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ARTICLE INFO ABSTRACT

L-Lactate dehydrogenase (LDH) is a model protein allowing to shed light on the fundamental molecular me-
chanisms that drive the acquisition, evolution and regulation of enzyme properties. In this study, we test the
hypothesis of a link between thermal stability of LDHs and their capacity against unfolding induced by reactive
oxygen species (ROS) generated by y-rays irradiation. By using circular dichroism spectroscopy, we analysed
that high thermal stability of a thermophilic LDH favours strong resistance against ROS-induced unfolding, in
contrast to its psychrophilic and mesophilic counterparts that are less resistant. We suggest that a protein’s
phenotype linking strong thermal stability and resistance against ROS damages would have been a selective
evolutionary advantage. We also find that the enzymatic activity of the thermophilic LDH that is strongly re-
sistant against ROS-unfolding is very sensitive to inactivation by irradiation. To address this counter-intuitive
observation, we combined mass spectrometry analyses and enzymatic activity measurements. We demonstrate
that the dramatic change on LDH activity was linked to remote chemical modifications away from the active site,
that change the equilibrium between low-affinity tense (T-inactive) and high-affinity relaxed (R-active) forms.
We found the T-inactive thermophilic enzyme obtained after irradiation can recover its LDH activity by addition
of the allosteric effector 1, 6 fructose bis phosphate.

We analyse our data within the general framework of allosteric regulation, which requires that an enzyme in
solution populates a large diversity of dynamically-interchanging conformations. Our work demonstrates that
the radiation-induced inactivation of an enzyme is controlled by its dynamical properties.
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Oxidative stress

1. Introduction environment was analyzed to be the consequence of important DNA
repair capacity, ROS detoxification mechanisms and accumulation of
protective solute such as trehalose (Ranawat and Rawat, 2017). In

contrast, the putative favorable relationship between thermal stability

Extreme environments such as temperature, pressure and radiation
or desiccation, salinity, pH and redox potential exert strong physical

and/or chemical constraints on organisms’ adaptation and fitness
(Rothschild and Mancinelli, 2001). With respect to high temperature,
the present-day habitats of (hyper) thermophilic microorganisms’ mi-
mics conditions encountered in primitive hot archaean oceans (Nisbet
and Sleep, 2001). At the cellular level, numerous studies show that
thermophilic organisms are capable to resist strong doses of ionizing
radiation (IR) (Ranawat and Rawat, 2017). When exposed to IR, cells
are damaged by direct and indirect effects. Most of the damages are
indirect and are induced by water radiolysis, which produces reactive
oxygen species (ROS). The capacity of cells to thrive in strong IR

of cell macromolecules (in particular proteins) and resistance to oxi-
dative stress resulting from irradiation is not documented.

Reactive oxygen species (ROS) are highly deleterious for cellular
macromolecules (nucleic acids, lipid, and proteins) leading to im-
portant cell damage. These ROS induce various kinds of damage to
biological macromolecules, such as DNA base modifications and strand
breakage, lipid peroxidation, protein oxidation and enzyme inactiva-
tion (For reviews see (Aruoma et al., 1991; Halliwell and Gutteridge,
1999; Houée-Levin and Bobrowski, 2013)). Proteins are strongly sen-
sitive to ROS attacks since they have a low reduction potential. One of

Abbreviations: AA, ammonium acetate; Cg LDH, LDH from Campylobacter gunnari; CS, Charge state; CSD, Charge state distribution; Dr LDH, LDH from Deinococcus
radiodurans; FBP, 1,6 fructose-bis phosphate; GdnHCl, Guanidine hydrochloride; IM, Ion mobility; LDH, L-Lactate dehydrogenase; MCO, metal catalyzed oxidation; Q
CCS, Collision cross section; ROS, Reactive Oxygen Species; Tt LDH, LDH from Thermus thermophiles; TWIM, Traveling wave ion mobility; Z, charge state
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the most common chemical mechanisms responsible for protein oxi-
dation in vivo relies on metal-catalyzed oxidation (MCO) mainly in-
duced by copper and iron ions. (For a recent review related to oxidative
stress processes see (Cheignon et al., 2018)). The most common che-
mical oxidant used to probe oxidative stress on proteins is hydrogen
peroxide (H,0,) in the presence or absence of metals. The nature of
oxidation products and location are usually documented using the
coupling of biochemical methods with mass spectrometry (Requena
et al., 2004; Wolschner et al., 2009). Unfortunately, experimental
conditions to produce MCO are often not biologically relevant. In ad-
dition, they do not reflect the dynamics and responsiveness of en-
zymatically produced ROS in vivo. In this context, it is possible to use a
%0Co y-radioactive source to generate selected ROS in controlled
amounts (Vogt, 1995). The fine tuning of the nature of the produced
ROS is achieved by controlling solution parameters (chemical compo-
sition of the solution, concentration of the various components, pH,
deoxygenation...) and their total amount by irradiation time (Alvarez
et al., 2010; Brun et al., 2010; Et Taouil et al., 2014; Kadlick et al.,
2004). Acting on these various parameters allows better mimicking in
vivo of oxidative stress conditions than MCO. ROS such as H,0,, su-
peroxide anion (O," ), singlet oxygen (*O,) and the hydroxyl radical (*
OH) are produced in oxidative-stress conditions and under exposure of
aqueous solutions to VUV, ultrasound, and ionizing radiation (von
Sonntag, 2008). The concentration of "‘OH in vivo might be in the range
of 1071° to 1072 mol.L. ™! for instantaneous ROS bursts, while cu-
mulative ROS concentrations could reach 10~ ° to 10~ * mol.L ™. They
react with most biological compounds on the ns time scale or faster (For
review see: (Aruoma et al., 2006; Bobrowski, 2017; Hardy et al., 2018;
Houée-Levin and Bobrowski, 2013; Kalyanaraman et al., 2018) and
references therein). Numerous studies based on the characterization of
individual oxidized proteins have shown that ROS alter their properties
either by cleavage of the peptide bonds, cross-linking between proto-
mers or by modification of side chain residues. (Reviewed by Cecarini
et al., (Cecarini et al., 2007) and Avery, (Avery, 2011))

In the present work we address the question of whether or not the
intrinsic stability of an enzyme prevents its ROS induced impairment.
This is an important issue, because if a positive correlation would exist,
this would have been one of the selective advantages allowing to cope
with harsh conditions occurring in primitive environments.

To achieve this goal, we compared the conformational stability and
enzymatic properties after exposure to ROS produced by v irradiation of
several lactate dehydrogenases (LDH) taken as model enzymes. L-
Lactate dehydrogenases (LDHs) (EC 1.1.1.27) are important enzymes
involved in energy metabolism. They have been purified from a variety
of organisms and their structures, function and evolution have been
analyzed in detail (Madern, 2002). LDHs are active tetramers of iden-
tical 30-35 kDa subunits. Most of the bacterial enzymes are allosteric
displaying homotropic activation by the pyruvate and heterotopic ac-
tivation by fructose 1,6-bisphosphate (FBP) (Taguchi, 2017). In con-
trast, eukaryotic LDHs are considered as non-allosteric.

We used LDHs from organisms (Champsocephalus gunnari (Cg), dei-
nococcus radiodurans (Dr) and thermus thermophilus (Tt)) living in dif-
ferent thermal environment considered as cold, mesophilic and ther-
mophilic, respectively. Their biochemical properties and -crystal
structures were described. The melting temperature (Ty;,2) of Cg LDH
is 50 °C, it is 60 °C for Dr LDH and 90 °C with Tt LDH (Coquelle et al.,
2007). The strong thermal stability of Tt LDH was analyzed to be the
consequence of a high number of ionic networks compared to its
counterpart. By disrupting some of these stabilizing interactions, using
site-directed mutagenesis the Ty - of the resulting mutant (Tt LDH-5
mut) was shifted downward by 20 °C (Colletier et al., 2012). This Tt
LDH mutant was also used in our investigation.

The effects of ROS were monitored by circular dichroism spectro-
scopy, mass spectrometry and enzymatic activity. In contrast to its
psychrophilic and mesophilic counterparts, for which deactivation and
unfolding are concomitant, Tt LDH is still folded even after exposure to
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high radiation doses, whereas it loses its activity at very low dose. Such
a discrepancy of ROS effects between orthologous enzymes demon-
strates that loss of activity and change in conformational stability
(unfolding) are not necessarily coupled.

To shed light on this peculiar phenomenon, we continued our in-
vestigations on Tt LDH by considering its allosteric properties. Indeed,
Tt LDH is considered as a good representative of allosteric LDHs
(Colletier et al., 2012; Coquelle et al., 2007; Taguchi, 2017). The native
tetrameric state has four catalytic sites and two FBP-binding sites. The
Tt LDH obey the allosteric transition according to the Monod-Wyman-
Changeux (MWC) model, where the active (R) and inactive (T) states of
the enzyme coexist in an allosteric equilibrium (pre-existing equili-
brium) independently of allosteric effectors. The effect of irradiation on
Tt LDH equilibrium was investigated using ion mobility mass spectro-
metry (IM-MS). IM-MS provides a measure of the average collision cross
section (CCS) of proteins. This parameter is related to the shape and
ionization state of proteins during their travel in the nitrogen gas buffer
of the mass spectrometer (Scarff et al., 2008). CCS variations of proteins
are strongly correlated to conformational changes observed using X-ray
crystallographic data (Jurneczko and Barran, 2011). We depict the Tt
LDH conformational landscape variation upon irradiation using a gra-
phical representation: Q = f(z) graphs, in which Q is the collisional
cross section (Q2 = CCS, f\z), and z the charge state (CS). In addition, we
show that enzymatic activity of the ROS-inactivated Tt LDH can be
restored by addition of the small allosteric effector FBP. We discuss the
implications of these findings in the light of the allosteric control of
LDH activity.

2. Materials and methods
2.1. Materials

Trypsin, GdnHCl and ammonium acetate were purchased from
Sigma Aldrich. TSK 3000 SW gel filtration column (1 x 300 mm) was
obtained from Interchim.

3. Methods
3.1. Protein purification

Purifications of LDHs from Campylobacter gunnari (Cg), Deinococcus
radiodurans (Dr) and of wild type and mutant Tt LDH were carried out
according to protocols described earlier (Colletier et al., 2012; Coquelle
et al., 2007).

3.2. Thermal denaturation

Several samples of each LDH species were diluted to a final con-
centration of 0.1 mg/ml in 50 mM Tris-HCIl, pH7 and incubated for
30 min at various constant temperatures. Eight different temperatures
were tested over a range from 20 to 95 °C. After thermal treatment, the
samples were then centrifuged to remove aggregates induced by un-
folding and their CD spectrum was recorded at 25 °C, on a Jobin Yvon
CD6 circular dichroism spectropolarimeter using a quartz cuvette with
a path-length of 0.1 cm. The spectra were recorded at 50 nm/min with a
bandwidth of 2.0 nm and an integration time of 6 sec, over the wave-
length range 190-260 nm. The fraction of folded enzyme was calcu-
lated using the pre- and post-transition baseline slope normalization of
CD values recorded at 222 nm (Coquelle et al., 2007).

3.3. Protein irradiation

All the LDHs tested, were dissolved to a final concentration of
0.1 mg/mL (0.8 uM) in 50 mM Tris-HCl pH 7. They were irradiated in
air atmosphere in the panoramic ®°Co y-source IL60PL (Cis-Bio
International (France)) at the University Paris-Sud (Orsay, France). The
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absorbed dose was determined by Fricke dosimetry (Spinks and Woods,
1990). The doses were comprised between 10 and 1500 Gy. Interaction
of ionizing radiations with water leads to the formation of free radicals
following equation (1):

H, O—= OH, H', ey

e Ha, H,Op, HY, OH™ (€D)]

In air atmosphere, H" and e,q are scavenged by oxygen leading to
the formation of superoxide ions or the acidic form HO, according to
equations (2) and (3):

€q + 0, - 05 2

-H+ 0, > HO, 3

Thus, the solutes can react with "OH and O,  ~ radicals (with re-
spective yields of 0.27 or 0.33 pmol/J). Their total amounts are pro-
portional to the dose, i.e. the total ['OH] delivered to the solution was
between 2.7 and 400 pM. The H,0, yield is lower (0.07 yumol J~1). In
the presence of Tris buffer, ‘'OH radicals can react either with the
protein or with the buffer, the latter reaction having a rate constant
ks = 1.510° mol "' L s ! as exemplified in equation (4):

Tris + -OH — Tris-(—H) + H,O (Hicks and Gebicki, 1986) 4

Tris does not react with superoxide ions.

Assuming the rate constants of the reaction of "OH radicals with the
proteins is Ks equal to 2 x 10'® mol ™' L s~ !, which is a low value for
proteins (NIST database), in air atmosphere the scavenging ratio of the
protein toward "OH radicals is equal to:

Ks[LDH] _ 210" x 31073 _
K4[Tris] 1.5 10° X 0.05

Hence, the percentage of "OH radicals reacting with the protein is
equal to 44% (or higher than this value if ks is larger). Reaction (4)
produces carbon-centered radicals that are usually poorly reactive to-
ward proteins. In our case the use of phosphate buffer (which reacts
more slowly with "OH radicals and thus scavenges very few "OH radi-
cals) was not possible. Indeed, as it has been found with certain LDHs
(Feldman-Salit et al., 2013), we observed that phosphate buffer has a
very strong activating effect on enzymatic activity, suggesting it favors
the T active state of Tt LDH, a phenomenon which would have pre-
vented the effect of "OH radicals on the R-inactive state as presented
below. The measurements were carried out in triplicate at 20 °C. Some
aliquots of each LDH were tested before and after irradiation using the
standard enzymatic assay.

For samples prepared for mass spectrometry experiments Tt LDH
concentration was 90 uM in Tris-HCl 50 mM, pH 7. Oxygen was re-
moved by bubbling N,O in the solution. The presence of N,O yields a
higher "OH production (Hicks and Gebicki, 1986). Samples were irra-
diated during time intervals corresponding to 100, 200 and 350 Gy
(that corresponds to the total production of 54, 108 and 189 uM of ‘OH
radicals in these conditions) and separated in size-exclusion chroma-
tography (SEC).

3.4. Enzymatic assays

The assay was performed at 30°, 45 °C and 70 °C with Cg, Dr and Tt
LDH, respectively. These temperatures were chosen below their ap-
parent optimum temperature as previously determined (Coquelle et al.,
2007). At high temperature, data were corrected for thermal instability
of pyruvate and NADH. The standard assay mixture of 1.0 ml contained
0.2 mM NADH, 0.6 mM pyruvate and 50 mM Tris-HCl pH 7. The re-
action was started by the addition of the enzyme solution and LDH
activity was immediately followed during 20 sec by monitoring the
decrease of NADH absorbance (A) at 340 nm in a Beckman DU 7400
spectrophotometer.

Journal of Structural Biology xxx (xxxx) XxxX

3.5. Residual activity measurements

After irradiation, equivalent aliquots of the various LDHs under
investigations were tested in the standard enzymatic assay. Then, the
dA/dt values were recorded. To assess the effect of FBP on Tt LDH ac-
tivity before and after irradiation, the measurements were performed
both in the standard assay (without FBP) and in the standard assay
supplemented with 0.5 mM FBP. The values were expressed in per-
centage by comparison with those recorded on untreated enzymes.
Such a method allows comparing directly the effects of different
treatments on activity.

3.6. Size-exclusion chromatography (SEC) coupled to mass spectrometry
MS)

SEC-MS coupling was set up using a TSK 3000 SW gel filtration
column (Interchim, 1 X 300 mm). Elution buffer was 20 mM ammo-
nium acetate, pH 7, infused at 0.02 ml/min flow rate and directly in-
jected in the electrospray ionization source. Ten pl of standard and ir-
radiated protein solution initially at 100 pM concentration were loaded
on the SEC column.

3.7. Tryptic digestion

For digestion, 10 pL of each LDH sample (irradiated and non-irra-
diated control) were added to 100 pL of 100 mM ammonium acetate,
pH 7, containing 20% acetonitrile and 1 M Gdn-HCL. To this solution
10 L of trypsin at 1 pg/uL (E/S = 1/3) was added and LDH samples
were digested overnight at 37 °C. Note that under standard conditions
using various ratio between trypsin and the target protein (1,/200 to 1/
50 and without Gdn-HCI, nor acetonitrile) no digestion was observed.

3.8. Mass spectrometry analyses

Mass spectrometry experiments were performed on a QToF instru-
ment (Synapt G2-Si, Waters Company, Manchester, UK). Acquisition of
mass spectra was carried out over the m/z 500 to 14,000 range and
analyzed in the positive ion mode under native conditions. For native
experiments, instrumental and hardware parameters were optimized to
reach the best average signal-to-noise ratio, while preserving intact
quaternary and tertiary structures. In the meantime, ion mobility data
were also recorded with the view to obtain qualitative and quantitative
conformational information on irradiated proteins. Parameters are re-
ported in supplementary material. For tryptic peptides analyses, 10 pL
of digested samples were injected on a C18 reverse phase column
(Acquity UPLC BEH C18 1.7 pum, 2.1x50 mm, Waters) and separated
using a linear gradient from 5 to 50% acetonitrile in 8 min, and from 50
to 100% in 1 min, using a flow rate of 0.6 ml/min. Acquisition of mass
spectra was carried out over the m/z 500 to 3500 range and in the
positive ion mode. For tandem mass spectrometry (MSMS) experiments,
data were recorded automatically using the DDA mode (Data Depen-
dent Analysis), using or not an inclusion mass list for tandem mass
spectrometry analyses of selected peptides proposed to contain che-
mical modifications promoted by vy-irradiation.

3.9. Analysis of ion mobility data

After recording ion mobility data, we searched for a way to merge
the information obtained from ion mobility experiments (conforma-
tional profile and relative abundances of conformers) with information
known on the protein (e.g. molecular weight) under study. To that
purpose the peak detection procedure of Driftscope™, that extracts all
information related to the full experiment, using a resolution of 2000
and a signal threshold detection of 2000 counts, was used to generate a
raw data file (Apex3D.csv file) containing all information (e.g. m/z, t,,
intensities and collisional cross sections (CCS, €2)) of the peaks
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identified in the experiment. Then a custom-made script allowed ex-
tracting information only related to the protein of interest by entering
its average molecular mass, the m/z accuracy and limits of the charge
states distribution based on the information extracted from MassLynx™.
In the resulting plots (2 = f (z)) one can clearly observe that some
charge states seem related to other neighboring charge states forming
series of points that we will denote as conformer families and linked
using a curve (see Fig. 5). Note that CCS reflect the accessible surface
(A?) of the protein to the neutral gas in the ion mobility cell. In this
display mode, we intend to convey that a single solution-phase con-
formation is expected to lead to a gas phase charge state distribution
with CCS that should be closely related, and with a progression in CCS
related to an increase in volume due to increased coulombic repulsion
as charge states increase (see for instance (Beveridge et al., 2014)). This
term is not very accurate as one could expect that several conformations
might be present in a single conformer family. Calibration of TWIM
based systems to provide absolute collision cross section for proteins is
still an issue (Bush et al., 2012; Salbo et al., 2012; Sun et al., 2016) and
this article does not aim to resolve it. Since no external data are
available that would require absolute collisional cross section de-
termination, the focus of this article is mostly on the changes observed
in the measured collisional cross-sections. This procedure is detailed in
the following reference (Van der Rest et al., 2017).

3.10. Miscellaneous

Calculation of protein solvent accessible surface was done using
ERAIMOL (http://www.ccp4.ac.uk). The in house script for MS data
analysis is accessible using https://github.com/guillaume-van-der-rest/
PickApex3D.

4. Results

Effect of free radical doses on the conformational stability of
LDH isolated from various thermally adapted organisms. According
to numerous studies on hyperthermophilic proteins, their conforma-
tional stability against thermal unfolding correlates with their ability to
compete against unfolding induced by high concentration of chemical
denaturants (Luke et al., 2007). We extend this correlation and hy-
pothesize that the conformational stabilities of proteins correlate with
their resistance against deleterious effects of ROS. To achieve this goal,
we used water radiolysis to produce ROS and selected "OH radicals as
the main reactive species using the well-established method of chemical
scavengers (Spinks and Woods, 1990).

To test our hypothesis, we monitored the change in circular di-
chroism spectra as a function of the irradiation dose using a hy-
perthermophilic LDH from Thermus thermophilus (Tt LDH), a mesophilic
LDH from Deinococcus radiodurans (Dr LDH) and a psychrophilic LDH
from Campylobacter gunnari (Cg LDH). Their purification, thermal sta-
bilization properties and crystal structure have been described earlier
(Hardy et al., 2018). The thermal stability is lowest for Cg LDH and
highest for Tt LDH (Coquelle et al., 2007). For all the enzymes tested
here, the shape of the spectrum before irradiation, displays both strong
negative amplitude at 222 nm and strong positive amplitude around
195 nm, which reflects a typical folded protein (Fig. 1). In panel A, all
spectra are superimposable showing that Tt LDH fold is not impacted by
irradiation up to a dose of 2000 Gy. We noticed that Tt LDH was
completely unfolded after irradiation with 4000 Gy (ca. 2.4 mM "OH)
(not shown). In panel B, the data show that Dr LDH is strongly sensitive
to irradiation. The spectra recorded after irradiation at 200 and 500 Gy
show strong changes in molar ellipticity values that are typical for those
observed for unfolded proteins. In panel C, Cg LDH spectra indicate that
the enzyme is still folded after irradiation at 232 Gy. At 1400 Gy the
enzyme is unfolded.

'In the framework of our hypothesis, a thermo-sensitive Tt LDH
mutant would be unfolded under irradiation at lower dose compared to
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the wild type enzyme. In a previous work, we designed a Tt LDH mutant
(5-Mut Tt LDH) in which several salt-bridges networks were disrupted
(Colletier et al., 2012). This mutant displays a thermal unfolding
transition lowered by 20 °C compared to the Wt Tt LDH (Colletier et al.,
2012). As expected, the unfolding transition curve of the mutant,
monitored by CD spectroscopy, is shifted toward lower dose (Fig. 1d)
demonstrating that the deleterious effect of ROS on the Tt LDH struc-
ture depends on its intrinsic conformational stability.

Our data show that the hyperthermophilic Tt LDH is more resistant
against ROS induced unfolding that its mesophilic and psychrophilic
counterparts. With the mesophilic and psychrophilic LDHs, it is difficult
to identify a noticeable difference in the ROS unfolding effect. Taken
together, the data rather suggest a threshold effect on stability rather
than a gradual effect.

Effect of 'OH free radicals on LDH enzymatic activity as a
function of absorbed dose. In a second set of experiments, we ana-
lyzed the effect of irradiation dose on Tt, Dr and Cg LDHs by using
residual activity measurements as shown in Fig. 2. The enzymatic ac-
tivity of Tt LDH decreases even when irradiated at a dose as low as
20 Gy (ca. 1.2 uM) and is completely inactive after irradiation at doses
of 150 Gy and above. The dose at which 50% of the enzyme was de-
activated is Dsg = 55 Gy. The mesophilic Dr LDH started to deactivate
at 80 Gy and is completely inactivated after having absorbed 250 Gy.
The psychrophilic Cg LDH has a very similar overall deactivation profile
than Dr LDH, with similar Dsq values of 150 Gy. In contrast to our CD
experiments, which demonstrated that the hyperthermophilic Tt LDH
was the most stable enzyme, we found that Tt LDH deactivates at lower
irradiation doses than the other LDHs. In order to understand this
phenomenon, we focused our work on Tt LDH.

Thermal stability of irradiated Tt LDH. Since the enzymatic ac-
tivity of the wild-type Tt LDH after irradiation was assessed at 70 °C
(Fig. 2), we cannot exclude that the observed inactivation resulted from
thermal unfolding of the irradiated enzyme. To test this possibility, we
monitored the thermal stability of Tt LDH before and after irradiation at
100 Gy using CD spectroscopy. CD spectra of non-irradiated Tt LDH
recorded after incubation at various temperatures are typical of a folded
protein, in the entire temperature range examined (50-95 °C; Fig. 3a).
To the contrary, CD spectra of the irradiated enzyme indicate pro-
gressive unfolding at temperatures above 80 °C (Fig. 3b). Consequently,
the data showing Tt LDH is still folded at 70 °C after irradiation; in-
dicate that the loss of activity is not due to unfolding.

Identification of damaged area by ROS attack in Tt LDH. In view
of determining the extent of Tt LDH chemical modifications after irra-
diation with 100 and 200 Gy, Tt LDH tetramers were digested by
trypsin and peptides analyzed by LC-MS and LC-MSMS. Data scrutiny
allowed extracting m/z ions that were thought to belong to modified
peptides. This list was used to find modified tryptic peptides according
to the following criteria: i) matching peptides must be a true tryptic
peptide including or not miss-cleavages; ii) the putative modified
peptide must not be observed in the control experiment; iii) mass in-
crement measured must match with known chemical modifications; iv)
peptides must contain the targeted amino-acids that were proposed to
be modified. This is exemplified with the detection of a + 4 Da mass
increment (kynurenine) that would be confirmed only if a tryptophan
residue were present in the sequence. Modified peptides are reported in
Table 1. These peptides correspond to: i) 125-150, 125-170 and
319-332 peptides that were found to bear oxidations; ii) and regions
130-170, 171-180, 260-293 and 263-293 that were carbonylated on
isoleucine, leucine, valine and/or proline residues. Numbering of pep-
tide regions was done according to “structural” sequence numbering
defined in (Coquelle et al., 2007). All chemical modifications are in
agreement with published work on hydroxyl radical mediated

! Please, check that in all the figures legend “Tt LDH” should be written with
Tt in italics.
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Fig. 1. Effect of irradiation on the circular dichroism
spectra of various LDHs. (A) Tt LDH CD spectra re-
B corded before (black triangles) and after irradiation
at 250 (light grey triangles) and 2000 Gy (white tri-
angles). (B) Dr LDH spectra recorded before (black
triangles) and at 100 (dark grey triangles), 200 (light
grey triangles) and 500 Gy (white triangles). (C) Cg
LDH CD spectra recorded before (black triangles) and
Tah 0L after irradiation at 93 (dark grey triangles), 232
(light grey triangles) and 1400 Gy (white triangles).
(D) 5-Mut Tt LDH CD spectra recorded before (black
triangles) and after irradiation at 200 (dark grey tri-
angles), 500 (light grey triangles) and 2000 Gy
(white triangles).
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Fig. 2. Residual activity measurement of various LDH after gamma irradiation
in solution. The data are normalized with respect to the activity prior to irra-
diation. Tt LDH (diamonds), Dr LDH (circles), Cg LDH (triangles). Note that
assays in triplicate were carried out at 30°, 45 °C and 70 °C for Cg, Dr and Tt
LDH, respectively (see materials-and-methods section for details).

modifications on proteins (Xu and Chance, 2007). All the sequences of
the modified peptides were confirmed with identification of a sequence
tag by recording MSMS spectra. However, it is obvious that mass in-
crements can cover a plurality of chemical modifications in low
amounts that were not identified here thus rendering the location of

chemical modifications difficult. The T-inactive (2V6M) and R-active
(2V7P) structures of Tt LDH were solved allowing the description of
conformational changes observable upon substrate binding and re-
sidues involved in catalysis (Coquelle et al., 2007). The damaged areas
were then analyzed with respect to this structural information.

Tt LDH loss of enzymatic activity is not due to direct damage to
active-site residues. The chemical reaction catalyzed by LDHs is well
documented; it involves the direct transfer of a hydride ion from C4 of
the reduced nicotinamide group of NADH to C2 of pyruvate accom-
panied by the protonation of pyruvate’s keto oxygen, the proton being
supplied by His195 (Iwata and Ohta, 1993; Coquelle et al., 2007;
Taguchi, 2017). The crystal structures of bacterial LDHs corresponding
to the active (R) state have been determined in the presence of the
substrate analog oxamate (Iwata and Ohta, 1993; Coquelle et al., 2007;
Taguchi, 2017). They revealed interactions between important residues
in the catalytic site and the substrate (Fig. 4c). In particular, the role of
two arginine residues (R109 and R171) that contribute to anchor the
substrate analog through a hydrogen bond and a salt bridge, respec-
tively, has been highlighted. Other important residues are D168 that
contributes to polarizing the catalytic H195, and the T245 side chain
that maintains oxamate in a favorable geometry for catalysis. Upon
catalysis, a mobile surface loop closes over the catalytic site promoting
water expulsion from the site (not shown). In this mobile loop, Q102
plays an important role in substrate discrimination. None of these re-
sidues (Q102, R109, D168, R171, H195 and T245) are located on the
ROS modified peptides identified by our mass spectrometry experi-
ments, thus strongly suggesting the change in enzymatic activity is due
to chemical modification other than in the active site.

ROS shift the Tt LDH equilibrium towards the T-inactive state.
Enzymatic properties of allosteric LDHs, such as Tt LDH, obey the MWC
model of allostery (Monod et al., 1965) in which low substrate affinity
(T-) and high substrate affinity (R-) states are in equilibrium. In solu-
tion, the enzyme mainly samples the T-inactive state, whereas the R-
state is favored either when the substrate FBP is present, or at high
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peptides are far away from the active site and are not considered to be
of major importance to explain radiation-inactivation via ROS. Two
other peptides are sensitive to chemical modifications. Their location
within the structure is analyzed in detail, below. The peptide in grey
(residues 57-76) corresponds to helix aC of monomer B (Fig. 4b and
4c). In the T-inactive state, the side chain of H68 in monomer B is in a
position that prevents the side chain of R171 from accessing the active
site and adopting a conformation favorable for substrate-binding
(Colletier et al., 2012). The peptide in orange (residues 171-180) is
involved in the local structural rearrangements of helix a2F that occurs
between the T-and R-states. In the T-inactive state, helix a2F is in a
position that favors the side chain of R171 being located outside the
catalytic site (Colletier et al., 2012). In the R-active state, there is a
rotation of the subunits that induce some helix sliding within the
structure (Colletier et al., 2012). In particular, there is a relative angular
displacement by 15° of helix a2F, which allows the lateral chain of
R171 to protrude within the catalytic site (Colletier et al., 2012). This is
illustrated by comparing (Fig. 4b and 4c). We propose that the chemical
modifications (mainly oxidation and carbonylation) of these two pep-
tides (grey and orange) prevented the Tt LDH capacity to sample its
active state by strongly favoring the T-inactive state, even at a tem-
perature of 70 °C.

Radiation-inactivated Tt LDH can be reactivated. As it is the case
with allosteric LDHs, enzymatic activity of Tt LDH is sensitive to het-
erotropic activation by FBP (Colletier et al., 2012). We tested therefore
whether or not the capacity of Tt LDH to be activated by FBP was
conserved after irradiation. Recall the irradiation was done in absence
of FBP and correspond to the irradiation of Tt LDH in its apo state. The
residual activity measurements indicate that irradiated Tt LDH, which
was inactive after irradiation when measured at 70 °C without FBP in
the assay, was strongly active when the assay was performed in the
presence of FBP (compare values at 150 Gy in Table 2). We then
decided to explore if the reactivation effect of FBP was also efficient
even after irradiation at higher doses. We used a slightly different
protocol for the activity measurement. The results are presented in
Fig. 5. The Tt LDH was irradiated at various doses at 20 °C and several
identical aliquots of each sample were monitored, at various substrate
concentrations in the presence or in the absence of FBP. As expected,
the non-irradiated enzyme is active (left panel, triangle), and the irra-
diated samples (left panel, crosses and square) are inactive when the
assay is carried out at 70 °C in the presence of pyruvate and NADH. In
sharp contrast, the irradiated Tt LDH is still strongly active in the pre-
sence of FBP up to a dose of 500 Gy (right panel, crosses and square).
Above this dose the enzyme is irreversibly inactivated.

Table 1

Location of modified LDH regions. Summary of the identification of chemically modified peptides by irradiation according to structural amino-acid nomenclature.
Modified peptides identified at 100 Gy dose Peptide sequence range Am (Da) Chemical modifications Misscleavage
Sequences start end
\TLEAAPEAVLLVATNPVDVMTQVAYR 125 150 16 mono oxidation 0
\TLEAAPEA\TLLVATNPVDVMTQVAYRLSGLPPGRVVGSGTILDTAR 125 170 16/32 mono/di oxidation 2
PEA\TLLVATNPVDVMTQVAYRLSGLPPGRV\TGSGTILDTAR 130 170 14 LLV,P carbonyl 2%
FRALLAEYLR 171 180 28 LLV,P carbonyl x 2 1
LVRAILTDEKGVYTVSAFTPEVEG\TLEVSLSLPR 260 293 28 LLV,P carbonyl x 2 2
AILTDEKGVYTVSAFTPEVEGVLEVSLSLPR 263 293 14 LLV,P carbonyl
SAEILKEAAFALGF 319 332 16 mono oxidation 1*

temperature in the absence of FBP (Colletier et al., 2012; Coquelle
et al., 2007). The comparison between the catalytic sites in either R- or
T-states (Fig. 4b, 4c) shows that residues Q102, R109 and R102 occupy
different positions. In the T-inactive state (Fig. 4c), the side chain of the
main substrate binding residue R171 is oriented away from the catalytic
site. The peptides identified by mass spectrometry as being impacted by
ROS are highlighted in the 3D structure in different colors (Fig. 4). Two

Detection, characterization and quantification of ROS-induced
changes in Tt LDH’s conformational landscape. Each sample of non-
irradiated and irradiated Tt LDH was injected in a size-exclusion
chromatography column coupled to an ion mobility (IMS) mass spec-
trometer (MS) (SEC-IMS-MS). The mass spectrum indicated that non-
irradiated LDH is present as a tetramer with an experimental molecular
weight of 131 414 + 200 Da; close to the expected molecular weight
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Fig. 4. Cartoon drawing of the Tt LDH tetramer with irradiated area indicated. (A) Whole Tt LDH tetramer in the inactive (T) state (PDB entry code 2V6M). The
tryptic peptides impacted by ROS are colored in grey, deep olive, sand and orange for regions (57-76), (125-170), (130-180), (260-293) as well as peptide 319-332.
(B) Close-up view of the active site in monomer A with a small part of monomer B (helix aC). This panel corresponds to the R-active state of the enzyme (PDB entry
code 2V7P). The substrate analog oxamate (in orange) is anchored between Q102, T245 and R171. NADH is omitted. Residues that contributes to the FBP-binding
sites i.e. R173, H188 and Y190 are also indicated. (C) Equivalent close-up view of the inactive T-state (PDB entry code 2V6M). The mobile loop which covers the
catalytic site is in an open position in the inactive (T) state and therefore cannot be seen in the figure. Consequently, Q102 is far away from the position it occupies in

the active (R) state.

Table 2
FBP activity recovery. Residual activity measurement showing the FBP effect on
activity for irradiated and non-irradiated samples of Tt LDH.

% of residual activity (no FBP
in the assay)

% of residual activity (with FBP
in the assay)

Tt LDH 0 Gy 100 100
Tt LDH 150 Gy 0 100

(131 180 Da, A = 234 Da). The mass difference could be assigned to the
unspecific binding of Tris, which is present in the solution used during
irradiation (Table S1 and Fig. S1). The non-irradiated and irradiated Tt
LDH tetramer is represented by a charge state distribution (CSD)
spanning from +21 to +26 (Fig. S1). After irradiation, the data showed

that the molecular weight of the tetramer increased with irradiation
doses (Table S1), thus demonstrating that free radicals promote gradual
chemical modifications.

To describe the structural effect of hydroxyl radicals on Tt LDH
conformational landscape, we drawn: Q = f(z) graphs, in which Q is the
collisional cross section (2 = CCS, AZ), and z the charge state (CS) (Van
der Rest et al., 2017). These plots were drawn for each irradiation dose
and compared to the one corresponding to the non-irradiated enzyme
(Fig. 6). Notably collisional cross sections (CCS) do not necessarily re-
flect solution structure of the various conformers, which are sampled by
Tt LDH in solution, nor the intensity ratios of these conformers, since
data are recorded in the gas phase. Nonetheless, we can assess that
colored dots (Fig. 6), reflect the relative intensities of conformers and
satellite conformers (lower intensity) for a given charge state between
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Fig. 5. Effect of the allosteric effector (FBP) on the residual activity measurement of the irradiated Tt LDH. The data were recorded at various pyruvate concentration.
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(crosses), 504 Gy (square) and 750 Gy (circle).

control and irradiated samples. To conclude, Q = f(z) graphs (qualita-
tive description) and relative intensity ratios (quantitative description)
allowed describing the result of irradiated samples in terms of structural
properties. As observed on the Q = f(z) graphs (Fig. 6), Tt LDH is at
least represented by two conformers (CF1 and CF2), having decreased
collisional cross sections with increasing charge states (collapse of the
structure). Conformers CF2 being more compact than CF1 accordingly
to its lower CCS value whatever the charge state. In average, these two
conformers differ in size by 9% (resolution of 3% CCS change). The
yellow dots in Fig. 6 were considered as not relevant (chemical noise).
At first glance, it seems that, whatever the irradiation dose, no change
appears in collisional cross section values for both conformers (CF1 and
CF2). This would be due to the low resolution of these graphs that does
not allow distinguishing CCS changes of low amplitude that might be
significant. To investigate whether CCS changes occurred after irra-
diation with respect to the control sample we zoomed on each cloud of
dots for each charge state. The results for two charges states (CS + 23
and +24) is given in Fig. 6. In this case, the satellite dots observable for
each conformers CF1 and CF2 associated with both CS indicate CF1 and
CF2 are themselves populated by discrete conformers. We calculated
CCS differences between control and irradiated samples for each CS
(Table S2), the results confirm that there are no significant changes
induced by irradiation.

5. Discussion

Our aim was to analyze the effect of ROS produced by gamma ir-
radiation on conformational stability and activity of enzymes adapted
to a wide range of temperatures using LDH as a model. Under our ex-
perimental conditions, hydroxyl radicals were the main reactive oxygen
species responsible for the change of LDH properties.

As a result, from CD spectroscopy measurements, we found i) that
all the three wild-type LDHs (Cg, Dr and Tt) are still folded after having
absorbed 100 Gy, i.e. ca. 62 uM OH radicals and ii) that at irradiation
doses higher than 250 Gy the mesophilic and psychrophilic enzymes
start to unfold, whereas Tt LDH remains folded. Recall that irradiations
were performed at 25 °C. Taken together, our data show that the hy-
perthermophilic LDH displays a peculiar response to ROS, different
from the two other LDHs. We also found that the most thermostable

enzyme (Tt LDH) is the most sensitive to inactivation as monitored by
residual activity measurements. These data allowed us to form two
hypotheses. The first concerns the existence of a link between protein
resistance against ROS-induced unfolding and thermal stability and the

second one proposes that the loss of activity and unfolding by ROS are

uncoupled.

Numerous studies have demonstrated that the high thermal stability

observed with hyperthermophilic proteins is the consequence of a

strong increase of complex salt bridges in their structure compared to

their mesophilic and psychrophilic counterparts (Bagautdinov and

Yutani, 2011; Ban et al., 2019; Kalimeri et al., 2014; Karshikoff and
Ladenstein, 2001). Such a relationship also holds with the wild type Tt
LDH, which has a higher number of ionic interactions compared to Dr
and Cg LDHs. In Tt LDH, these additional electrostatic interactions are
mainly found at the interfaces between monomers that make the tet-
rameric architecture (Colletier et al., 2012). In a previous study, we
lowered by 20 °C the melting temperature of Tt LDH by disrupting these
ionic networks using site-direct mutagenesis (Spinks and Woods, 1990).
The fact that, the resulting Tt LDH mutant was found more susceptible
to ROS-induced unfolding than the wild type enzyme lends support to
the first hypothesis. However, because of the relationship between Cg
and Dr LDH with respect to ROS unfolding was tenuous, we propose
that the capacity to resist to this kind of unfolding is rather a threshold
effect than a gradual one.

The positive correlation between the capacity to resist against ROS
damage and thermal stability helps to address the question of the ex-
istence of a specific behavior of enzymes isolated from Deinococcus
radiodurans. Indeed, this bacterial species that is one of the most re-
sistant species to irradiation has been subjected to numerous in-
vestigations. These studies have shown the mechanism of resistance is
induced by the high capacity of D. radiodurans to restore its genomic
content and DNA integrity (Krisko and Radman, 2013; Spinks and
Woods, 1990). Our data show the Dr LDH is very sensitive to ROS da-
mage, demonstrating that there is no specific protein resistance selected
by beneficial mutations in the coding sequence to compete against
deleterious effects of irradiation. Nevertheless, we postulate that if
there were a positive correlation between high thermal stability and
resistance to ionizing radiation such a phenotype would have been fa-
vorable (a selective advantage) to maintain protein integrity in
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Fig. 6. Effect of irradiation on conformational landscape. Q = f(z) plots (CCS = Q = collisional cross section) of the LDH tetramer under “native” conditions for
control (panel A) and irradiated samples (panels B, C and D). Grouping of similar conformers families across the different charge states is labelled CF1 and CF2.

conditions of Earth’s primitive environment in which ionizing radiation
and radioactivity were stronger than today (Lunine, 2006). Additional
experiments including resurrected ancestral proteins using a set of
different enzymes would be interesting to investigate how this putative
phenotype has evolved (Garcia and Kacar, 2019).

This part of the discussion addresses the second hypothesis by
showing that inactivation and unfolding can be uncoupled phenomena.
We found Tt LDH was very sensitive to inactivation even at low irra-
diation dose. CD spectroscopy demonstrated it was not caused by un-
folding, and mass spectrometry experiments showed that the active site
residues were not modified. Several studies suggested the most sensitive
enzymes to ROS inactivation are those in which cysteine residues par-
ticipate in the -catalytic site (Buchanan and Armstrong, 1976;
Chakraborty et al., 2018; Machado et al., 2017; Yan et al., 2013). Be-
cause the primary sequence of Tt LDH indicates, there is no cysteine
residue such explanation is not relevant. We continued our analysis on
Tt LDH by using native mass spectroscopy, because it is an appropriate
method to probe the dynamical properties of proteins without apparent
bias towards a folded structure (Heck, 2008; McCullough et al., 2008).
The resulting charge states (CS) and collisional cross sections (CCS)
distributions showed that the Tt LDH conformational landscape was
mainly populated by two conformers that differ by 10% in buffered gas
accessible surface (CCS Az). Native MS was demonstrated to be com-
plementary to crystallographic studies to describe conformational

changes of allosteric proteins (Beveridge et al., 2016). Therefore, we
calculated the solvent accessible surfaces, based on crystallographic
structures, for both the T-inactive (2V6M) and R-active (2V7P) states of
Tt LDH giving values of 1324 A2 and 1131 A2 respectively. The dif-
ference of 15% between the solvent accessible surfaces of the two
structures agrees with the difference of 9% between the CCS of main
conformers of Tt LDH as detected in gas phase by MS. Consequently, we
can reasonably hypothesize that apo Tt LDH before irradiation is de-
scribed by an equilibrium between a conformer (CF1) corresponding to
the T-inactive state and another one, also inactive (CF2) which refers to
the compact R-active state. The latter is tagged as “R-like” T-inactive
(Fig. 7). Each conformer was shown to be populated by a multiplicity of
discrete conformational sub-states that interconvert on fast time scales,
as detected by our experiments. Assuming that 100% of the Tt LDH
tetramer is chemically modified after irradiation, all these conformers
present in solution corresponds to an ensemble of inactive forms that
are not able to reach the “true” R-active state by homotropic activation
at high temperature. It is now well accepted that allosteric regulation of
enzymes is the result of a large spectrum of dynamical and conforma-
tional diversities (Motlagh et al., 2014; Xu and Chance, 2007). In this
framework, all the conformers of an enzyme are populated with respect
to their energies. Any modification such as temperature, solvent prop-
erties, mutations, allosteric ligand binding etc., will therefore resample
the energetic and conformational landscape of an allosteric enzyme. In
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Fig. 7. Concluding scheme of the allostery mechanism in Tt LDH with respect to oxidative stress. The scheme depicts the equilibrium between the T-and R-states of Tt
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the equilibrium toward the R-active compact tetrameric state and favors R171 to enter the catalytic site. After irradiation, T-conformers are chemically modified

(small orange squares), preventing activation by high temperature.

line with this assumption, our study unveiled the existence of “frozen”
inactive conformers induced by chemical modifications, which are
slightly different from those described by crystallographic studies. In
agreement with the concept of structural diversity we showed in a
previous study, using crystallography and molecular dynamics simu-
lations on Tt LDH mutants, that the enzyme can adopt local inter-
mediate conformations in between the T-inactive and R-active states
(Colletier et al., 2012). It was analyzed that the interface between
monomers A and B delineates a tunnel in which the side chain of R171
should slide during the reorganization from the T-inactive to the R-
active state. During the reorganization, the neighboring residues R171
and H68 from helix aC of monomer B displayed coordinated side chain
movements (Colletier et al., 2012). Calculations showed there is a local
high-energy barrier which should be jumped to favor the R171 side
chain in the R-state (Colletier et al., 2012). Analysis of Tt LDH structure
has revealed that helix a2F is a hinge region, which undergoes a con-
formational reorganization upon catalysis. We can reasonably propose
that the ROS modifications, which target amino acids located on helix
a2F and those, which modified H68 on helix aC have induced un-
favorable steric hindrances. Consequently, these contacts have in-
creased the population of conformers with a higher energy barrier than
with the non-irradiated enzyme. A situation that prevents the popula-
tions of T-inactive and “R-like” inactive states to reach the R-state
(Fig. 7).

Heterotrophic activation of allosteric LDH by FBP is well described
(Iwata and Ohta, 1993; Taguchi, 2017). It implies the binding of two
FBP molecules between subunits of the tetramer. In all allosteric LDHs,
residues involved in the FBP binding site i.e. R173, H188 and Y190 are
strictly conserved (Iwata and Ohta, 1993; Madern, 2002; Taguchi,
2017). These residues are shown in sticks in Fig. 4. FBP binding triggers
sliding of a helix between subunits, inducing a 180° rotation of the
substrate-binding residue R171 within the catalytic site; a structural

10

reorganization that is specific of the R- active state of LDH. We estab-
lished that after irradiation, even if all Tt LDH conformers are “frozen”
in non-competent states for catalysis, none of the important residues
involved in catalysis were damaged. Therefore, because the area, which
helps to make the FBP binding site at the P axis (including R173, H188
and Y190), is not impacted by ROS, the binding of the allosteric ligand
FBP provided a favorable binding energy that changed the energy
landscape of the ROS-damaged conformers toward competent states for
catalysis.

To date, very few studies on the effects of ROS on LDHs have been
reported (Buchanan and Armstrong, 1976; Rodacka et al., 2019). They
used eukaryotic LDH-A from rabbit as a model. With this enzyme, the
loss of activity is the consequence of hydroxyl radical attack on a cy-
steine (C165) that does not belong to the catalytic site. With the rabbit
LDH, it was postulated that conformational changes might affect the
susceptibility of this cysteine to ROS, in particular, through the for-
mation of the ternary (NADH-substrate-enzyme) complex which would
be more resistant (Buchanan and Armstrong, 1976; Monod et al., 1965;
Saito, 1978; Van der Rest et al., 2017). However, this statement remains
a source of controversy because this residue is not conserved in all
LDHs. Inspection of the rabbit LDH structure (PDB code 3H3F) shows
the cysteine is a buried residue located in the second sphere of neigh-
boring amino acid residues constituting the catalytic site. Its side chain
is in Van der Waals contact with the main chain of the catalytic histi-
dine H195, strongly suggesting that changes in local fluctuations by
virtue of ROS attack impact the catalytic site geometry required to
achieve catalysis.

We noticed that the Cys165 in rabbit LDH was located on the same
mobile helix a2F as in Tt LDH for which we found that ROS damaged
amino acids were responsible for the inhibition. In addition, two recent
studies using rabbit LDH have shown that the enzyme may sample a
conformational landscape like the one of allosteric enzymes
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(Hernandez-Meza and Sampedro, 2018; Katava et al., 2017). Very few
studies report reversible alterations of proteins after ROS damage. In all
the cases it was shown to be the consequence of the oxidation state of
cysteine residue involved in disulfide bond formation (Chakraborty
et al.,, 2018; Machado et al., 2017). Hence, our work and previous
studies using LDHs show that conformational dynamics plays an im-
portant role in radiation-induced enzyme inactivation.
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