site collar remains in a closed conforma-

tion. Nevertheless, the K164A mutant did not display

lower ECA and EFA activity compared to the wild-type

enzyme, suggesting that the collar remains sufficiently

flexible to accommodate substrates.

Overall, the conformational changes of the insertion

domain broadly resemble those of other esterases that

fluctuate between open and closed conformations

based on lid domain motions [41,42]. Moreover, the

proposed role of flexible insertion domain loops in

modulating substrate specificity is reminiscent of a

Bacteroides ferulic acid esterase that may modulate

substrate binding through loop movements [51]. Since

LhChlE lacks homology to any esterase whose dynam-

ics are well-characterized, this work represents the first

description of the conformational dynamics of a

bacterial chlorogenic acid esterase. While we deter-

mined the dynamics of the apo-enzyme, we did not

attempt to measure the dynamics of the substrate-

bound enzyme or study how the enzyme’s conforma-

tional flexibility relates to catalysis. Future work will

examine these questions to shed greater light on the

mechanism of these industrially relevant enzymes.
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Fig. S1. Experimentally determined extinction coeffi-

cients for the substrates and products used in this

study.

Fig. S2. Structural alignment of LhChlE (blue), Est1E

(2WTM, yellow), LbFAE (7Z2X, salmon), and LaFAE

(7XRH, white), illustrating their structural similarity.
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Fig. S3. (A) Radii of gyration, (B) RMSD, and (C)

RMSF values for the LhChlE dimer from triplicate 50

ns simulations.

Fig. S4. Radii of gyration for (A) wild type, (B)

K164A, and (C) Q145A LhChlE, suggesting simula-

tions converged after 200 ns.

Fig. S5. Distance measurements between residues lin-

ing the entrance to the active site.

Fig. S6. SDS PAGE (10%) of (A) K164A and (B)

Q145A at two different concentrations, demonstrating

that the protein is pure. (C) Gel filtration chromato-

gram of WT, Q145A, and K164A LhChlE demonstrat-

ing that their molecular weight is the same.

Fig. S7. (A) Circular dichroism spectra of WT,

Q145A, and K164A LhChlE indicating that the sec-

ondary structure is identical for both proteins. (B)

Thermal denaturation curves indicate that the melting

points for both proteins are similar to that of the wild

type (65 °C).
Fig. S8. Electron density maps around the three Lys164
and Ala164 residues in the respective asymmetric units

of the wild type and K164A mutant.

Fig. S9. RMSD values for Q145A and K164A LhChlE

for the entire protein and the insertion domain for all

three MD runs.

Fig. S10. RMSF values for the Q145A LhChlE mutant

for all three MD runs.

Fig. S11. RMSF values for the K164A LhChlE mutant

for all three MD runs.

Fig. S12. Full clustering analysis histogram for clusters

that represent at least 2.5% of the total population.

Fig. S13. Distances between key residue pairs for WT,

Q145A, and K164A LhChlE.

Fig. S14. Control for Molsoft ICM docking studies.

Fig. S15. CGA docking to (A) K164A and (B) Q145A

LhChlE. The wild type enzyme and substrate docking

pose is displayed in white, for comparison.

Fig. S16. EFA and ECA docking to (A) K164A and (B)

Q145A LhChlE. EFA is orange whereas ECA is white.

Fig. S17. Structure-based sequence alignment using

PROMAL3D [1] with LhChlE, Est1E (PDB ID:

2WTM), Lj0536 (PDB ID: 3PF8), LbFAE (PDB ID:

7Z2X), LaFAE (PDB ID: 7XRH).

Table S1. Data collection and refinement statistics.

17FEBS Letters (2023) ª 2023 The Authors. FEBS Letters published by John Wiley & Sons Ltd on behalf of Federation of European Biochemical Societies.

K. K. Omori et al. Structure and dynamics of a bacterial CGA esterase

 18733468, 0, D
ow

nloaded from
 https://febs.onlinelibrary.w

iley.com
/doi/10.1002/1873-3468.14731 by C

hapm
an U

niversity, W
iley O

nline Library on [02/10/2023]. See the Term
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline Library for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons License


	Outline placeholder
	feb214731-aff-0001

	 Materials and methods
	 Materials
	 Cloning and mutagenesis
	 Protein expression, purification, and physical characterization
	 Protein crystallization
	 Data collection and structure determination
	 Molecular dynamics methods
	 Docking simulations
	 Kinetic characterization of LhChlE

	 Results
	 Structure of WT LhChlE
	 Structural comparison with related bacterial chlorogenic acid and ferulic acid esterases
	feb214731-fig-0001
	 Molecular dynamics simulations of LhChlE suggest that the insertion domain is mobile
	feb214731-fig-0002
	feb214731-fig-0003
	 Analysis of insertion domain conformational dynamics
	 LhChlE mutant generation and K164A LhChlE crystal structure
	 Analysis of Q145A and K164A LhChlE molecular dynamics trajectories
	feb214731-fig-0004
	feb214731-fig-0005
	feb214731-fig-0006
	feb214731-fig-0007
	 Docking CGA to LhChlE suggests Lys164 and Gln145 stabilize CGA binding
	feb214731-fig-0008
	feb214731-fig-0009
	 Enzyme kinetics of WT, K164A, and Q145A LhChlE
	feb214731-tbl-0001
	feb214731-fig-0010

	 Discussion
	feb214731-tbl-0002

	 Acknowledgements
	 Author contributions
	 Data accessibility
	feb214731-bib-0001
	feb214731-bib-0002
	feb214731-bib-0003
	feb214731-bib-0004
	feb214731-bib-0005
	feb214731-bib-0006
	feb214731-bib-0007
	feb214731-bib-0008
	feb214731-bib-0009
	feb214731-bib-0010
	feb214731-bib-0011
	feb214731-bib-0012
	feb214731-bib-0013
	feb214731-bib-0014
	feb214731-bib-0015
	feb214731-bib-0016
	feb214731-bib-0017
	feb214731-bib-0018
	feb214731-bib-0019
	feb214731-bib-0020
	feb214731-bib-0021
	feb214731-bib-0022
	feb214731-bib-0023
	feb214731-bib-0024
	feb214731-bib-0025
	feb214731-bib-0026
	feb214731-bib-0027
	feb214731-bib-0028
	feb214731-bib-0029
	feb214731-bib-0030
	feb214731-bib-0031
	feb214731-bib-0032
	feb214731-bib-0033
	feb214731-bib-0034
	feb214731-bib-0035
	feb214731-bib-0036
	feb214731-bib-0037
	feb214731-bib-0038
	feb214731-bib-0039
	feb214731-bib-0040
	feb214731-bib-0041
	feb214731-bib-0042
	feb214731-bib-0043
	feb214731-bib-0044
	feb214731-bib-0045
	feb214731-bib-0046
	feb214731-bib-0047
	feb214731-bib-0048
	feb214731-bib-0049
	feb214731-bib-0050
	feb214731-bib-0051

	feb214731-supitem

