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ABSTRACT Plastic environmental pollution is a major issue that our generation must face to protect our planet. Plastic recy-
cling has the potential not only to reduce the pollution but also to limit the need for fossil-fuel-based production of new plastics.
Enzymes capable of breaking down plastic could thereby support such a circular economy. Polyethylene terephthalate (PET)
degrading enzymes have recently attracted considerable interest and have been subjected to intensive enzyme engineering
to improve their characteristics. A quadruple mutant of Leaf-branch Compost Cutinase (LCC) was identified as a most efficient
and promising enzyme. Here, we use NMR to follow the initial LCC enzyme through its different mutations that lead to its
improved performance. We experimentally define the two calcium-binding sites and show their importance on the all-or-nothing
thermal unfolding process, which occurs at a temperature of 72�C close to the PET glass transition temperature. Using various
NMR probes such as backbone amide, methyl group, and histidine side-chain resonances, we probe the interaction of the en-
zymes with mono-(2-hydroxyethyl)terephthalic acid. The latter experiments are interpreted in terms of accessibility of the active
site to the polymer chain.
SIGNIFICANCE Plastic pollution is a persistent challenge worldwide. The PET polymer, used for plastic bottles, bags,
and textiles, is not easily degraded. Novel processes aimed at not only destroying the polymer but truly recycling it in a form
that gives access again to the same high-quality plastics are needed. Biobased methods relying on enzymes that can
depolymerize PET might constitute an alternative to chemical catalysts to fully recover the monomers needed for renewed
production of high-quality PET. Here, we follow by solution NMR spectroscopy the LCC enzyme through its four mutations
that turn it into a PETase that outperforms all other enzymes so far in a close-to-industrial process, and provide an
experimental basis for understanding its improved characteristics.
INTRODUCTION

Plastic pollution is a persistent challenge worldwide and re-
sults from our lifestyle with its dependency on plastic bot-
tles, bags, and textiles (1). Under the form of
microparticles, mostly generated by domestic and commer-
cial laundering of synthetic textiles (2), human-made plas-
tics are blown by the winds (3,4), fall down on land as
plastic rain (5), and end up in the seas where they concen-
trate in fish and other seafood (6). Of especial importance
is the polyethylene terephthalate (PET) polymer, whose
annual production exceeds 80 million tons (7). Although a
general consumer product because of its low price and
outstanding performance in terms of solidity and durability,
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these latter characteristics also hamper its degradation (8).
Novel processes aimed at not only downsizing or destroying
the polymer but truly recycling it in a form that gives access
again to the same high-quality plastics are sorely needed (9).

Biobased methods relying on enzymes that can depoly-
merize the PET—so-called PET depolymerases, PET hy-
drolases, or PETases that all indicate the same enzyme
category under EC 3.1.1.101 poly(ethylene terephthalate)
hydrolase—have in this regard attracted major attention
(10,11). They potentially constitute an alternative to chem-
ical catalysts to fully recover the terephthalic acid (TA) and
monoethylene glycol (EG) monomers needed for renewed
production of high-quality PET (12). The IsPETase from
Ideonella sakaiensis, a microorganism that can grow on
PET as its sole carbon source (13), has been the starting
point for an extensive enzyme engineering effort in many
laboratories (14–17). The Leaf-branch Compost Cutinase
(LCC) was another enzyme identified early on in a metage-
nomic screen as a PET depolymerase (18). Through
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rigorous testing and extensive protein engineering, a
quadruple mutant was presented (19) that outperforms all
other enzymes thus far in a close-to-industrial process
(20). The crystal structure of the original LCC enzyme (Pro-
tein Data Bank accession (PDB): 4EB0 for the active
enzyme (21)), beyond visualizing the catalytic triad
(S165/H242/D210) and the Y95/M166 residues forming
an oxyanion hole whose backbone amides are involved in
transition state stabilization, thereby served as a template
to engineer an additional disulfide bridge (D238C/S283C),
leading to the LCC-CC enzyme variant with a significant in-
crease in melting temperature (Tm). The F243I mutation (in
the D238C-S283C-F243I LCC-ICC enzyme) was added,
based on increased specific activity toward enzymatic PET
depolymerization. Ultimately, because of increased thermo-
stability, the Y127G mutation was implemented in the
aforementioned variant and led to the highly active LCC-
ICCG (F243I-D238C-S283C-Y127G) enzyme variant of
LCC (PDB: 6THT for the S165A inactive form) (19).

We present here an in-depth NMR study of the LCC
enzyme and of the different variants of LCC that led to
LCC-ICCG, thereby reinforcing the experimental basis
for understanding the improved characteristics of the en-
zymes. We confirm that the different mutations do not per-
turb the overall structure, map the calcium-binding sites—
notably the one that was replaced by a disulfide bridge in
the LCC-CC variant—and demonstrate an increase of Tm
for the latter variant in an all-or-nothing process of unfold-
ing. By mapping the chemical shift perturbations (CSP) of
amide protons and nitrogens, methyl carbons, and histidine
side-chain resonances upon the addition of increasing
amounts of mono-(2-hydroxyethyl)terephthalic acid
(MHET) to the enzyme, we identify elements of a potential
interacting surface between the enzymes and MHET as a
surrogate for the polymer chain. For all the NMR probes
developed, the MHET-induced CSPs correlate well with
the previously determined enzymatic activity of the
variants.
MATERIALS AND METHODS

Protein expression and purification

The sample preparation was adapted from Tournier et al. (19). The genes

encoding LCC, LCC-CC, LCC-ICC, and LCC-ICCG (all with the inacti-

vating S165A mutation) were expressed in Escherichia coli BL21 (DE3)

(New England Biolabs, Ipswich, MA). Uniformly labeled 15N and
15N/13C proteins were overexpressed in M9 minimum medium

(42.3 mM Na2HPO4, 22 mM KH2PO4, 8.55 mM NaCl, 1 mM MgSO4,

0.1 mM CaCl2, 1� minimum essential medium containing vitamins, 50

mg/mL kanamycin) supplemented with 1 g/L of 15NH4Cl and with 4 g/L

D-glucose or 4 g/L [U-13C]-D-glucose. Protein expression was induced

by adding 0.5 mM isopropyl-1-thio-b-D-galactopyranoside to the cell cul-

tures followed by an overnight incubation at 21�C under agitation. Cells

were harvested by centrifugation (5000 � g, 20 min, 4�C) and lysed by

sonication in the presence of 0.1 mg/mL lysozyme. Lysate was then placed

at 70�C for 30 min prior to centrifugation (10,000 � g, 30 min, 4�C) and
transferred to a desalting column (HiPrep 26/10; GE Healthcare, Chicago,

IL) followed by cation exchange column (HiLoad 16/10 SP Sepharose HP;

GE Healthcare). A final step of purification was performed using size-

exclusion chromatography on a Superdex 200 16/60 instrument (GE

Healthcare). Fractions containing the pure proteins were finally concen-

trated into a buffer containing 25 mM Tris-HCl (pH 7.5) and 100 mM

NaCl.
NMR resonance assignment

The experiments for backbone assignment (15N, 1HN, 13CO, 13Ca) and
13Cb chemical shift resonances were recorded on an 800-MHz spectrom-

eter equipped with a 5-mm cryoprobe with z pulsed-field gradients using a

series of two-dimensional (2D) 15N-1H transverse relaxation optimized

spectroscopy (TROSY) and three-dimensional (3D) TROSY triple-reso-

nance experiments (HNCO, HN(CA)CO, HNCA, HNCACB, and

HN(CO)CACB) (22,23) recorded on samples containing 500 mM
15N/13C-LCC dissolved in 25 mM Tris-HCl buffer (pH 7.5) with

100 mM NaCl at 30�C. The assignment was confirmed with a 3D Nuclear

Overhauser Effect Spectroscopy (NOESY)-TROSY experiment (24) re-

corded at 900 MHz. All data were processed with NMRPipe (25) and

analyzed with NMRFAM-Sparky (26) and/or TopSpin 3.6pl7 (Bruker,

Billerica, MA). Spectral dimensions for the HNCO and HN(CA)CO ex-

periments were 2817 Hz (F1) � 2432 Hz (F2) � 11,160 Hz (F3) corre-

sponding to 14 � 30 � 13.94 ppm, with sampling durations of 11.4 ms

(t1), 16.4 ms (t2), and 184 ms (t3). RF carriers were set to 4.697 ppm

(1H), 118.5 ppm (15N), and 173 ppm (13CO). Respectively 8 (HNCO)

and 32 (HN(CA)CO) scans per increment were recorded.

Spectral settings for the HNCA experiment were 8048 Hz

(F1) � 2432 Hz (F2) � 11,160 Hz (F2) corresponding to

40 � 30 � 13.94 ppm, with sampling durations of 11.9 ms (t1), 16.4 ms

(t2), and 184 ms (t3). RF carriers were set to 4.697 ppm (1H), 118.5 ppm

(15N), and 54 ppm (13Ca), and 8 scans per free induction decay (FID)

were recorded. Spectral settings for the HNCACB and HN(CO)CACB, re-

corded with 16 scans per FID, were identical to those for the HNCA exper-

iment, except for the 13C dimension (F1) whereby a spectral width of

14,084 Hz corresponding to 70 ppm, with a sampling duration of 9 ms

(t1) with
13C RF carrier set at 40 ppm were used. Spectral dimensions for

the 3D HNHN-NOESY-TROSY experiment, with a mixing time of

100 ms, were 12,500 (F1) � 2737 Hz (F2) � 12,500 Hz (F3) corresponding

to 13.9� 30� 13.89 ppm, with sampling durations of 20.5 ms (t1), 17.5 ms

(t2), and 16.4 ms (t3). RF carriers were set to 4.697 ppm (1H) and 118.5 ppm

(15N). Four scans per increment were recorded.

Assignment of each additional mutant (LCC-CC, LCC-ICC, LCC-

ICCG) was verified using 3D TROSY HNCA, HNCO, and eventually

HNCACB experiments with similar spectral settings and 30% or 40%

nonuniform sampling (27). Spectra were acquired on 500 mM 15N/13C

samples dissolved in 25 mM Tris-HCl buffer (pH 7.5) with 100 mM

NaCl at 30�C. Data were reconstructed using the SMILE software

suite (28).
Calcium chemical shift perturbations

The CSP analysis was performed starting from a series of 1H-15N TROSY

spectra recorded at 800 MHz and 30�C of uniformly labeled 15N-LCC (200

mM) supplemented with increasing amounts of calcium (Sigma, St. Quentin

Fallavier, France), from 0 mM up to 30 mM. The combined 1H,15N CSP

values were calculated for each residue from the differences in the amide

proton 1HN (DdH
N) and nitrogen 15N (DdN) chemical shifts between the

free (0 mM Ca2þ) and the calcium-saturated (30 mM Ca2þ) states using
the formula (29)

CSP ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðDdHNÞ2 þ 0:1ðDdNÞ2

q
:
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Dissociation constants (KD) were fitted to the theoretical binding curve

using an in-house Python script
Ddobs ¼ Ddmax

�½P�t þ ½L�t þ KD

� �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�½P�t þ ½L�t þ KD

�2 � 4½P�t½L�t
�q

2½P�t
;

where [P]t and [L]t are the protein and the ligand concentration, Ddobs is the

chemical shift change for a given peak relative to its position in the free

form of the protein, and Ddmax is the maximal difference in chemical shift

between the same peak in the spectra of the free form of the protein and that

of the Ca2þ-saturated protein.
Thermal stability measurements

We measured 1H-15N TROSY spectra on a 200-mL sample of 15N-labeled

LCC (concentration 500 mM, buffer 25 mM Tris-HCl (pH 7.5) with

100 mM NaCl) in a 3-mm tube using a BBI 3-mm probe on the

800-MHz instrument. For the first part of the series, we measured a spec-

trum every 10�C from 30�C to 60�C, and then every 2�C from 60�C to

74�C. Time between measurements was 15 min for the first part of the series

with 10�C temperature increase, and 5 min for the series with 2�C temper-

ature increase, allowing for the temperature rise and shimming of the mag-

net. The spectral recording itself took 2 min for the one-dimensional (1D)

spectrum and 21 min for the 2D spectrum.
Interaction with MHET

MHET was prepared as described earlier (19). Starting from a stock so-

lution of MHET in water that was brought to the same pH as the protein

solution, we lyophilized different aliquots containing an amount of

MHET equal to 1, 2, 4, or 10 mM of MHET in 200 mL volume. Exact

dosing was performed by recording a 1D proton spectrum with a 15-s

relaxation delay of two aliquots of MHET (4 mM and 10 mM) in 200

mL of buffer and comparing the integral of the MHET signals with

that of the reference trimethyl silyl propionate (TSP). The latter TSP

concentration was dosed by comparing its integral with that of a com-

mercial calibrated succinate standard (Sigma-Aldrich, Darmstadt, Ger-

many). The 1D spectrum equally showed the presence of a small

amount of terephthalate (TA), which was evaluated at 5%–6% of the

MHET. In a control experiment, we recorded the spectra of LCC in

the presence of 600 mM TA (6% of 10 mM MHET, the maximal concen-

tration used), and found no CSPs.

NMR titration experiments with MHET were recorded at 800 MHz and

60�C on 100 mM samples of 15N-13C uniformly labeled proteins. All data

were referenced to TSP and were acquired using the following parameters.

� 1H/15N mapping. Series of 1H-15N band-selective excitation short-tran-

sient TROSY (30) were recorded with spectral widths of 2919 Hz

(F1) � 12,820 Hz (F2) corresponding to 36 � 16.02 ppm and sampling

durations of 21.9 ms (t1) and 39.9 ms (t2). RF carriers were set to

4.697 ppm (1H) and 118.5 ppm (15N), and 32 scans per FID were re-

corded.

The CSP was calculated for every residue using the formula shown above

and using the data in the absence of MHET and in the presence of 4 mM

MHET.

� 1H/13C methyl mapping. Series of 1H-13C heteronuclear single-quan-

tum coherence (HSQC) were recorded with spectral widths of
2884 Biophysical Journal 121, 2882–2894, August 2, 2022
4024 Hz (F1) � 11,160 Hz (F2) corresponding to 20 � 13.94 ppm

and sampling durations of 15.9 ms (t1) and 45.8 ms (t2). RF carriers
were set to 4.697 ppm (1H) and 18 ppm (13C), and 16 scans per FID

were recorded.

� 1Hε/13Cε histidine mapping. Series of 1H-13C heteronuclear multiple-

quantum coherence (HMQC) were recorded with spectral widths of

8048 Hz (F1) � 11,160 Hz (F2) corresponding to 40 � 13.94 ppm and

sampling durations of 31.8 ms (t1) and 45.8 ms (t2). RF carriers were

set to 4.697 ppm (1H) and 120 ppm (13C), and 32 scans per FID were re-

corded.

The combined 1H,13C CSP was calculated using the following formula:

CSP ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðDdHNÞ2 þ 0:3ðDdCÞ2

q
:

RESULTS

Identification of calcium-binding sites by NMR
titration

All NMR experiments presented in our study have been car-
ried out using the inactive mutants of the LCC enzyme or its
variants, in which the catalytic serine 165 was replaced by an
alanine residue. Expression levels of the inactive mutants
proved far superior, and crystal structures of LCC-S165A
(PDB: 6THS) and LCC (PDB: 4EB0) showed a minimal
structural variation (root-mean-square deviation 0.27 Å)
due to this point mutation (Fig. S1) (19,21). In addition, the
inability to perform interaction studies with the active forms
of other PET depolymerases was previously demonstrated
(14). For clarity’s sake, in this paper we designate by LCC
the enzymes containing the S165A inactivating mutation.

We first obtained for LCC at 30�C a near-complete site-
specific assignment of the backbone resonances (92% of
1H, 15N chemical shifts) using a set of regular triple-reso-
nance TROSY-based experiments (Fig. S2). The broad
dispersion of the amide 1H chemical shifts from 10.7 ppm
to 5.4 ppm is characteristic for a correctly folded protein
in solution. When applying the Chemical Shift Index
(CSI) on the combined Ca/Cb/CO frequencies (31,32), all
secondary structure elements present in the X-ray structure
could be identified. The 1H-15N amide signals correspond-
ing to residues R65 to G73 composing part of the short a2
helix in the loop connecting b1 and b2 strands were missing
in the spectrum (Fig. S1). Their absence could be caused by
a rapid amide hydrogen exchange with the solvent and/or a
conformational averaging with enhanced dynamics, as sug-
gested by the higher B-factors for this region in the X-ray
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crystal structure (19). Crosspeaks for some other isolated
residues were also missing from the spectrum. Whereas
A165, the inactivating mutation of the catalytic S165, could
be assigned to the most downfield shifted amide nitrogen at
135.1 ppm (folded in at 105.1 ppm in the spectrum of
Fig. S2), the amide resonance of its direct neighbor,
M166, whose main-chain amide group forms the oxyanion
hole together with that of Y95 (18,21), could not be
identified.

Previous work indicated that metal ions generally in-
crease the thermal stability of PET hydrolases (33,34).
The stabilizing effect of calcium (Ca2þ) on LCC was eval-
uated by circular dichroism (CD) as an 8.4�C Tm increase
at 10 mM of Ca2þ (21), whereas differential scanning fluo-
rimetry (DSF) yielded a value of 9.3�C with saturating
amounts of Ca2þ(19). We set up an NMR titration assay
to probe experimentally, at a per-residue scale, the interac-
tion of Ca2þ with LCC. The position of some 1H-15N cross-
peaks progressively changed upon increasing Ca2þ

concentrations from 2.5 to 30 mM, without any significant
line broadening (Fig. 1 A). CSPs calculated for each Ca2þ

concentration were used to determine calcium-binding
curves for the residues whose resonance proved most sensi-
tive to the addition of calcium (29) (Fig. 1 B and Table S1).
Two distinct binding sites with high CSP values were iden-
tified (Fig. 1, C and D). The preferential metal ion-binding
site is located near the aspartate 238 and confirms the previ-
ous identification of the triplet E208/D238/S283 as calcium-
binding site 2 by topological search through other cutinase
homologs (19). For this site, a KD value of the order of
3 mM was determined (Fig. 1 B), in good agreement with
the CD-derived value (21). In addition, we observed sub-
stantial CSPs for residues T192, D193, F196, T198, N225,
and L226 (Fig. 1 C). These define a second binding site of
weaker affinity between the loop connecting b6 and b7
and the helices facing this loop in the 3D structure (Fig. 1
D), in agreement with the D204-T206 Ca2þ-binding site
number 3 observed in Cut190 (Fig. S3) (35,36). Altogether,
these data show that the NMR assignment of the 1H-15N
TROSYexperiment can be used to map the physical interac-
tion, at a per-residue scale, of individual amino acids with
potential interactors of the enzyme.
Improved thermostability with a disulfide bridge

The thermal stability of the LCC enzyme was enhanced
through replacement by a disulfide bridge of the predicted
and here experimentally verified calcium-binding site 2
(19). This Tm improvement proved of particular importance,
as the enzyme needs to remain catalytically active for a long
time at elevated temperatures (60�C–72�C), close to the
glass transition temperature of PET (37), in order to fully
degrade the PET material (38). To monitor whether unfold-
ing starts in certain parts of the enzyme, the thermal stability
of LCC was explored by measuring 1H-15N spectra as a
function of temperature (Figs. 2 and S4). By recording
spectra every 10�C between 30�C and 60�C and every 2�C
from 60�C up to 72�C, we could follow many individual
peaks and hence obtain their assignment at high tempera-
ture. However, at 74�C, the spectrum of LCC completely
disappeared, indicating a global aggregation event (Fig. 2,
A and B). The 1D proton spectrum acquired before the 2D
1H-15N experiment clearly illustrates the complete disap-
pearance of signals in both the amide (Fig. 2 A) and methyl
region (Fig. 2 A, inset) and eliminates possible artifacts of
spectral disappearance due to the temperature dependency
of water exchange. Unfolding and aggregation were irre-
versible, as no workable spectrum could be obtained after
cooling the sample from 74�C to lower temperatures. We
next repeated the experiment in the presence of a saturating
amount of Ca2þ (30 mM) (Fig. 2, C and D). Even though we
could not go beyond 74�C with our experimental NMR
setup, the fact that the spectrum of Ca2þ-loaded LCC re-
mains intact at 74�C confirms that full occupancy of the
Ca2þ-binding sites stabilizes the LCC enzyme.

Triple-resonance NMR experiments on a 15N,13C-labeled
sample of the LCC D238C-S283C (LCC-CC) mutant indi-
cated that the 3D structure is minimally affected by these
two mutations, as 15N and 13Ca chemical shifts are very
similar to those of LCC, with the only differences located
in the direct vicinity of the two mutations (Fig. S5, A, C,
and D). The Cb and Ca carbon chemical shifts of respec-
tively 37.9 ppm and 52.5 ppm for Cys238 (Fig. S5 B), and
a Cb value of 36.0 ppm for Cys283, confirm that the disul-
fide bridge indeed is formed in this mutant (Fig. S5 E)
(39). We then increased the temperature of this sample step-
wise up to 74�C and found that in the absence of Ca2þ, the
spectrum of LCC-CC remained intact (Fig. 2, E and F).
Whereas the temperature stability of the LCC enzyme under
our NMR conditions is limited to 72�C with a global unfold-
ing/aggregation at 74�C, saturating the calcium-binding site
or replacing it by a disulfide bond hence increases the over-
all thermal stability of the enzyme.
Mapping MHET interaction with LCC using
backbone amides

Mapping of the physical interaction between the PET chains
and the enzyme is hampered by the poor solubility in
aqueous solution of the polymeric substrate. Even a simple
TA2EG3 molecule with two TA and three EG moieties could
not be detected in our NMR conditions. We thus used the
MHET molecule consisting of a single TA esterified with
a single EG as a minimal soluble proxy for PET. We re-
corded a series of 1H-15N TROSY spectra on the LCC-CC
enzyme with increasing concentrations of MHET (Figs. 3
A and S6 A). Based on the thermostability of the enzyme
described above and on our demonstrated ability to record
high-quality spectra at elevated temperatures (Fig. 2, E
and F), we performed our titration experiments at 60�C to
Biophysical Journal 121, 2882–2894, August 2, 2022 2885



FIGURE 1 NMR detects two Ca2þ-binding sites on LCC. (A) Titration of 15N-labeled LCC with increasing concentrations of Ca2þ from 2.5 to 30 mM as

followed by two-dimensional 1H-15N TROSY spectra. Residues with a significant CSP are labeled. The peak of S64 is circled in red and shows no CSP at all.

(B) Titration curves obtained from 1H-15N spectra determine a KD value ofz3 mM for the Ca2þ-binding site centered on D238 and >z10 mM for the site

centered on D193. (C) CSPs between the free LCC and the LCC in the presence of 30 mM Ca2þ, plotted along the primary sequence. (D) CSPs shown on the

3D structure of LCC (PDB: 6THS). Residues for which no data are available are shown in gray, residues with 0 < CSP <0.1 ppm are shown in yellow, and

residues with CSP> 0.1 ppm are shown in red (red line in C). The two Ca2þ ions represented by the blue spheres are taken from the Cut190 structure (PDB:

5ZNO). To see this figure in color, go online.
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better match the temperature conditions applied in an indus-
trial reactor for enzymatic PET depolymerization.

In agreement with MHET being a product of the enzyme
rather than its preferred substrate, we found that a large
excess was needed before observing the first CSPs on the
LCC-CC spectrum. The most pronounced effect was
observed for amide crosspeaks of the V212-A213 dipeptide,
immediately downstream of the catalytic D210 residue (Figs.
3 A and S6 A). The peak of the other residue of the catalytic
triad, S165, replaced by A165 in the inactive mutant, also
shifts appreciably upon addition of MHET (Figs. 3 A and
S6 A). Finally, amide resonances of the direct neighbors of
2886 Biophysical Journal 121, 2882–2894, August 2, 2022
H242, the catalytic histidine, F243, and A244 are equally
impacted by the added MHET (Figs. 3 C and S6 A).

As the F243I mutation was previously shown to increase
the specific activity of the enzyme (19), we produced and as-
signed the spectrum of 15N,13C-labeled LCC-ICC protein.
Not unexpectedly, replacing the Phe aromatic ring by an
Ile aliphatic side chain leads to observable shifts for the
amide crosspeaks of the T211-V212-A213 loop, in agree-
ment with those three residues being all at less than 10 Å
from the center of the aromatic ring (Fig. S7).

An identical titration experiment of the LCC-ICC enzyme
with increasing amounts of MHET shows CSPs in the same



FIGURE 2 Ca2þ or the engineered disulfide

bridge stabilize the enzyme beyond 74�C. (A and

B) LCC without Ca2þ at 72�C (blue) and 74�C
(red). (C and D) LCC saturated with 30 mM Ca2þ

at 72�C (blue) and 74�C (red). (E and F) LCC-CC

at 72�C (blue) and 74�C (red). (A, C, and E) The

main panels represent the amide region of the proton

spectra, and the insets display the methyl region. (B,

D, and F) 1H-15N TROSY spectra. To see this figure

in color, go online.
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direction as before for the V212-A213 amide crosspeaks
(Figs. 3 B and S6 B), but their amplitude increases by
50% when compared with the results from LCC-CC
(Fig. S6 C). This is not only the case for residues in the
active site but also for residues in a larger sphere around
the catalytic triad (Fig. 3 C and Table S2). Effectively, res-
onances for G94, for G206, and for T188 are perturbed in
the LCC-ICC spectrum upon addition of MHET (Fig. S8).
Within the 3D structure of the LCC-ICC, G94 is a nearest
neighbor of Y95 that together with M166 forms the oxyan-
ion hole stabilizing the transition state (18,21). Residue
G206 is localized on the b-strand preceding the catalytic
Biophysical Journal 121, 2882–2894, August 2, 2022 2887



FIGURE 3 MHET interaction specificity at the

enzyme surface. 1H-15N TROSY spectra of 100

mM LCC-CC (A) or 100 mM LCC-ICC (B) in the

absence of MHET (blue) and in the presence of

4 mM (orange) and 10 mM (red) MHET, at 60�C.
(C) CSPs calculated from the spectra of LCC-ICC

with 0 and 10 mM of MHET shown on the LCC-

ICCG structure (PDB: 6THT). Residues for which

no data are available are shown in gray, residues

with 0 < CSP <0.07 ppm are shown in yellow,

and residues with 0.07 ppm < CSP are shown in

red. The panel on the right indicates the residues

identified with the higher CSPs surrounding the cat-

alytic histidine H242. (D) Molecular structure of the

MHET ligand. To see this figure in color, go online.

Charlier et al.
D210, and the residue T188 is just beneath the H242 imid-
azole ring.
Methyl mapping further refines the interaction
site

Beyond physical interactions, amide proton and nitrogen
chemical shifts are extremely sensitive to numerous other
structural parameters such as electrostatics, H-bonding, or
ring current shifts, leading to a less straightforward interpreta-
tion in terms of physical interaction. Aliphatic groups are less
subject to electrostatic contributions, and ring current shifts
are mostly short-ranged. Moreover, as 13C chemical shifts
are conformation dependent, they represent reporters of struc-
tural rearrangement and hence of direct binding-induced ef-
fects (29,40). Therefore, we also mapped the influence of
increasing MHET concentrations on the methyl region of
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the 1H-13C HSQC spectrum of 15N/13C-labeled LCC-CC
and LCC-ICC proteins. Excellent resolution was obtained
by recording 64 complex points in the indirect dimension,
and allowed singling out of the three methionine methyl
groups (matching the three Met present in LCC) by their
lack of a 13C–13C coupling constant (Fig. S9 A). One methio-
nine methyl resonates at a most unusual 1H chemical shift of
0 ppm both in the LCC-CC and LCC-ICC enzymes (Fig. S9
A, blue inset). It was assigned toM166, whose methyl is sand-
wiched between both aromatic rings of W190 and Y127
(Fig. S10) and thereby experiences an important ring current
shift (41,42). This same methyl group of M166 in both
LCC-CC and LCC-ICC variants shifts appreciably when
MHET is added (Fig. 4, A and E; Fig. S11). The extent of
the methyl CSPs thereby follows the trend observed for the
amide CSPs, with CSPs in LCC-CC consistently smaller
than their equivalent CSPs in LCC-ICC.



FIGURE 4 Methyl signals upon interaction with MHET at 60�C. Selected regions from 1H-13C HSQC spectra of LCC-CC (A–D), LCC-ICC (E–H), and

LCC-ICCG (I–L) in the absence of MHET (blue) and in the presence of 4 mM (orange) and 10 mM (red) MHET. To see this figure in color, go online.
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Further exploiting the availability of the 1H-13C spectra of
the different mutants, we also readily assigned the d methyl
of I243, absent from the spectrum of LCC-CC (with its
F243) but present in LCC-ICC (Fig. 4, B, F, and J). Surpris-
ingly, this methyl does not shift upon titration with MHET
(Fig. 4, F and J), questioning whether a direct interaction
between MHET and the side chain at position 243 exists.

Because general methods to assign all methyls of a pro-
tein are still in progress (43–50), we focused mostly on
the assignment of those methyl resonances that were per-
turbed by MHET binding. A second methyl group signifi-
cantly shifting upon MHET addition was assigned to
V212 (Fig. 4, C, G, and K). Assignment was based on 1)
its close proximity to the aromatic ring of F243 in LCC-
CC and subsequent shift between the spectra of LCC-CC
and LCC-ICC (Fig. 4, C and G), 2) the identification of their
proton chemical shift from the NOESY-1H, 15N TROSY
strips for the T211-V212-A213 peptide (Fig. S12), and 3)
the symmetrical NOE contact toward the amide proton of
V212 in the strip of the 1H-13C NOESY spectrum
(Fig. S12). Interestingly, the other methyl group of V212,
although in a more crowded region of the spectrum, is
equally perturbed upon addition of MHET (Fig. S11).

Alanine methyl groups can be assigned in a more system-
atic manner, combining their 1H frequency from the
NOESY-1H, 15N TROSY experiment with the13Cb fre-
quency from the HNCACB spectrum (Fig. S13). We thereby
identified A213’s methyl that is visibly perturbed by MHET,
whereas its neighbor in the spectrum, the A165 methyl in
the active site, shows up as a broader peak that only slightly
shifts upon addition of MHET (Fig. 4, D, H, and L).

We finally produced and assigned the LCC-ICCG (F243I-
D238C-S283C-Y127G) variant that was previously pub-
lished as the optimal compromise between thermal stability
and intrinsic activity (19). Definite confirmation of the pre-
vious M166 methyl assignment came from its 0.8 ppm
downfield shift in the LCC-ICCG versus LCC-ICC spec-
trum (Fig. S9 B), where the Y127G mutation removes the
Biophysical Journal 121, 2882–2894, August 2, 2022 2889
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contribution to the shielding of the M166 methyl by the
Y127 aromatic ring (Fig. S10). The comparison of the
methyl CSPs from the LCC-ICCG spectrum upon addition
of MHETwith those of LCC-CC and LCC-ICC emphasized
intermediate CSP values for its M166 and V212 methyl sig-
nals (Figs. 4 I and S14 A). Similar intermediate CSP values
upon addition of MHET were also observed when
comparing the 1H, 15N backbone CSPs from the LCC-
ICCG variant with those of LCC-CC and LCC-ICC (Figs.
S14 B and S15).
Histidine imidazole side chain signals upon
interaction with MHET

Attempting to peer directly into the active site, we turned to
the histidine imidazole side-chain resonances. With six his-
tidines, the full assignment required an important number of
experiments, which will be presented elsewhere. Impor-
tantly, though, we were able to assign all six imidazole
Hε/Cε signals in the three variants (Fig. 5, A–C), with the
catalytic H242 Cε resonating consistently most upfield,
whereas it is the Hε proton of H218 with its close stacking
to the aromatic ring of W190 (Fig. S16) that is shifted most
upfield.

We then repeated the titration experiments of all three
mutants with MHET and recorded 1H-13C HMQC spectra
at 60�C along the titration (Fig. 5, A–C). Perturbations are
most pronounced for the His242 imidazole ring, in agree-
ment with this histidine belonging to the catalytic triad.
The CSP for His164, whose Hε imidazole proton is at
3.7 Å from that of the His242 ring, is fivefold lower than
that of His242, and it is not clear whether the effect is direct
or mediated by a possible His242 ring reorientation. The
same is true for the Hε/Cε correlation of His218, whose
imidazole ring stacks directly to the side chain of W190.
The equivalent W185 in the IsPETase was identified as a
substrate-binding residue with a wobbling conformation
(14,51). Although we did not assign the tryptophan side-
chain resonances, the small CSP for the His218 Hε/Cε reso-
nance could well reflect the binding of MHET to the W190
side chain and its concomitant reorientation. Importantly,
however, the spectra of the histidine Hε/Cε correlations
confirmed the previously described tendencies of the amide
and methyl CSPs. Effectively, all imidazole Hε/Cε CSPs are
more pronounced for LCC-ICC than for both other variants,
LCC-CC and LCC-ICCG (Fig. 5 D).
DISCUSSION

PET recycling through enzymatic depolymerization has
gained a considerable boost with the identification of
I. sakaiensis, a microorganism that can degrade and use
PET as its main carbon source (13). Its PET-degrading
enzyme, the IsPET depolymerase, has optimal activity at
40�C, with a major drop in efficiency when used at temper-
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atures above 60�C (13,52). Further optimization of both
mesophilic or thermophilic PET depolymerases has heavily
relied on numerous high-resolution crystal structures of the
IsPET depolymerase (14,15,53,54) and related enzymes
(21,35,55). Here, we present the first solution NMR analysis
of a PETase, the LCC enzyme, assign backbone amide
1H/15N, methyl 1H/13C, and histidine 1Hε/13Cε resonances,
and use them as a large number of probes to follow the mu-
tations that have turned LCC into LCC-ICCG (F243I-
D238C-S283C-Y127G), an optimized enzyme suitable for
PET recycling at an industrial scale (19). The resonance as-
signments equally form the starting point for a future study
of the dynamics of these enzymes, which might be directly
related to their function (56,57).

Divalent cations such as Ca2þ and Mg2þ were previously
reported to stabilize different PET depolymerases (33,58–
60). For instance, three Ca2þ-binding sites were detected
in Cut190 crystal structure (PDB: 5ZNO) (60). Sequence
alignment with LCC shows that amino acid residues
involved in sites 2 and 3 and contributing to the thermal sta-
bility of Cut190 (33,60) are conserved in LCC (Fig. S3).
When mapping on LCC’s crystal structure the CSPs induced
by the addition of Ca2þ, we experimentally confirmed the
D238-S283-E208 site 2 as its highest-affinity Ca2þ-binding
site (Fig. 1). NMR also detects the third binding site (as
defined on Cut190) composed of D193-T195, and shows it
has weaker affinity. This site is probably involved in the
3�C additional increase in Tm observed under saturating
conditions of Ca2þ for the LCC-CC enzyme variant (19),
and is occupied by a Ca2þ ion in the recent MHET/LCC-
ICCG complex structure (PDB: 7VVE; Fig. S17) (61).
Finally, the first calcium-binding site, defined by S76,
A78, and F81 in Cut190 (33,35), is less well conserved in
LCC (Fig. S3). Backbone assignments for these residues
in LCC are missing (Fig. S1), but we did not detect any
CSP upon addition of Ca2þ(Fig. 1) for S64 (equivalent to
S75 next to S76 in Cut190), suggesting that the number of
Ca2þ-binding sites in LCC is limited to two.

As thermostability is a most important characteristic for
an effective PETase (17), our high-temperature NMR anal-
ysis was aimed at identifying regions of the protein where
unfolding would start while other secondary and/or tertiary
structures would remain intact upon heating, as was demon-
strated for a thermophilic cyclophilin enzyme (62,63). A
surprising finding was that despite the elevated pH value
of 7.5, amide proton exchange remained limited for all var-
iants, leading to good-quality 1H-15N TROSY spectra up to
a temperature of 72�C. Going even higher in temperature
(but staying within the safety limit of our cryogenically
cooled NMR probe), we observed an all-to-nothing transi-
tion for LCC without Ca2þ, with a good-quality spectrum
at 72�C but a complete signal loss at 74�C, which corre-
sponds to the onset of unfolding as determined by DSF
(19) (Fig. 2). Saturating LCC with Ca2þ preserved the spec-
tral integrity at 74�C, as did replacing D238/S283 in the



FIGURE 5 Histidine imidazole side-chain signals

upon interaction with MHET. Selected region from

the 1H-13C HMQC spectrum of LCC-CC (A),

LCC-ICC (B), and LCC-ICCG (C) at 60�C in the

absence of MHET (blue) and in the presence of

4 mM (orange) and 10 mM (red) MHET. (D)
1Hε-13Cε combined CSPs induced by 10 mM

MHET for the histidines of LCC-CC (blue), LCC-

ICC (gray), and LCC-ICCG (violet). To see this

figure in color, go online.
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above-determined Ca2þ-binding motif with a disulfide
bridge, leading to the improved LCC-CC enzyme.

All past efforts to improve the natural PET depolymerases
are based on high-resolution crystal structures and subse-
quent modeling of a short PET chain (14,15,19,53,64,65).
However, experimental data on the exact trajectory of the
substrate are sorely lacking. Our NMR assignments provide
new probes to monitor this interaction, and we present the
first results using MHET as a soluble surrogate for the poly-
mer chain. Beyond the three residues of the catalytic triad,
our MHET titration experiments identify the major CSPs
for the methyls of M166 and V212 (Fig. 4). In excellent
agreement with the crystal structure of the IsPET depoly-
merase/HEMT complex (PDB: 5XH3) (14), where the
equivalent M161/I208 residues form a clamp holding the ar-
omatic HEMT ring, and with the most recent MHET/LCC-
ICCG complex structure (PDB: 7VVE; Fig. S17) (61), these
combined experimental results demonstrate that M166 not
only contributes to the oxyanion hole via its backbone
amide function but also interacts with the PET chain via
its side chain, in agreement with its strict conservation in
the LCC sequence (18). As large upfield proton CSPs more-
over correlate with favorable CH-p interactions (42), we can
conclude that the methyls of both M166 and V212 through a
CH-p interaction with the aromatic ring of TA contribute to
the fine-tuning of the PETase-substrate interaction.

Crystallographic detection of a bound ligand requires a
stable and sizable occupancy of the binding site in the crys-
tal. NMR CSPs, however, can detect multiple weak binding
sites whereby the ligand only fleetingly perturbs the elec-
tronic environment. We observe a non-negligible CSP for
A97 upon addition of MHET (Fig. S6). G62, the equivalent
residue in Tfcut2 (Fig. S3), was assigned as the culprit for
product inhibition of the latter enzyme by MHET (66,67).
The G62A mutation in Tfcut2 was found to increase its
PET depolymerase activity, an effect that was assigned on
the basis of energy calculations to the loss of an inhibitory
interaction with a dimer of MHET (67). However, the
Biophysical Journal 121, 2882–2894, August 2, 2022 2891
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CSPs we detect for the amide groups of A97 and its close
neighbor A99 (Fig. S6) in the highly efficient LCC variants
that we study here indicate that MHET does interact with
LCC in this region. The positive effect of the G62A muta-
tion on TfCut2’s activity hence might result from an
improved interaction with the substrate rather than from pre-
venting an inhibitory interaction with MHET.

The D238C/S283C engineered disulfide bridge in LCC-
CC at the position of the here experimentally verified
Ca2þ-binding site (Fig. 1) anchors the loop preceding the
catalytic H242 to the C-terminal b-strand. Although this di-
sulfide bridge effectively raises the limiting temperature
beyond which the LCC unfolds and aggregates (Fig. 2),
the catalytic activity of the mutant enzyme was found to
decrease by nearly 30% (19), even though this disulfide
bridge is at a distance of 20 Å from the catalytic site.
Whereas this underscores the delicate balance between ac-
tivity and thermal stability, the large MHET-induced CSPs
for the backbone amide resonances of the C238-C283
pair, as well as sizable CSPs for other selected residues
from the b7-b8 strands of the central b-sheet and from the
a6 helix (Fig. 3 and Table S2) point to a wider interaction
of MHET than with the sole active site. It is tempting to
speculate that these additional residues might contribute to
the interaction of the enzyme with the polymer, but this calls
for further experimental evidence. Evidently the disulfide
bridge can also influence the dynamics of the active site,
whose flexibility is an important factor for activity
(51,65,68). Our present NMR assignments open the possi-
bility to experimentally assess these individual contribu-
tions to the resulting activity.

We observe a CSP for the amide resonance of I243
(Fig. S6) but cannot exclude that it might result from a reor-
ientation of the neighboring H242 aromatic ring whose Hε/
Cε resonance is strongly influenced by the MHET molecule
(Fig. 5). A further probe for I243 is its isolated Cd methyl,
whose assignment is unambiguous when we compare the
spectra of LCC-CC and LCC-ICC (Figs. 4 and S9). Upon
addition of MHET, we observed no CSP at all for this Cd

methyl signal (Fig. 4), excluding its role in fixing a TA moi-
ety through a CH-p interaction as do the methyls of M166
and V212. However, in the absence of a (favorable) direct
interaction between the substrate and the residue at position
243, what makes the LCC-ICCG enzyme such an efficient
candidate for PET degradation at an industrial scale? Our
combined titration data, be it at the level of the backbone
amide, methyl, or histidine imidazole ring proton signals,
show a gradual shift of the resonances upon increasing ligand
concentration, indicative of a rapid exchange for the MHET
ligands between the bound and the free state. As shifting res-
onances in the different variants lie consistently on the same
line, we can safely assume that the geometry of the interac-
tion is conserved between the different mutants, with only
the fraction of time that MHET spends in the bound state
differing between them. The major difference when
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comparing the CSPs of the mutant enzymes, independently
of the probe used, is their increased value upon the F243I mu-
tation in the transition of LCC-CC to LCC-ICC. These data
hence experimentally confirm that opening the active site,
previously identified as a determining factor for the enzy-
matic efficiency toward PET degradation (69–71) and here
accomplished by removal of the F243 aromatic ring, indeed
increases the occupancy of the enzyme active site. Together
with the highly optimized thermal stability, this leads to a
very active PET depolymerase (19).

We evidently acknowledge that MHET is not the favor-
able substrate of the PET depolymerases, no more so than
molecules such as HEMT, BHET, or even longer model sub-
strates as used in modeling studies. Effectively, the real sub-
strate of PET depolymerases is the PET surface, with its
variable degree of order that depends on a number of factors
such as temperature and molding (72). Overall, our present
NMR study has identified a large number of markers on the
enzyme for further investigation of its molecular interaction
with such a true plastic surface, be it by solution or solid-
state NMR.
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