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Abstract
Enzymatic recycling of plastic and especially of polyethylene terephthalate (PET) has shown

great potential to reduce its negative impact on our society. PET hydrolases (PETases) have
been optimized using rational design and machine learning, but the mechanistic details of the
PET depolymerization process remain unclear. Belonging to the carboxylic-ester hydrolase
family with a canonical Ser-His-Asp catalytic triad, their observed alkaline pH optimum is
generally thought to be related to the protonation state of the catalytic His. Here, we explore

this aspect in the context of LCC¢C

, an optimized PETase, derived from the Leaf-branch
Compost Cutinase (LCC) enzyme. We use NMR to identify the dominant tautomeric structure
of the six histidines. Five show surprisingly low pKa values below 4.0 while the catalytic H242
in the active enzyme displays a pKa value that varies from 4.9 to 4.7 when temperatures increase
from 30°C to 50°C. Whereas the hydrolytic activity of the enzyme towards a soluble substrate
can be modeled by the corresponding protonation/deprotonation curve, an important
discrepancy is found when the substrate is the solid plastic. This opens the way to further

mechanistic understanding of the PETase activity, and underscores the importance of studying

the enzyme at the liquid/solid interface.



Statement of Significance

Enzymatic plastic biodegradation is a promising avenue to reduce the global burden of plastic
waste and thereby limit its global impact on the environment and on human health.
Understanding the atomic details of the catalytic mechanisms at the enzyme/plastic interface
should help to further improve enzyme performance. Here, we examine the pH dependence of
LCC!CS, an optimized PETase for depolymerization of PET waste at industrial scale. We
characterize its six histidines in atomic detail and determine their respective pKa values.
Furthermore, we link the pH-dependent catalytic efficiency of the LCC!““® towards soluble and
insoluble PET samples to the protonation state of the catalytic histidine. Our study contributes
to the mechanistic understanding of the catalytic behaviour of PETase during PET

depolymerization.



Introduction

Enzymes containing a Serine-Histidine-Aspartate catalytic triad can catalyze an amazing
number of reactions (1). The mechanism has been studied in exquisite detail by both
crystallography and NMR spectroscopy (2) , and involves the attack of the Serine oxygen to
form a tetrahedral intermediate with the carbon of the ester bond (Figure 1). The catalytic
Histidine thereby has to accept the proton of the Serine, hence its importance in the hydrolysis.
One reaction that has recently gained considerable attention is the enzymatic degradation of
polyethylene terephthalate (PET) (3—5). PET is a human-made polymer that makes up a wide
variety of consumer plastics. Outstanding for its mechanical and chemical stability, these same
characteristics hamper its degradation (6, 7). Plastic pollution, that can ultimately accumulate
in the food chain and thereby negatively influence human health, has been recognized as a
major threat to living organisms (8—10). Although members of the cutinase and lipase enzyme
families had previously been identified for their capacity to degrade PET (11-14), the discovery
of the Ideonella sakaiensis bacterium that can use PET as its sole carbon source for growth has
boosted the perspectives of PET bio-remediation (15). Its PET hydrolase, named IsPETase, was
identified, but despite extensive enzyme engineering efforts performed over the last couple of
years to improve its performances (16—22), the IsPETase and its variants show a deterioration
of their activity over a long-time reaction required to achieve 100% substrate conversion and
thereby don’t yet meet the requirements for a large-scale industrial application (23). Through
rigorous testing of the different PETases in a standardized PET degradation assay, the
thermostable Leaf-branch Compost Cutinase (LCC) enzyme (13, 24) proved to be an alternative
starting candidate for optimization. Extensive mutational screening based on molecular
modelling starting from the crystal structure of its inactive variant (wherein the catalytic Ser165
is mutated into an Ala residue; PDB entry 6THT.pdb) led to the LCC'“““ quadruple mutant
(F2431-D238C-S283C-Y 127G), the first enzyme with potential in an industrial process (23,
25).

Figure 1. Catalytic triad of the LCC'CC¢ PETase. Composed of Asp210, His242 and Ser165,
the three residues are essential for the hydrolase activity. The red arrow represents

schematically the attack of the Serine hydroxyl oxygen on the PET ester bond.

Because structural data of PETases with substrates remain scarce (16, 17, 26-28), we applied

CICCG

NMR spectroscopy to the LCC enzyme and its different variants leading to the LC mutant



(29). More recently, a similar NMR analysis of the Fusarium solani pisi PET-hydrolyzing
cutinase (FsC) was reported (30). Whereas chemical shift perturbation (CSP) analysis upon
addition of increasing amounts of a soluble substrate - mono-(2-hydroxyethyl)-terephthalate
(MHET) in our case, and bis-(hydroxyethyl) terephthalate (BHET) in the FsC study - led to a
molecular view of the interaction surface of the enzyme, several mechanistic aspects of the
depolymerization process remain to be elucidated. One unanswered question is the reason for
the alkaline pH preference for optimal activity of many of these enzymes (25, 31). Here, we
address this question through a detailed heteronuclear NMR study of the histidine imidazole
rings of the LCC'®“C enzyme. We assign all nuclei for the 6 histidines, determine their
tautomeric states as well as their pKa values, and link the latter values to the pH dependence of
the degradation of both soluble and solid substrates. We thereby enhance our mechanistic

understanding of the PETase reaction for this class of enzymes.



Materials and Methods

Sample preparation

[U-1N]- and [U-!3C, 1°N]- labeled LCC variants have been prepared following the protocols
detailed in Tournier et al. (25) and Charlier et al. (29).

The ['3C¢'-His] labeled sample preparation was adapted from Tournier et al. (25) and
Schorghuber et al. (32). The gene encoding for LCC-S165A was expressed in E. coli BL21
(DE3) (New England Biolabs, Ipswich, MA). Proteins were overexpressed in M9 minimum
media at 37 °C (42.3 mM NaHPO4, 22.0 mM KH2PO4, 8.55 mM NaCl, I mM MgSO4, | mM
CaClp, 1 X Minimum Essential Medium MEM containing vitamins, 50 pg/mL kanamycin)
supplemented with 1 g/L of "’NH4Cl with 5 g/L D-glucose. The typical volume was one liter.
20 minutes prior to induction 40 mg of [2-'3C]4-(2-carboxy-2-hydroxyvinyl)-/ H-imidazolium
chloride salt (the [&1-*C] histidine precursor) was added. Protein expression was induced by
adding 0.5 mM isopropyl-1-thio-B-D-galactopyranoside (IPTG) to the cell cultures followed by
an overnight incubation at 21 °C under agitation at 120 rpm. Cells were harvested by
centrifugation (5000 g, 20 min, 4 °C) and lysed by sonication in the presence of 0.1 mg/mL of
lysozyme. Lysate was placed at 70 °C for 30 minutes prior to centrifugation (10000g, 30 min,
4 °C) and then transferred to a desalting column (HiPrep 26/10, GE Healthcare) followed by
cation exchange column (HiLoad 16/10 SP Sepharose HP, GE Healthcare). Buffers for cation
exchange were Buffer A = 10 mM Tp Tris pH 7.5, Buffer B =10 mM Tp Tris pH 7.5, 1 M
NaCl ; Flow rate 3 mL/min ; Elution 20% B = 150 mM NaCl. A final step of purification was
performed using a size-exclusion chromatography with a a buffer containing 25 mM Tris-HCI,
pH 7.5 and 100 mM NaCl on a Superdex 200 16/600 (GE Healthcare). Purity was assessed by
SDS Page and by verifying the differential scanning fluorimetry (DSF) profile (25). The protein
concentration was estimated by measuring the absorption at 280 nanometers using a Nanodrop
(ThermoFischer, USA) and the theoretical extinction coefficient (¢ =37150 M cm™) estimated
using the Protparam server (https://web.expasy.org/protparam). Fractions containing the pure

proteins were concentrated into the same buffer.

For the pH titration series, citrate-phosphate buffer solutions in the pH range of 3 to 8 were
obtained by mixing two solutions of di-sodium hydrogen phosphate dodecahydrate
(NapHPO4.12H20, 0.5M) (>99%) and citric acid monohydrate (CsHsO7.H20, 0.5M) (>98%) in
the appropriate ratios (see Table S2). Only for the pH 9 solution, we used a phosphate buffer.
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We buffer exchanged an aliquot of the enzyme under consideration to water, and concentrated
the enzyme to 5S00uM. To a volume of 160ul of each buffer, we added 40ul of the enzyme
solution, obtaining a final concentration of 100uM in each tube. The final pH in the NMR tube
was verified by a 3'P spectrum that was simultaneously recorded with the '"H 1D spectrum (33)

and that was compared to the 3'P spectrum of the standard buffer solutions of known pH.

Crystallography

The LCC““C variant has been prepared following the protocol detailed in Tournier et al. (25).
Crystals were grown at 12 °C using the hanging-drop vapor diffusion method. The
crystallization condition for LCC“C¢ (F2431/D238C/S283C/Y 127G) was obtained by mixing
1 puL protein (15 mg/mL) with 1 pL reservoir buffer solution (0.1 M bicine pH 9.0, 10% PEG
20000, 2% (w/v) dioxane). A cryoprotection was performed by soaking the crystals in a solution
composed of 80% mother liquor supplemented with 20% glycerol prior to data collection.
Diffraction data were collected at the European Synchrotron Radiation Facility (ESREF,
Grenoble, France), using the ID30-A3 beamline (MASSIF 3, wavelength 0.9677 A). Data were
processed automatically using the autoPROC toolbox (34). Molecular replacement was
performed with Phaser(35) using the structure of the LCC!“““-S165A inactive enzyme (PDB
code 6THT) as a search model. Refinement was conducted using PHENIX(36) and model
building using Coot.(37) The final refined models contained 97.66% / 2.34%/ 0.00% in the
favoured, allowed and outlier regions of the Ramachandran plot, respectively. Structural figures
were prepared using the PyMOL Molecular Graphics System, version 2.3.4 (Schrodinger,
LLC).

NMR section
All NMR experiments presented in this study were acquired at 30 °C unless otherwise stated.

Representative spectra and scripts are accessible on the Zenodo repository at doi :

10.5281/zenodo.10812834.

Two-dimensional 'H-"*C HMQC experiments of U-'>C and His-'*C LCC-S165A were acquired

on a Bruker AVANCE NEO 800 MHz spectrometer equipped with a 5-mm cryoprobe with z
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pulsed field gradients with 8048.8 (F1) X 11160.714 Hz (F2) corresponding to 40 x 13.9486

ppm, with acquisition times of 15.9 ms (t1) and 91.75 ms (t2). RF carriers were set to 4.709 ppm
(‘H) and 135 ppm (**C). A J coupling of 210Hz was used to calculate the necessary delays in
the INEPT transfer (38). Eight scans per increment were recorded. All spectra were acquired
on samples containing 500 uM of protein. A representative spectrum (experiment number 2075)

with pulse program and all parameters is accessible on the Zenodo repository.

The three-dimensional 'HY-'"N-"H -NOESY-TROSY experiment was recorded on a Bruker
AVANCE NEO 900 MHz spectrometer equipped with CPTCI cryoprobe on a 500 uM °N-
LCCC“6.8165A sample. Spectral settings for 'HN-'"N-'"H-NOESY-TROSY experiment, with
a mixing time of 100 ms, were 12500.022 Hz (F1) x 2736.908 Hz (F2) x 12500.000 Hz (F3)

corresponding to 13.8853 x 30 x 13.8853 ppm, with sampling durations of 20.48 ms (t1), 17.5
ms (t2), 163.8 ms (t3). RF carriers were set to 4.7 ppm ('H) and 118.5 ppm (°N). Four scans per
increment were recorded.

The three-dimensional 'H®-'3C-'H -NOESY-HMQC experiment was recorded on a Bruker
AVANCE NEO 800 MHz spectrometer equipped with a 5-mm cryoprobe with z pulsed field
gradients on a 600pM "N/!3C labeled LCC'““C-S165A sample. Spectral settings for 'He-*C-
"H-NOESY-HMQC experiment, with a mixing time of 200 ms, were 16002.676 Hz (F;) x

2414.643 Hz (F2) x 11160.714 Hz (F3) corresponding to 20 x 12 x 13.9486 ppm, with sampling
durations of 19.99 ms (1), 9.9 ms (t2), 91.75 ms (t3). RF carriers were set to 4.709 ppm ('H) and
136 ppm (*3C). Four scans per increment were recorded.

The three-dimensional best-TROSY '"HN-'’N-'3C experiment (39) was recorded on a Bruker
AVANCE NEO 800 MHz spectrometer equipped with a 5-mm cryoprobe with z pulsed field
gradients on a 500uM 'N-*C-ICCG-S165A sample. Spectral settings for the best-TROSY
THN-IN-BC experiment, were 8051.5 Hz (F1) x 810.898 Hz (F2)x 16025.64 Hz (F5)

corresponding to 40 x 10 x 20.0287 ppm, with sampling durations of 31.8 ms (t1), 19.7 ms (t2),
63.9 ms (t3). RF carriers were set to 4.7 ppm (‘H), 165 ppm (**N) and 120 ppm (**C). Four scans
per increment were recorded. A representative spectrum (experiment number 15) with pulse

program and all parameters is accessible on the Zenodo repository.

The long range "H-'"’N HMQC spectra were recorded at S00MHz on Smm tubes containing
300-350uM of '>N/13C labeled LCC'“CS-S165A enzyme. The 2J 'H%!->N coupling constant was




set to 22Hz, leading to a total defocusing time in the INEPT of 22.72ms.(40) *C garp4
decoupling(41) was added during the acquisition time. The '°N carrier was set to 210ppm, and
the 100ppm spectral window was sampled with 164 complex points. A total of 256 scans were
recorded per increment, leading to a total measurement time of 15 hours. A representative
spectrum (experiment number 1075) with pulse program and all parameters is accessible on the
Zenodo repository.

The 'H?!-13C?! HSQC spectra for the pH titration were recorded on 3mm samples containing

100uM of doubly labeled enzyme in the appropriate buffer. To avoid folding of other
resonances, the >C carrier was set to 124ppm and the spectral window adjusted to 32ppm.
Spectra were acquired as a 1k x 128 complex matrix, with 16 scans per increment.

Fitting of the pKa values : For H242 in both the LCC““C-S165A and LCC'““®, we initially

carried out a separate analysis of the proton and carbon curves using the Henderson-Hasselbalch
equation with distinct pKa values for each nucleus. As this analysis lead to very similar values,
we decided to fit both nuclei together to a single pKa value. We combined this analysis with a
Monte Carlo approach to estimate the error bars. Python script with example dataset is
accessible on the Zenodo repository. We generated 500 data sets whereby both the chemical
shift and pH values were drawn from a normal distribution centered on the experimental values
and with a standard deviation of 0.05 ppm for 8'*C and 8'H chemical shift values and 0.05 units
for the pH value. In Figure S6, we show the resulting distributions of the fitted pKa (blue curve),
and of the low and high pH limiting values of the §'°C (orange) and §'H (red) chemical shifts.
The nominal values for the pKa of H242 and its error bar are given in the text and represent the
mean and standard deviation of the pKa distribution.

BHET activity : Time course experiments for the hydrolysis of BHET were run with

simultaneous detection of 'H and 3'P signals in a pseudo-2D manner (33). A representative
spectrum (experiment number 204/205) with pulse program and all parameters is accessible on
the Zenodo repository. Starting from a saturated solution of BHET in water, 20 puL of this
solution was added to 160 pL of an aqueous phosphate/citrate buffer solution at the required
pH. Before adding the solution to the 3 mm NMR tube, 20 pL of D>O and 1 mM TSP were
added for locking and dosing purposes. All samples contained ~ 0.9 mM of BHET (initial
concentration) and the reaction was initiated by the addition of 1 uM of the LCC'““C enzyme.
This experiment was repeated 3 times, and values for the intensities of the BHET resonance are
given in Table S3. Control experiments without enzyme were performed to establish BHET

stability at the different pH values.



pH profile using post-consumer coloured-flake PET waste (PcW-PET)

PcW-PET was prepared according to Tournier ef al. (25). Briefly, 9 mL of each buffer solution
from the Citrate-Phosphate pH range were combined with 100 mg PcW-PET in a 40 mL round
polypropylene container (Gosselin, France) and incubated at 50 °C in a Max Q 4450 incubator
(Thermo Fisher Scientific, Waltham, MA) under agitation at 170 rpm until the solution reached
the desired temperature. The depolymerization was initiated by adding 1 mL of a 0.05 mgenzyme
mL! (1.73 uM of enzyme) solution of purified protein (final concentration of 0.5 mgenzyme gPET
1. Samples were harvested at 2, 4, and 6h of reaction time and analyzed by ultraviolet light
(UV) absorbance measurements at 242 nm for the determination of PET depolymerization
kinetics as described in Arnal et al. (23). The initial velocity (VI) of PET hydrolysis in
umolrpaeq h'! was determined in this linear part of the reaction. Assays were performed in

triplicates.
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Results

TH#1/13C#! imidazole resonance assignment. We first characterized the 'He!/!3Ce!
imidazole resonances of the 6 histidines of LCC-S165A, that are expected in the [8.60-7.68]
and [136.6-139.2] ppm range respectively (42). Because certain candidate peaks fell outside
this range, with notably a signal at 5.84/138.6 ppm, we prepared a '*C?!-His selectively labeled
sample (32) of the inactive LCC-S165A variant to ascertain that those resonances correspond
to the putative histidine imidazole signals in the uniformly doubly labeled sample. Indeed, we
obtained the six expected resonances with a singlet structure in the '3C dimension (Figure
S1.A). When comparing the 'He!/1*C?! spectrum of LCC-S165A with the one from the
LCC“CY-S165A, peak positions varied only slightly despite the additional mutations (Figure

S1.B), and we therefore focused the rest of our study on LCCC“S,

Figure 2. Connecting the "H&!-13C#! resonances to the H-N imidazole signals in LCC'CCC-
S165A. (A) HMQC spectrum with the histidine 'He!-'3C#! correlations. (B) Magnetization flow
in the original (39) (orange) and the modified (blue) pulse sequence. Both t and & tautomers
are shown for clarity. (C) Overlay of the 2D 'HN-13C planes extracted at the ’N#* frequency of
H112,H164, H191 and H291 (dark blue) and the N®' frequency of H242 (light blue). The inserts
show the line shape in the '3C dimension, with a singlet for all '*C?! nuclei, a doublet for the
13C%2 signals of the four T tautomers and a triplet for the 3CY of H242. (D) Overlay of (red) a
'HN-I>N TROSY spectrum acquired with 16 scans and (grey) a best-TROSY (43) spectrum

acquired with 128 scans.

Assignment of the six identified resonances was carried out using NOESY -based experiments
that were interpreted with the help of the crystal structure of LCC'““-S165A (PDB code 6THT)
(25). The crystal structure was used to identify nearest neighbor residues for the 'H?! proton of
each imidazole ring (Figure S2.A & B). Extracting the 2D 'HN-'H strip from a 'HN-'>'N-'H
NOESY-TROSY experiment at the amide nitrogen frequency of these proximal residues and
comparing with the six 2D 'He'-'H strips extracted from a 'He'-13Ce'-'H NOESY-HMQC
centered on each *C?! frequency led to the assignment of all imidazole 'H?!/'*C?! resonances

(Figures 2.A & S2.C).
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Imidazole nitrogens and tautomeric states. Histidine residues equally contain one or two
nitrogen bonded proton(s) on their imidazole ring (on N3! and/or N#?, according to the tautomer
and charge state) (Figure 2.B). In a large window 'H-'°N correlation spectrum, we observed 5
rather than 6 correlation peaks with >N chemical shift around 165 ppm and proton chemical
shift varying from 10 to 14 ppm (Figure 2.D, Figure S3). We initially sought to assign these
'HN-I>N imidazole signals by transferring the magnetization from the '"HY¢? via the '*C® and
BCY carbons (39) to the previously assigned (29) '*CP signal (Figure 2.B, orange arrows).
However, magnetization transfer beyond the '*C proved inefficient, likely due to the size of
the protein (28 kDa). Therefore, we modified the pulse sequence (Figure S4) to allow
magnetization flow from the 'HN-'SN cross peaks to the neighboring carbons, including the
previously assigned '*C#' frequency (Figure 2.B, blue arrows). When extracting the 'HN-13C
plane for these 5 peaks with >N chemical shift around 165 ppm, we observed at the °N
frequency of four of them both a singlet and a doublet in the 1*C dimension (Figure 2.C). The
singlet corresponds to the imidazole 'C&' carbon between both nitrogens and could be
connected to the assigned 'He!/13C#! spectrum (Figure 2.A), whereas the doublet represents the
1382 carbon with a single coupling constant towards its 1*CY neighbor (Figure 2.C, blue inset).
The latter doublet structure and their '*C% chemical shift value below 122 ppm (44) confirm
the t tautomer for those 4 histidines.

For the most downfield shifted 'HN peak at 13.9 ppm, magnetization transfer in the triple
resonance HCN experiment also led to a singlet, but the other peak is a triplet rather than a
doublet (Figure 2.C, light blue insert). This triplet structure is assigned to a His '*C? with
couplings to its '*C% and '3CP nuclei as expected for an imidazole ring in the & tautomeric state.
We assigned it unambiguously to the catalytic H242 with the previously described 'He!-1*Ce!-
"H NOESY-HMQC experiment, where the obligatory short distance (2.4 A) between the He!
and the nitrogen linked proton indeed showed up as a strong NOE contact (Figure S5). While
the same approach confirmed the other previously assigned imidazole resonances, we did not
observe any NOE cross peak for H218. This is most probably a sensitivity issue, as its H?*/N#?
resonance was already much broader in the 2D spectrum and required an extended acquisition
time to be observable (Figure 2.D, grey spectrum).

The tautomeric state of the histidine rings can also be deduced from the 2Jyu 'He'-1°N scalar

coupling pattern in a long range 'H-">’N HMQC spectrum (40). For the T tautomers, we expect

a strong cross peak from the "H#' to the "N®! in the 240/260 ppm range and a weaker correlation
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at '"H#!/!N#? with the latter nucleus resonating in the range of 160/170 ppm (40). We observed
such pattern for 5 out of 6 histidines, and could thereby assign the t tautomer to the missing
H218 resonance (Figure 3). For H242, we observed a different pattern, with two peaks at the
same "N frequency of 247.5 ppm. This is the expected pattern for an imidazole ring in the m
tautomeric state, where the '>N¢? nitrogen with its lone orbital is within 2Jxu distance of both

the 'H#! and 'H% protons (Figure 3, insert).

Figure 3. Identification of the tautomeric state of the histidines in LCC'“C6-S165A using
long range scalar couplings. (A) 'H'-'>'N HMQC spectrum showing the signals of
protonated (160-176 ppm, top part of the panel) and non-protonated (240-260 ppm, bottom
part of the panel) >N nuclei. For imidazole rings in the T tautomeric state such as H218, we
observe a strong H¢!/N®! and a weaker H?!/N#2 correlation (connected by a blue line). For
H242 in the w tautomer state (red line), both 'H#! and 'H% protons connect to the "N
resonance (insert, red arrows), whereas only the H?! connects to the protonated N°! (insert,

green arrow). (B) Assigned 'H#!-1*C¢! HMQC spectrum.

Determining the imidazole pKa values. The notion of T or  tautomeric form disappears when
the imidazole rings become doubly protonated at pH values below their pKa. Protonation of the
imidazole nitrogen (N%'/N# for the t/r tautomer) has a dramatic effect on its chemical shift,
with variations as large as 80ppm expected (from 250-240 to 170-160 ppm) (45—47), and should
hence form the ideal probe to determine its pKa. A series of 2J long-range 'He'->'N HMQC
spectra was recorded while varying the pH from 4.0 to 9.0 (Figure 4.A). Importantly, four peaks
(belonging to H218, H191, H291 and H112) hardly move over this pH range; their °N°®!
nitrogen frequency remains around 250 ppm for all pH values and only at pH 4 do we observe
the first shifts (Figure 4.A, insert). This excludes their protonation and unambiguously indicates
that all four have a pKa value lower than 4. For H242, the N#? frequency as seen from both
correlations to its H?' and H3? protons starts shifting earlier, with a visible peak shift already
present at pH 7.5, and with 4.3 and 10.6 ppm variations in the nitrogen dimension at pH 6.0 and
5.5 respectively (Figure 4.A). However, both their weakening intensity with decreasing pH and
their nitrogen chemical shifts approaching those of the folded amide peaks (Figure S6)
prevented us from following this peak over the full pH range and hence establish a reliable

titration curve. We thus exploited the assigned 'H#!-1>C?! signals as an alternative probe for the
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protonation of the individual imidazole rings. For the catalytic histidine, H242, this 'He!-13C#!
peak significantly shifted in both 'H and '*C dimensions when varying the pH (Figure 4.B).
Both profiles as a function of pH were fitted to the Henderson-Hasselbalch equation and yielded
the same pKa value of 4.79+0.04 (Figure 4.C). Whereas no shifts were observed for the same
'He!.13C#! correlation of the H218, H191, H291 and H112 imidazole rings, in agreement with
their previously mentioned invariant '°N®! frequencies, H164 displayed a small displacement in
the proton dimension only. However, its constant '*C¢' chemical shift and the downfield shift
of its N®' resonance upon decreasing pH (Figure 4.A, insert) indicate that the peak displacement
in the pH 4-8 range is most probably not dominated by its own protonation state. Protonation
of the nearby H242 ring is a good candidate, and when the 'H curve of H164 was fitted to a
Henderson-Hasselbalch equation with a pKa value of 4.79 as determined for H242, we obtained

a very good agreement (Figure S7).

Fig. 4. pH titration of the different imidazole H®!'-C?! resonances in LCCICCG-S165A. (A)
Long-range 'H#'-'>N spectra showing the expected upfield shift that accompanies protonation
of H242. (insert) For the cross peaks characterizing the imidazole rings of H112 and H191, we
start observing an upfield shift when the pH reaches 4.5. The resonance of H164, on the
contrary, shifts downfield upon decreasing the pH, which cannot correspond to an increase in
its own protonation level. (B) 'He!-13C#! HMQC spectra acquired as a function of pH. Only the
resonance of the catalytic H242 shifts appreciably in both dimensions. (C) 'H¢! (blue) and '3C #!
(red) chemical shift values of the catalytic histidine (H242) plotted as a function of pH. The
dots represent experimental data whereas the solid lines correspond to the best fit to the
Henderson-Hasselbalch equation leading to a single pKa value of 4.79 + 0.04. For a statistical

analysis of the curve fit, see Figure S8 in the SI.

Linking pKa and pH profile of the hydrolase activity. All data presented until here were
obtained using the inactive LCC'®“S-S165A variant, mostly because of its very high expression
level and the capacity to study interactions with small substrates without hydrolysis. However,
to probe the relationship between activity and the determined pKa values requires an active

enzyme. We thus doubled the volume of the bacterial culture, obtained a '*C/'>N labeled sample
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of the active LCC'“C enzyme and repeated the histidine targeting NMR experiments. We
simultaneously solved the crystal structure of the active enzyme. The Ca-RMSD between both
structures (active LCC'“““: PDB code 8OTA ; inactive LCC'“C“-S165A: PDB code 6THT) was
limited to 0.15A, and the active site was particularly well conserved (Figure 5.A). Despite this
near-identical structure, the chemical shift of the H242 'He'-3Ce' correlation differs
significantly between both proteins (Figure 5.B). Evidently, the methyl group of A165 is
replaced by a S165 hydroxyl group in the active variant, and this moiety directly faces the H242
imidazole ring, which can explain the chemical shift difference. The resonances of H164 and
to a lesser extent of H218, with distances of 5.5A and 8.1A, respectively, between their H¢!
proton and the hydroxyl oxygen of S165, also have their 'H?!/'3C#! resonances impacted.

When repeating the pH titration experiment with the 'H&!/!C#! peak as read-out (Figure S9.A),
we found a value of 4.90 £ 0.05 for the pKa of the catalytic H242 in the active enzyme (Figure
6.A & B), slightly higher than the value found for the inactive variant. Broadening of the
'He!/13Ce! peaks in the spectra around this pKa value was more pronounced in the active variant
(compare Figures 4.B and 6.A), suggesting that the presence of a Serine hydroxyl proton next
to the imidazole N¢? (Figure 1) changes the dynamics of its (de)protonation. None of the other
imidazole resonances shifted appreciably over this pH range (Figure S9.A), indicating that their

pKa values remain below 4.

Fig. 5. Comparison of the inactive S165A (blue) and active S165 (red) LCC'CCC enzymes.
(A) Structural comparison of the catalytic triads in the crystal structures of both enzymes. (B)
'He!-BC#! spectra of both enzymes showing the downfield shift of the H242 cross peak in the

active enzyme.

To evaluate the importance of these pKa values for the catalytic process, we first monitored the
hydrolysis of BHET by the active LCC““C enzyme as a function of pH. The degenerate
aromatic signal of BHET was found to decrease over time (Figure S10.A). Time course curves
of the BHET signal intensity during this reaction at pH values ranging from 4 to 8 (Figure
S10.B) were fitted to obtain the pH dependence of the rate of hydrolysis. The optimum pH is
in the range of 6 to 8 with significant activity remaining over the whole pH range (67.5, 32.5

and 15% at pH 5, 4.5 and 4, respectively) (Figure 6.C). When plotting the protonation state of
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the catalytic histidine on this graph using the experimentally determined pKa value of 4.90, we
observe good agreement, suggesting that the protonation state of H242 can satisfactorily explain

the activity profile as a function of pH.

Because previous studies with lipases and/or cutinases hinted at different pH dependence of the
activity towards soluble or insoluble substrates (48), we also set up an experiment to follow the
degradation of PET powder in a pH dependent manner. This experiment requires a higher
temperature than the BHET hydrolysis (50°C in our experiment) (23), so we first measured the
pKa of the catalytic histidine H242 at this temperature. When fitting the chemical shifts in the
spectra between pH 8.0 and pH 4.0, we obtained a value of 4.70 + 0.04 for the pKa of the
catalytic H242 at 50 °C (Figure 6.B and S11), slightly lower as expected than its value at 30 °C
(49).

Fig. 6. LCC'CCG catalyzed hydrolysis of soluble and insoluble species as a function of pH.
(A) Zoom on the H242 'H#!-13C#! resonance at 30°C as a function of pH. (B) H242 'H¢! and
BCe! chemical shift values as a function of pH. The dots represent the experimental data. The
best fit towards the Henderson-Hasselbalch equation (line) gives a pKa value of 4.90 + 0.05.
(C) pH dependent rates of hydrolysis of BHET. Circles and triangles represent experimental
data points of two independent series. The dashed line corresponds to the H242 protonation
state based on the Henderson-Hasselbalch equation with the pKa fixed to the experimentally
determined value of 4.90. (D) Zoom on the H242 'H&'-13C#! resonance at 50°C as function of
pH. (E) 'H?! and ¥C#' chemical shift curves of H242 as a function of pH at 50°C. The dots
represent the experimental values and the line displays the best fit towards the Henderson-
Hasselbalch equation, yielding a pKa value of 4.70 + 0.05. (F) Hydrolysis of PET powder as
function of pH. Dots represent experimental initial velocities as a function of pH, whereas the

protonation/deprotonation curve of H242 at 50 °C is modeled as a dashed line with a pKa value

0f 4.70.

In the PET powder degradation experiment, the initial velocities cannot be modeled

satisfactorily with the above determined pKa value of 4.70, as we observe a steep pH
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dependence with a drop to half of the optimal efficacy at pH 8.0 already obtained at a pH value
of 6.5 (Figure 6.F). For the triolein film degradation by FsC, a similar steeper pH dependence
than that predicted by the pKa value of its catalytic histidine was previously described (48).
However, whereas in this latter study, a sizeable activity remained even at pH values inferior
by 1.5 units to the pKa of its catalytic H188, we found little to no catalytic activity of the
LCCS cutinase on the PET powder once below the pKa value of its catalytic H242.

Discussion

Serine proteases act mostly at neutral to slightly alkaline conditions (50). Different molecular
models for their activity include the charge-relay model (51) or a reaction-driven histidine ring
flip mechanism (52), but all require a neutral catalytic histidine in the resting state that can
accept the proton of the catalytic serine hydroxyl (Figure 1) (2, 46, 53). PETases, as part of the
larger family of serine hydrolases, equally function at an optimal pH value near or above 8§,
independently of whether they are isolated from natural organisms or further improved by

different engineering strategies (13, 15, 21, 25).

In order to better understand this pH dependence, we have characterized in the present study
the histidine residues of LCC“S, an optimized PETase (25). Based on the assignment of the
different nuclei of the six imidazole rings (Figure 2), we confirm the t tautomer for all
Histidines except the catalytic H242 (Figure 3). The n tautomeric state for the catalytic histidine
has been observed for all serine proteases acting on amide bonds (46, 54), and our analysis
shows that the LCC'““C PETase, with its activity towards ester bonds, is no exception.

Using the H®!/C?! resonances of the imidazole rings directly as a probe and not the chemical
shift values of the surrounding amide moieties that can combine the information of different
charge groups and thereby can yield an erroneous estimate (48, 55), we obtain a value of 4.79
for the pKa of H242 in the inactive LCC'““C-S165A enzyme (Figure 4) and values of 4.90 or
4.70 for the active enzyme at 30 °C and 50 °C, respectively (Figure 6). Already significantly
lower than the usual value of 6.5 for histidines in proteins, all 5 other histidines are characterized
by even lower pKa values with no visible shifts of their N®' resonance above pH 4.0 (Figure
4.A). Values below 2.3 have been reported for H24 in a folding intermediate of apomyoglobulin
(56), and values of 2.8 were measured for selected histidines in the immunophilins Cyclophilin
A and FKBP, where they were attributed to the positively charged surroundings (57). A charged

CICCG

environment could also be invoked for H218 in LC , which directly faces the ammonium
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group of the K194 side chain, for H291 surrounded by R290 and R271 or for H112 with R108
(Figure S12). H191, in contrast, has no obvious positive charges in its direct environment, but
burial of its imidazole group could influence its low pKa value (58).

Previous work with FsC had shown a good agreement between the pKa value of 5 obtained for
its catalytic H188 and its activity profile against a soluble substrate (48). The good concordance
that we find between the hydrolytic activity curve of LCC'“CY against BHET as a function of
pH and the protonation state of its H242 (Figure 6.C) underscores the functional relevance of
our NMR analysis of the histidines of LCC'““C. However, and in contrast with previous findings
that BHET degradation was suitable to estimate enzymatic surface hydrolysis of PET (59), the
activity curve as a function of pH with an insoluble substrate (here, PET powder) could not be
modeled by the same pKa value (Figure 6.F). This finding confirms the similar discrepancy that
was observed for the pH dependence of FsC degrading a triolein film (48). Surface acidification
resulting from carboxylic acids formed upon ester bond cleavage could lead to a substantial
lowering of pH at the polymer surface, both for the PET and for triolein solid surfaces. Such
polymer surface acidification could directly affect the protonation state of the catalytic histidine
and provide an explanation for the loss of enzymatic activityat pH 6.5, which is almost two
units above its determined pKa. The solid PET substrate depolymerization efficiency could also
depend on surface adsorption and desorption of the enzyme. These latter processes, with a high
affinity (60) and low off-rate (61) for LCC'““Y, could be influenced by pH.

In conclusion, we provide an extensive characterization of the different histidines of the
improved LCC'“C PETase. We show that all imidazole rings are in the T tautomer, except for
the catalytic H242 in the & tautomer. The presence of the catalytic Ser165 rather than an Alal65
in the inactive form does not influence the structure of the enzyme or of its active site, although
it affects selected resonances in a distinct manner. The pKa values for all histidines were below
4, with the exception of H242 for which we determined a pKa value of 4.90 at 30 °C and 4.70
at 50 °C in its active form. Whereas this pKa value allows satisfactory modeling of the pH
dependent hydrolysis of BHET as a soluble substrate, the pH dependent activity curve with
PET powder deviates in an important manner from the same model. Values of local pH
influenced by the generation of acidic functions during the degradation process hence have to

be considered.
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Figure Legends

Figure 1. Catalytic triad of the LCC'®CC PETase. Composed of Asp210, His242 and Ser165,
the three residues are essential for the hydrolase activity. The red arrow represents

schematically the attack of the Serine hydroxyl oxygen on the PET ester bond.

Figure 2. Connecting the "H?!-13C¢! resonances to the H-N imidazole signals in LCC'¢C6-
S165A. (A) HMQC spectrum with the histidine 'He!-'3C#! correlations. (B) Magnetization flow
in the original (39) (orange) and the modified (blue) pulse sequence. Both t and & tautomers
are shown for clarity. (C) Overlay of the 2D 'HN-13C planes extracted at the ’N#* frequency of
H112,H164,H191 and H291 (dark blue) and the N®' frequency of H242 (light blue). The inserts
show the line shape in the '>C dimension, with a singlet for all '3C#! nuclei, a doublet for the
13C%2 signals of the four T tautomers and a triplet for the *CY of H242. (D) Overlay of (red) a
'HN-I>N TROSY spectrum acquired with 16 scans and (grey) a best-TROSY (43) spectrum

acquired with 128 scans.

Figure 3. Identification of the tautomeric state of the histidines in LCC'CCG-S165A using
long range scalar couplings. (A) 'H?'->"N HMQC spectrum showing the signals of protonated
(160-176 ppm, top part of the panel) and non-protonated (240-260 ppm, bottom part of the
panel) >N nuclei. For imidazole rings in the t tautomeric state such as H218, we observe a
strong He'/N®! and a weaker H%!//N#? correlation (connected by a blue line). For H242 in the nt
tautomer state (red line), both '"H¢! and 'H% protons connect to the '°N#? resonance (insert, red
arrows), whereas only the H?! connects to the protonated N°! (insert, green arrow). (B) Assigned

'Hel.BCe! HMQC spectrum.

Figure 4. pH titration of the different imidazole H®!-C®! resonances in LCC'C“6-S165A.
(A) Long-range 'He'-SN spectra showing the expected upfield shift that accompanies
protonation of H242. (insert) For the cross peaks characterizing the imidazole rings of H112
and H191, we start observing an upfield shift when the pH reaches 4.5. The resonance of H164,
on the contrary, shifts downfield upon decreasing the pH, which cannot correspond to an
increase in its own protonation level. (B) 'H&'-13Ce! HMQC spectra acquired as a function of

pH. Only the resonance of the catalytic H242 shifts appreciably in both dimensions. (C) 'He!
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(blue) and *C?! (red) chemical shift values of the catalytic histidine (H242) plotted as a function
of pH. The dots represent experimental data whereas the solid lines correspond to the best fit to
the Henderson-Hasselbalch equation leading to a single pKa value of 4.79 + 0.04. For a

statistical analysis of the curve fit, see Figure S8 in the SI.

Figure 5. Comparison of the inactive S165A (blue) and active S165 (red) LCC'CCC
enzymes. (A) Structural comparison of the catalytic triads in the crystal structures of both
enzymes. (B) 'H?!-13C?! spectra of both enzymes showing the downfield shift of the H242 cross

peak in the active enzyme.

Figure 6. LCC'CCC catalyzed hydrolysis of soluble and insoluble species as a function of
pH. (A) Zoom on the H242 'H#!-13C?! resonance at 30°C as a function of pH. (B) H242 'H¢!
and '*C?' chemical shift values as a function of pH. The dots represent the experimental data.
The best fit towards the Henderson-Hasselbalch equation (line) gives a pKa value of 4.90 +
0.05. (C) pH dependent rates of hydrolysis of BHET. Circles and triangles represent
experimental data points of two independent series. The dashed line corresponds to the H242
protonation state based on the Henderson-Hasselbalch equation with the pKa fixed to the
experimentally determined value of 4.90. (D) Zoom on the H242 'H?!-13C?! resonance at 50°C
as function of pH. (E) 'H¢! and '*C?! chemical shift curves of H242 as a function of pH at 50°C.
The dots represent the experimental values and the line displays the best fit towards the
Henderson-Hasselbalch equation, yielding a pKa value of 4.70 = 0.05. (F) Hydrolysis of PET
powder as function of pH. Dots represent experimental initial velocities as a function of pH,
whereas the protonation/deprotonation curve of H242 at 50 °C is modeled as a dashed line with

a pKa value of 4.70.
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