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Abstract: Muscle lactate dehydrogenase (LDH-A) catalyzes the reduction of pyruvate to lactate, the
end product of anaerobic glycolysis. LDH-A is overexpressed in many cancers prior to and even
when tumors receive adequate oxygen, and lactate has multiple cellular roles. We assessed the effect
of singlet oxygen and hypochlorous acid (HOCl) on mammalian LDH-A. Oxidants induced distinct
patterns of protein crosslinks observed by SDS-PAGE under reducing conditions. LDH-A cysteines
were detected using fluorescein-modified maleimide to assess their oxidation and accessibility.
Singlet oxygen initially increased cysteine exposure, but higher doses resulted in their oxidation in
addition to non-reducible covalent crosslinks. LDH-A cysteines were oxidized by micromolar HOCl
(1–10 equivalents over enzyme) but were resistant to millimolar H2O2, chloramines and Angeli’s
salt. HOCl oxidation inhibited LDH-A activity and yielded inter-chain disulfides observed by
nonreducing SDS-PAGE. Disulfide reduction did not restore LDH-A activity that was lost due to
HOCl oxidation. An irreversible conformational change induced by HOCl was detected by native gel
electrophoresis and tryptophan fluorescence. In the absence of pyruvate, LDH-A enhanced NADH
oxidation resulting in H2O2 formation. Singlet oxygen, but not HOCl, initiated this superoxide-
dependent chain reaction. Once damaged by both singlet oxygen or HOCl, LDH-A had decreased
NADH oxidation activity.

Keywords: singlet oxygen; hypochlorous acid; cysteine oxidation; lactate dehydrogenase; disulfide;
tryptophan fluorescence; reactive oxygen species

1. Introduction

Lactate dehydrogenase (LDH) is a cytosolic enzyme that catalyzes the reduction of
pyruvate to lactate with the concomitant oxidation of NADH to NAD+. The two LDH
isozymes were originally designated as muscle (LDH-A) and heart (LDH-B) LDH decades
ago [1]. While LDH-A preferentially catalyzes the formation of L-lactate, LDH-B favors the
reverse reaction. Their cellular expression even within tissues varies widely, with LDH-B
expressed in neurons and LDH-A expressed in astrocytes [2]. Likewise, cancer-associated
fibroblasts expressing LDH-A produce lactate, and adjacent cancer cells expressing LDH-B
consume lactate for energy in a symbiotic manner [3].

Early studies of LDH and lactate synthesis focused on its role in carbohydrate metabolism
as an end product of anaerobic glycolysis. More recently, efforts have been directed at
understanding the role of LDH enzymes in tumor growth [4,5]. LDH-A is overexpressed in
many cancers, especially prior to and even when tumors receive adequate oxygen [6]. Otto
Warburg observed enhanced glycolysis despite functionally intact mitochondria more than
80 years ago [7,8].

LDH-A has numerous moonlighting functions. A dimeric complex between LDH-A
and the glycolytic enzyme GAPDH acts as a nuclear transcription factor [9]. Also, LDH-A
serves as a single-stranded DNA binding protein in an NADH-dependent manner [10,11].
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A mitochondrial LDH isozyme has been identified in some prostate and liver cancer
cells [12]. L-lactate has been identified as a signaling molecule with roles in immune cell
function, histone modification and gene expression [3,13]. In addition, L-lactate decreases
immune cell function so that tumor cells evade detection. Millimolar concentrations of
L-lactate inhibit histone deacetylases thereby coupling a cell’s metabolic state with gene
transcription [14].

Beyond its pivotal role in cancer cell metabolism, LDH-A has been identified as a target
of oxidative stress in a neuronal cell line [15]. The hypothesis that cumulative oxidative
damage to proteins contributes to the development of neurodegenerative diseases is based
on extensive pathologic and cellular data [16]. Myeloperoxidase (MPO), the enzyme that
generates the strong oxidant hypochlorous acid (HOCl), is aberrantly expressed in neurons
in Alzheimer’s disease brains [17]. As a result, the MPO-specific metabolite 3-chlorotyrosine
has been shown to be increased threefold in Alzheimer’s brains relative to control brains.

Only very limited studies have addressed the effect of oxidants on LDH-A activity [18].
Given its critical role in both cancer cell metabolism and in the neuron-astrocyte lactate
shuttle, we examined the effects of several reactive oxygen species (ROS) including singlet
oxygen (1O2), HOCl and H2O2 on LDH-A kinetics and structure. Our initial interest focused
on the cysteines of LDH-A because thiol oxidation is a likely outcome of cellular oxidative
stress and is associated with degenerative disease progression [19,20]. Each of the four
subunits of the LDH-A homotetramer has five reduced cysteines; one of these is essential
for catalytic activity and another is adjacent to the active site [21,22].

Although we recently reported that 1O2 induced the formation of multiple crosslinks
between LDH-A subunits thereby inhibiting activity, we did not specifically investigate the
effects of 1O2 or other ROS on the cysteines of LDH-A [23]. Given that 1O2 is produced as
the primary oxidant during photodynamic therapy and that LDH-A is often overexpressed
in tumors, a more thorough investigation is warranted [24].

Using SDS-PAGE in conjunction with cysteine-specific fluorescent tags, kinetic assays,
native gel electrophoresis and tryptophan fluorescence, we provide evidence for LDH-A
conformational changes induced by 1O2 and HOCl that alter cysteine accessibility. While
HOCl did oxidize LDH-A cysteines and inhibit activity, conformational changes were
not reversed by disulfide reduction; therefore, damage to LDH-A by HOCl is irreversible.
LDH-A was resistant to inhibition and to cysteine oxidation by H2O2, chloramines and
Angeli’s salt, a cysteine-reactive nitroxyl donor.

Lastly, the ability of LDH-A to enhance NADH oxidation, independent of pyruvate,
was examined. Several research groups have reported that mammalian LDH-A enhances
NADH oxidation following ROS exposure in vitro [25,26]. They determined that increased
NADH oxidation by LDH-A involves a chain reaction propagated by superoxide anion
(O2

•−) that yields H2O2. Wu et al. demonstrated in HeLa cells that LDH enzymes were
directly responsible for increased H2O2 production and overall oxidative stress [27]. Herein,
we show that 1O2, but not HOCl, initiated NADH oxidation by LDH-A via intermediate
O2

•−. LDH-A oxidation by 1O2 or HOCl prior to initiation resulted in decreased capacity
to perform this reaction.

2. Materials and Methods
2.1. Materials and Reagents

The West Pico chemiluminescence detection system, Tris(2-carboxyethyl)phosphine
(TCEP), maleimide-5-fluorescein (M5F) and 5-iodoacetomido-fluorescein (IAF) were from
Thermo Fisher Scientific (Waltham, MA, USA). Rabbit muscle LDH-A was from Millipore
(Burlington, MA, USA). Rabbit muscle pyruvate kinase and human leukocyte myeloper-
oxidase were from Sigma (St. Louis, MO, USA). Mouse monoclonal LDH-A antibody
was from Abcam (Cambridge, UK). Cibacron Blue resin and 10DG columns were from
Bio-Rad (Hercules, CA, USA). All other chemicals were from Fisher or Sigma and were of
the highest purity available. The concentration of HOCl was determined by measuring the
absorbance at 292 nm (ε292 = 350 M−1 cm−1) in 0.1 M NaOH [28]. A solution of Angeli’s
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salt was prepared in 0.01 M NaOH immediately prior to use. Glycine chloramine was
synthesized as described [29]. All reactions were performed at 20–22 ◦C unless otherwise
stated. To calculate the LDH concentration, the absorbance at 280 nm was converted to
mg/mL using 1.13 as the conversion factor.

2.2. LDH-A Purification by Cibacron Blue (CB) Chromatography

LDH-A was isolated from contaminants by CB chromatography as described [30]. A
CB column (1 mL bed volume) was equilibrated with 50 mM PB PH 7.1. Approximately
15 mg of total protein dissolved in 3 mL 50 mM PB PH 7.1 was loaded, and the column was
washed with 2 bed volumes of the same buffer. Contaminants were eluted with 50 mM PB
PH 7.1 containing 0.2 M NaCl (3 × 1 mL fractions). Pure LDH-A was eluted with 50 mM
PB PH 7.1 plus 1 mM NADH (5 × 1 mL). Fractions with LDH-A activity were pooled,
treated with 10 mM DTT for 15 min and desalted on a Bio-Rad 10DG desalting column to
remove DTT and NADH and to exchange LDH-A into 10 mM PB PH 7.4.

2.3. Pyruvate Kinase Assay Using DNPH

Protein samples (typically 5–10 µL of column fractions or LDH-A preparations) were
combined with PEP and ADP (2 mM each) in 50 mM Tris PH 7.4 containing 10 mM KCl
and 2.5 mM MgSO4 at 20 ◦C (50 µL reaction). At varying times (5–30 min), 10 µL aliquots
were removed and combined with 60 µL 1 mM DNPH in 2 M HCl in a 96-well plate. After
5 min, reactions were quenched with 130 µL 2.4 M NaOH. The DNP-hydrazone derivative
of pyruvate was detected at 450 nm. A standard curve of 25 to 150 µM pyruvate reacted
with DNPH under the same conditions was linear at 450 nm.

2.4. Photo-Oxidation of LDH-A

LDH-A (10 µM) was combined with 2.5 µM MB in 10 mM PB 7.4 under ambient
oxygen conditions (20 µL rxn). A 36 watt red light composed of eighteen 2 watt LEDs was
used for all experiments. The wavelength of emitted light was 660 nm. The intensity of the
red light was quantitated in lux, and the light intensity as a function of the distance from
the light source to the samples was measured. All buffers were equilibrated to 20–22 ◦C to
ensure no differences in dissolved O2.

2.5. Enhanced NADH Oxidation by LDH-A; Initiation by 1O2

Reactions (100 µL) contained 2.5 µM MB and 200 µM NADH in 50 mM PB PH 7.1 in a
96-well plate [26]. 1O2 formation was initiated with 10 s of red light. Additions included
control and oxidant-treated LDH-A (10 µM) and SOD (10 U/100 µL). Absorbance at 340 nm
was measured prior to and immediately after light exposure. Absorbance was measured
every 5 min for 40 min then at 10 min intervals until 60 min total.

2.6. LDH-A Activity Assay

LDH-A (10 µM) in 10 mM PB PH 7.4 was treated with 10, 25, 50 and 100 µM HOCl
for 30 min at 20 ◦C. Residual HOCl was quenched with 0.2 mM methionine or S-methyl-
cysteine prior to dilution. HOCl dilutions were prepared in water immediately prior to
use. After HOCl treatment, samples were diluted 1:10 in 20 mM Tris PH 8.6. Assays
(200 µL) contained 20 mM Tris PH 8.6, 25 nM LDH-A, 0.5 mM NADH and either 0.75 mM
or 0.5 mM sodium pyruvate. NADH oxidation was monitored at 340 nm in a 96-well
plate for 4 min at 30 ◦C. Rates were determined from the slope of the curve. Slopes were
converted to M/min using 3500 as the conversion factor (for the plate assay). NADH
(ε = 6220 M−1 cm−1) samples were scanned in a microcuvette and in the 96-well plate to
determine the conversion factor (ε × path length)

2.7. Labeling of LDH-A Cysteines with M5F and IAF

LDH-A was diluted to 10 µM (50 µM cys max) in 10 mM PB PH 7.4 prior to oxidation
with HOCl for 2–30 min at 20 ◦C (reaction volume = 20 µL). Either methionine or S-methyl-
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cys (0.2 mM) was added to scavenge HOCl. M5F or IAF (10 mM stock in DMF) was
added to achieve a 10-fold molar excess relative to LDH-A cys (500 µM), and samples were
incubated at 37 ◦C for an additional 30 min. Proteins were resolved by SDS-PAGE on 9
or 10% gels under reducing conditions, and gel images were captured using a Bio-Rad
Chemi-doc XRS imaging system. The intensity of the fluorescein-labeled protein bands
was measured using Bio-Rad Image Lab software, version 4.0.

M5F- and IAF-labeled LDH samples were precipitated with 80% ethanol and incubated
on ice for 20 min, and the protein pellet was collected at 16,000 × g for 10 min. Pellets
were washed twice with 80% ethanol and then resuspended in 3 M guanidine HCl in 0.1 M
Tris PH 8.8. Fluorescein in each protein sample was quantitated at 490 nm relative to a
fluorescein standard curve also prepared in 3 M guanidine HCl in 0.1 M Tris PH 8.8.

2.8. Detection of LDH-A Oxidation Products by Western Blotting

Following treatment with HOCl as described above, LDH-A (5 µg protein per lane)
was separated by SDS-PAGE on 9% polyacrylamide gels under reducing and nonreducing
conditions. Proteins were transferred to PVDF membranes, blocked with 5% milk in PBS-T
for 30 min and probed with a mouse monoclonal anti-LDH-A antibody (1:2000) for two
hours. The LDH-A/antibody complex was detected using a goat anti-mouse HRP conjugate
(1 hr, 1:10,000) and chemiluminescent substrate. Chemiluminescence was captured using
the Bio-Rad Chemi-doc XRS imaging system.

2.9. Native Gel Electrophoresis of LDH-A with Activity Staining

LDH-A samples were treated with HOCl and reducing agents as described above. Na-
tive gel electrophoresis was performed using 0.8% agarose gels; 20 mM Tris, 20 mM glycine
and 2 mM EDTA PH 9.5 was used to prepare the gels and as the running buffer. Sample
loading buffer (6×) contained 25% glycerol and 5% Coomassie blue in Tris/glycine/EDTA
buffer. Gels were run for 45–60 min at 90 V. The LDH-A activity stain (20 mL) contained
0.75 mM NAD+, 25 mM lithium lactate, 8–10 mg NBT and 1–2 mg PMS in 100 mM Tris
PH 8.6. Gels were incubated with activity stain solution for 10–20 min in the dark to allow
LDH activity bands to develop.

2.10. Tryptophan Emission of HOCl-Treated LDH-A

Samples were excited with a 290 nm LED lamp, and emission was captured with
an Ocean Optics Flame detector. The scan speed was 1500 ms, and 10 scans were av-
eraged to yield emission spectra. LDH-A samples were treated with were treated with
1-10 equivalents of HOCl. LDH-A oxidation reactions (10 µM, 60 or 80 µL) were quenched
and diluted to 600 µL with 10 mM PB PH 7.4. Spectra were saved as soon as consistent
emission was detected (1–2 min). For the time dependence, LDH-A (10 µM, 80 µL) was
treated with 100 µM HOCl and immediately transferred to a microcuvette, and spectra
were saved at the indicated times. A control sample without HOCl was also scanned over
the 30 min time interval to assess any changes due to photobleaching or air oxidation.

2.11. Detection of Dityrosine by Fluorescence Emission

LDH-A (10 µM) was treated with HOCl (50 to 250 µM) as described above except the
volume was 60 µL. Unreacted HOCl was quenched with 0.5 mM S-methyl-cysteine. NaOH
(0.1 M, 40 µL) was added to deprotonate tyrosines. The entire volume was transferred to a
black 96-well plate and photographed on a UV transilluminator. Emission was quantitated
using Bio-Rad Image Lab software. Emission of the LDH-A control was subtracted from
that of the HOCl-treated samples and the values normalized.

For fluorescence emission, LDH-A (10 µM) was treated with 150 µM HOCl (15 equiv)
in 10 mM PB PH 7.4 (600 µL reaction volume). S-methyl-cysteine (10 µL of 40 mM) and
NaOH (30 µL, 1 M NaOH) were added. The entire volume was transferred to a fluorescence
cuvette. The samples were excited with a 325 nm LED lamp, and emission was captured
with an Ocean Optics Flame detector. The scan speed was 1000 ms, and 10 scans were
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averaged to yield emission spectra. A blank sample (-LDH-A) and a control sample (-HOCl)
were also scanned.

LDH-A (50 µM, 100 µL) was treated with 1 mM HOCl (20 equiv) in 10 mM PB PH 7.4.
Following the addition of S-methyl-cysteine and NaOH, the samples were excited with a
325 nm LED lamp, and emission was captured with an Ocean Optics Flame detector. The
scan speed was 1000 ms, and 25 scans were averaged to yield emission spectra.

HOCl was produced using MPO, H2O2 and Cl− as described [31]. Briefly, reactions
contained H2O2 (100–200 µM), NaCl (50 mM) and 50 nM MPO from human leukocytes in
10 mM PB PH 7.4 at 20 ◦C. Catalase was added to stop reactions after 20–30 min. Oxidation
of methionine to methionine sulfoxide by enzymatically generated HOCl was detected as
described [29].

3. Results

3.1. Oxidation of LDH-A by 1O2

Recently, we reported that singlet oxygen (1O2) inhibited mammalian LDH-A activity
and induced the formation of higher MW crosslinks observed by SDS-PAGE under reducing
conditions [23]. The combination of a photosensitizer, methylene blue (MB) and red light
under ambient oxygen was used to generate 1O2. Multiple higher MW crosslinks formed
as the light exposure time increased. For the conditions employed in Figure 1A, a 90 s dose
of red light resulted in complete inhibition of LDH-A activity.
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Figure 1. 1O2 oxidation of LDH-A (A) 90% pure LDH-A (10 µM) samples containing 1.5 µM MB
were irradiated for 0–90 s. Samples were analyzed by SDS-PAGE under reducing conditions on
10% gels. Gels were stained with Coomassie blue. (B) Cibacron Blue (CB)-purified LDH-A samples
were prepared as in (A). After cys modification with 500 µM M5F for 30 min at 37 ◦C, samples were
analyzed by SDS-PAGE under reducing conditions on 10% polyacrylamide gels. Gel images were
captured using Bio-Rad Chemi-doc XRS imaging system. After imaging, gels were stained with
Coomassie blue.

In our initial published studies and in Figure 1A, commercially available rabbit muscle
LDH-A (~90% pure by densitometry) was used without further purification. Figure 1A
shows two contaminants in addition to LDH-A: one at 55–60 kDa that we have identified
as the glycolytic enzyme pyruvate kinase (PK), and another directly above LDH-A that
remains unidentified. The intensities of all three protein bands decreased with increasing
light exposure indicative of contaminant crosslinks. While this afforded the opportunity
to observe PK damage/oxidation by 1O2, further purification of LDH-A was warranted.
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Cibacron Blue chromatography was effective at removing both contaminants so that LDH-A
was then >99% pure by densitometry of stained gels (Supplemental Figure S1).

Our interest in protein thiol oxidation prompted us to examine any changes to LDH-A
cysteine availability induced by 1O2. Because the crosslinks in Figure 1A were detected
under reducing conditions, they are not disulfides. Based on the comparison of rate
constants for individual amino acids, cysteine is not the preferred target for 1O2; however,
the most reactive and surface-exposed residues of a protein are typically damaged by
ROS [15,18]. Further, the accessibility of individual side chains is expected to change as
damage by ROS accumulates.

The status of the LDH-A cysteines, five per monomer, following red light exposure was
assessed by reaction with fluorescein-derivatized thiol-specific reagents and subsequent
analysis by SDS-PAGE under reducing conditions. Only reduced cysteines can be labeled
with M5F, a maleimide, or IAF, an iodoacetamide; therefore, oxidation of cysteines to
disulfides or higher oxidation states of sulfur would result in decreased incorporation of
fluorescein. Holbrook et al. reported that the cysteines of muscle LDH-A react more readily
with maleimides than with iodoacetamides; therefore, we employed fluorescein maleimide
(M5F) primarily [22].

In Figure 1B, both 90% pure and CB-purified LDH-A were treated with MB and increas-
ing doses of red light and subsequently with M5F. Comparison of Figure 1A (Coomassie
stain only) and Figure 1B confirmed that fluorescein labeling did not alter LDH-A monomer
mobility. Cysteine labeling of the 36 kDa monomer with M5F was observed as was labeling
of multiple higher MW crosslinks. As the dose of 1O2 increased, both LDH-A and PK were
oxidized and their monomer bands decreased (both fluorescence and Coomassie stain in
Figure 1B). Densitometry of the fluorescence, indicative of total reduced cysteines, showed
that the 30 s dose of red light increased labeling relative to the control and that total cysteine
labeling of all bands for the 60 s dose of red light was equal to that of the control. Only the
90 s dose of red light yielded a net decrease in total cysteine labeling.

Previously, Pamp et al. reported that reactivity of LDH-A with DTNB, a cysteine
specific reagent, increased following Cu(II)-mediated protein oxidation [32]. This is con-
sistent with our observations in Figure 1B that 1O2 damage increased cysteine exposure
and reactivity with M5F. We were interested in ROS that react primarily with cysteines to
determine if they induced a similar conformational change. HOCl is a potent oxidant that
reacts with cysteine, methionine and tyrosine [28,33].

3.2. LDH-A Oxidation by HOCl

Both 90% pure and CB-purified LDH-A samples in phosphate buffer (PB) PH 7.4
were treated with HOCl and analyzed by SDS-PAGE and Coomassie stain. PB, unlike
amine-based buffers, does not react with HOCl. The pKa of HOCl is 7.5; therefore, a mixture
of HOCl and OCl- is present at PH 7.4 [28,34]. For consistency and simplicity, we use HOCl
herein to represent both species.

We observed HOCl-induced higher MW crosslinks in Figure 2A that were markedly
different from those in Figure 1. The PK contaminant was also oxidized by HOCl, and
its intensity decreased indicative of crosslinking. HOCl induced a change in mobility
of the 36 kDa LDH-A band. It shifted up and also produced a distinct, but less intense,
second band directly above it. This new band co-migrates with the second, unidentified
contaminant in the 90% pure LDH-A preparation. Therefore, it was essential that all
HOCl-oxidation studies be performed with CB-purified LDH-A.
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Figure 2. HOCl oxidation and inhibition of LDH-A (A) 90% pure (left) and Cibacron Blue-purified
LDH-A (right) in 10 mM PB PH 7.4 was treated with 50 and 100 µM HOCl for 30 min at 20 ◦C.
Excess HOCl was quenched with 0.2 mM S-methyl-cys. Samples were analyzed by SDS-PAGE under
reducing conditions on 10% gels. Gels were stained with Coomassie blue. (B). Cibacron Blue-purified
LDH-A (10 µM) in 10 mM PB PH 7.4 was treated with 10, 25, 50 and 100 µM HOCl for 30 min at
20 ◦C. Excess HOCl was quenched with 0.2 mM S-methyl-cys. After cys modification with 500 µM
M5F for 30 min at 37 ◦C, samples were analyzed by SDS-PAGE under reducing conditions on 10%
polyacrylamide gels. Gel images were captured using the Bio-Rad Chemi-doc XRS imaging system.
After imaging, gels were stained with Coomassie blue. (C) LDH-A (10 µM) in 10 mM PB PH 7.4
was treated with 25–100 µM HOCl for 20 min at 20 ◦C. Samples were combined with SDS-PAGE gel
loading buffer with or without βME. Samples were analyzed by SDS-PAGE on 10% gels and stained
with Coomassie blue. (D) Samples were prepared as in B. Excess HOCl was quenched with 0.2 mM
S-methyl-cys. Samples (15 µL) were diluted 1:10 in 20 mM Tris PH 8.6. Assays (200 µL) contained 20
mM Tris PH 8.6, 25 nM LDH-A, 0.5 mM NADH and either 0.50 or 0.75 mM sodium pyruvate. NADH
oxidation was monitored at 340 nm in a 96-well plate for 4 min at 30 ◦C. Rates were determined from
the initial linear portion of the reaction. These data represent the mean ± standard error of at least
three independent experiments. One-way ANOVA with the Tukey post hoc test showed that each
concentration of HOCl except 10 µM was significant p < 0.001.

As for 1O2, the status of LDH-A cysteines after HOCl oxidation was assessed. Reac-
tions were quenched with either methionine or its thioether analog, S-methyl-cys, to ensure
that no HOCl remained while labeling reagent was present. Using both M5F and IAF, there
was a dose-dependent decrease in fluorescein incorporation as the concentration of HOCl
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increased (Figure 2B and Supplemental Figure S2). When a dansyl derivative, IAEDANS,
was employed, a dose-dependent decrease in labeling was also observed (Supplemental
Figure S3). Regardless of the fluorescent tag, even 10 µM HOCl (1 equiv) showed decreased
LDH-A labeling by densitometry.

For LDH-A samples treated with 50 or 100 µM HOCl, a weak fluorescent band was
detected at the top of the separating gel that was also observed after Coomassie staining
(Figure 2B). Samples were treated with loading dye containing βME prior to SDS-PAGE
because βME reacts with excess M5F to halt labeling. Disulfides that were formed by
HOCl would have been reduced, but not labeled, because M5F was no longer available to
react. Therefore, any high-molecular-weight crosslink that is tagged with M5F or IAF must
contain reduced cysteines that were not oxidized by HOCl.

The fluorescence image in Figure 2B also shows some labeling of a band directly
above the main 36 kDa band for samples treated with 50 or 100 µM HOCl. The shift in
mobility of HOCl-treated LDH-A is not due to the mass of fluoresceins attached to LDH-A
cysteines because the Coomassie-stained gel (Figure 2A—no M5F) shows the same shift as
in Figure 2B. Examination of the Coomassie staining also shows some broadening of the
LDH-A band as the HOCl concentration increased.

To examine the effect of a reducing agent on LDH-A mobility, control and HOCl-treated
LDH-A were analyzed by SDS-PAGE with and without βME (no label). LDH-A was split
into multiple bands by all three HOCl concentrations on the plus βME side (Figure 2C). In
the absence of βME, the intensity of the LDH-A monomer decreased with increasing HOCl.
Band splitting was not observed in the minus βME samples, but several faint bands were
observed at sizes that were consistent with disulfide-linked dimers, trimers or tetramers.

A Western blot of control and HOCl-treated LDH-A samples identical to those in
Figure 2C was performed. The minus βME lanes revealed more crosslinks (Supplemental
Figure S4). As in Figure 2C, bands between the 50 and 75 kDa standards were detected.
Likewise, there was an additional broad band near the 100 kDa standard. Of note, the
36 kDa LDH-A band ran below the 37 kDa standard, so a disulfide-linked trimer or tetramer
mass of roughly 100 kDa is likely.

The control in the minus βME lane contained some oxidized LDH-A even though
it had been treated with a reducing agent and desalted. Air oxidation of cysteines to
disulfides during manipulation has also been observed in our tubulin studies [35]. For the
plus βME samples, similar high-molecular-weight species were detected as in Figure 2A,B.

The pyruvate-dependent oxidation of NADH by control and HOCl-treated LDH-A
was measured at 340 nm. The range of HOCl concentrations used in Figure 2D represents
only 1–10 equivalents relative to the LDH-A monomer concentration. Figure 2D shows a
dose-dependent decrease in LDH-A activity with only 30–35% of control activity remaining
after 100 µM HOCl treatment. Statistical analysis confirmed that all concentrations tested,
except 10 µM, were different from the control and from each other. Kinetic studies of
control and HOCl-treated LDH-A were performed with 0.5 and 0.75 mM pyruvate. Assays
were also performed with 1.5 mM pyruvate to determine if higher pyruvate could override
the inhibition induced by HOCl, and no change in the extent of inhibition was observed.
In addition, controls were performed in which S-methyl-cysteine was added prior to the
HOCl, and no decrease in LDH-A activity was detected.

To determine if PH affected HOCl oxidation of LDH-A, the protein was treated with
100 µM HOCl in 10 mM PB PH 6.0 to 8.0. Following HOCl treatment, quenching, dilution
and assays, no difference in HOCl inhibition of LDH-A was observed.

To quantify cysteine oxidation by HOCl, M5F-labeled LDH-A samples were precip-
itated with ethanol, and fluorescein absorbance at 490–500 nm was measured. Using a
molar absorptivity of 77,000 M−1 cm−1 for the dibasic form of fluorescein, we determined
that 54% of the theoretical cysteines were labeled by M5F in 30 min at 37 ◦C [36]. Longer
incubation periods, up to 4 h, did not increase labeling with M5F. By contrast, for IAF, only
14–18% of theoretical cysteines were labeled in 30 min at 37 ◦C. IAF labeling increased up
to 4 h, though no longer times were assayed.
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Table 1 summarizes the effect of HOCl on the cysteines of LDH-A from both precip-
itated samples labeled with M5F and integration of gel bands using both M5F and IAF.
Given the disparity in overall % labeling by M5F and IAF, it is not surprising that the HOCl
dose responses for the two fluorescein tags varied, though both showed a dose-dependent
decrease in cysteine labeling. The addition of 100 µM HOCl to 10 µM LDH-A resulted in
oxidation of ~50% of available cysteines based on the integration of gel bands.

Table 1. Detection of LDH-A cysteines using fluorescein labeling reagents—precipitation and densit-
ometry of protein bands.

[HOCl] µM Mol Cys/Mol LDH-A % Control Labeling (Integration of Gel Bands)

0 2.7 ± 0.2 M5F IAF
10 2.6 ± 0.2 85 ± 3 86 ± 4
25 2.3 ± 0.1 67 ± 4 66 ± 3
50 2.0 ± 0.1 56 ± 4 48 ± 5

100 1.4 ± 0.2 46 ± 4 36 ± 3
For integration of gel bands, the intensity of the LDH monomer band and the high-molecular-weight crosslink
were added. These data represent the average of three independent experiments ± standard error.

Of the five cysteines per LDH-A monomer, two were located near the NADH binding
domain with one of the two, cys162, identified as an essential cysteine [37]. When LDH-A
was preincubated with NADH prior to the addition of M5F or IAF, labeling by both reagents
decreased to 60% of the control (Supplementary Materials, Figure S5). Regardless of the
NADH concentration, labeling did not decrease further. This shows that the cysteines
protected from M5F or IAF by NADH are accessible and that oxidation of these cysteines by
HOCl results in decreased labeling. Further, modification with M5F or N-ethyl maleimide
inhibited LDH-A activity.

The data in Figure 2 support an LDH-A conformational change induced by HOCl that
yields a subtle change in electrophoretic mobility and a high-molecular-weight crosslink.
Multiple gel analyses of LDH-A treated with HOCl for different times showed inconsistent
LDH-A monomer band splitting. Therefore, LDH-A was treated with 100 µM HOCl for
2–30 min using S-methyl-cysteine to scavenge HOCl at each time.

The M5F image shows time-dependent changes in cysteine labeling (Figure 3A). The
upward band shift is apparent after only 2 min. Labeling decreased after 5 min with HOCl
but increased at 10 and 15 min before decreasing again at 30 min. These data suggest
that an LDH-A conformational change exposed buried cysteines that were labeled with
M5F at 10, 15 and 30 min. Band splitting is apparent in all HOCl-treated lanes. When
IAF was used as the cysteine label, changes at 10 and 15 min were not apparent. This
suggests that the cysteine(s) exposed reacts more readily with a maleimide than with an
iodoacetamide. The Coomassie-stained image also showed that splitting of the LDH-A
monomer is time-dependent (Figure 3A).

The fluorescein-labeled high MW crosslink is already apparent at 2 min; labeling
increased up to 15 min but then decreased at 30 min (Figure 3A). The Coomassie image
detects all crosslinks regardless of available cysteines and showed nearly identical amounts
at 5–15 min but increased at 30 min.

Figure 3B shows that inhibition of LDH-A activity by 100 µM HOCl was also time
dependent. Activity dropped to 60% of the control after 2 min and remained constant
through 10 min. At 15 min, the activity decreased to 45% of the control and reached 35% of
the control at 30 min, consistent with Figure 2D. Activity was not assayed beyond 30 min.
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Figure 3. Time-dependent LDH-A oxidation by 100 µM HOCl (A) LDH-A (10 µM) in 10 mM PB
PH 7.4 was treated with 100 µM HOCl for 0–30 min at 20 ◦C. Excess HOCl was quenched with
0.2 mM S-methyl-cys. After cys modification by 500 µM M5F for 30 min at 37 ◦C, samples were
analyzed by SDS-PAGE under reducing conditions on 10% polyacrylamide gels. Gel images were
captured using the Bio-Rad Chemi-doc XRS imaging system. Gels were stained with Coomassie blue.
(B) LDH-A samples were treated with HOCl and quenched with S-methyl-cys as described in (A).
Samples were diluted 1:10 in 20 mM Tris PH 8.6. Assays (200 µL) contained 20 mM Tris PH 8.6, 25
nM LDH-A, 0.5 mM sodium pyruvate and NADH. NADH oxidation was monitored at 340 nm in a
96-well plate for 4 min at 30 ◦C. Rates were determined from the initial linear portion of the reaction.
These data represent the average of three independent experiments ± standard error.

3.3. Native Gel Analysis of HOCl-Treated LDH-A; Activity Staining

The combination of native gel electrophoresis and activity staining assessed changes in
LDH-A activity and protein conformation. In a blue native gel, Coomassie blue is added to
impart a negative charge to proteins without denaturation but not to stain total protein [38].
Though LDH-A preferentially catalyzes the reduction of pyruvate to lactate, it will catalyze
the reverse reaction. To determine if oxidation of lactate to pyruvate by LDH-A is also
inhibited by HOCl, a coupled assay was required to drive the reaction in the unfavored
direction. As lactate is oxidized to pyruvate, NAD+ is reduced to NADH. NADH reacts
with the redox cyclers PMS and NBT to yield the reduced formazan stain.

Figure 4A shows a dose-dependent decrease in LDH-A activity and a change in
mobility following treatment with HOCl. The lowest dose of HOCl tested, 10 µM, did not
result in a change in activity or mobility. LDH-A activity was detected in the sample wells
for HOCl-treated LDH-A (Figure 4A). Given that the high MW crosslink was at the top of
the SDS-PAGE separating gel, it was expected that it would have a different mobility and
remain near the sample wells of the 0.8% agarose native gel. The crosslink retains activity
because it contains reactive cysteines that could be labeled with M5F or IAF (Figures 2B
and 3A, Supplemental Figure S2). At 150 µM HOCl, any residual activity was only detected
in the sample wells.
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Figure 4. Native gel electrophoresis of HOCl-treated LDH-A with activity stain (A) LDH-A (10 µM)
in 10 mM PB PH 7.4 was treated with 10–100 µM HOCl for 30 min at 20 ◦C. Native gel electrophoresis
was performed using 0.8% agarose gels in 20 mM Tris, 20 mM glycine, 2 mM EDTA PH 9.5 to cast
the gels and as the running buffer. Gels were run for 45 min at 90 V. LDH-A activity stain (20 mL)
contained 0.75 mM NAD+, 25 mM lithium lactate, 8–10 mg NBT and 1–2 mg PMS in 100 mM Tris
PH 8.6. The gel was incubated with activity stain for 10–20 min to allow LDH-A bands to develop.
(B) LDH-A samples were treated with HOCl for 30 min at 20 ◦C. HOCl was quenched with 0.5 mM
S-methyl cysteine or with 2 mM DTT for 10 min at 20 ◦C. Electrophoresis and staining conditions
were identical to (A). (C) LDH-A samples were treated with HOCl for 30 min at 20 ◦C. HOCl was
quenched with 0.2 mM S-methyl cysteine or with 2 mM DTT for 10 min at 20 ◦C. Samples were
diluted in 20 mM Tris PH 8.6. Assays (200 µL) contained 20 mM Tris PH 8.6, 25 nM LDH-A, 0.5 mM
sodium pyruvate and 0.5 mM NADH. NADH oxidation was monitored at 340 nm in a 96-well plate
for 4 min at 30 ◦C. Rates were determined from the initial linear portion of the reaction. These data
represent the average of three independent experiments ± standard error.

Treatment of HOCl-oxidized LDH-A with DTT restored some LDH-A activity because
the intensity of the activity stain increased for all HOCl concentrations tested (Figure 4B).
The 50 and 100 µM HOCl samples in the plus DTT lanes also showed increased activity in
the sample wells. This increased activity cannot be attributed to a reaction of DTT with
NAD+/PMS/NBT because the plus DTT control did not stain the wells. Despite a modest
increase in activity, the addition of DTT did not reverse the HOCl-induced change in native
gel mobility.

Kinetic assays in the pyruvate to lactate direction were performed to quantify any
increase in LDH-A activity when DTT or TCEP were added after HOCl. Both control and
HOCl-treated LDH-A activity increased modestly when treated with excess DTT for 10 min
(Figure 4C). However, this increase was only statistically significant at 100 µM HOCl. When
TCEP was used instead of DTT, there was a similar increase of only 7–10% at each HOCl
concentration tested.

LDH-A was treated with up to a 500-fold excess H2O2 (10 µM LDH-A and 5 mM H2O2)
for 30 min. H2O2 was scavenged with catalase, and LDH-A was assayed as described in
Figure 2D. No inhibition of LDH-A activity was observed. Further, H2O2-treated LDH-A
was analyzed by blue native gel electrophoresis, and no change in mobility or lactate to
pyruvate oxidation was detected. H2O2 treatment, followed by cysteine labeling with IAF
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or M5F, also showed no change in LDH-A cysteine status. Angeli’s salt, an HNO donor
that reacts avidly with some protein cysteines, also had no effect on LDH-A cysteines or
LDH-A kinetic activity. Lastly, glycine chloramine, a cysteine oxidant made from HOCl
and glycine, had no effect on LDH-A cysteines or activity [29].

3.4. Tryptophan Fluorescence of HOCl-Treated LDH-A

Tryptophan fluorescence is sensitive to the local microenvironment; therefore, it is use-
ful for studying protein conformational changes. Rabbit muscle LDH-A contains six trypto-
phan residues that contribute to the overall fluorescence emission observed at 340–350 nm.
The addition of increasing concentrations of HOCl resulted in a dose-dependent decrease
in LDH-A tryptophan emission, but no shift in the emission maximum wavelength was
observed (Figure 5A). Samples were treated with HOCl and scavengers in the same manner
as for the kinetic and electrophoresis analyses in Figures 2–4. Emission decreased with only
10 µM HOCl (1 equivalent relative to LDH-A concentration) (Supplemental Figure S6).
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to control levels (Figure 5B). The DTT concentration and incubation time were sufficient 
to reduce all disulfides that had been formed by HOCl and were identical to those 

Figure 5. Tryptophan fluorescence of HOCl-treated LDH-A (A) LDH-A (10 µM) in 10 mM PB PH 7.4
was treated with 25, 50 and 100 µM HOCl in a total volume of 60 µL for 30 min at 20 ◦C. S-methyl-cys
(0.2 mM) was added to scavenge excess HOCl. Following dilution with 10 mM PB PH 7.4 to 600 µL,
samples were excited with a 290 nm LED lamp, and emission was captured with an Ocean Optics
Flame detector. The scan speed was 1000 ms, and 25 scans were averaged to yield emission spectra.
(B) LDH-A (10 µM) was treated with 100 µM HOCl as described in (A). Either S-methyl-cys (0.2 mM)
or DTT (2mM) was added for 10 min. Samples were diluted, and spectra were collected as described
in (A). (C) HOCl (100 µM) was added to LDH-A (10 µM, 80 µL) and immediately transferred to a
fluorescence microcuvette. Spectra were saved at the indicated times. An LDH-A control without
HOCl was also scanned over the 30 min time interval to monitor any fluctuations.

The addition of DTT to HOCl-treated LDH-A did not restore tryptophan fluorescence
to control levels (Figure 5B). The DTT concentration and incubation time were sufficient to
reduce all disulfides that had been formed by HOCl and were identical to those employed
in Figure 4B,C. The addition of 10 equivalents of HOCl to LDH-A resulted in a 50–55%
decrease in emission after 30 min. The addition of DTT restored only 20–25% of the
fluorescence that was lost. DTT had no effect on control emission.

As in Figure 3B, we examined the time dependence of the HOCl-induced change in
tryptophan emission. Figure 5C shows a sizeable drop (~30%) in tryptophan emission after
only 2 min with HOCl. That was followed by a more modest, but continual decrease to
55% of the control emission at 30 min.
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While both M5F labeling (Figure 3A) and tryptophan fluorescence (Figure 5C) showed
changes in LDH-A conformation, neither time course tracked exactly with the loss of
LDH-A activity in Figure 3B. Based on the data presented, we cannot conclusively say
why the time courses are different, though both methods were consistent with a protein
conformational change.

3.5. Evidence for Dityrosine in HOCl-Treated LDH-A

Because the LDH-A crosslink induced by HOCl at the top of the SDS-PAGE separating
gel is not affected by disulfide reducing agents, we suspected it was dityrosine because it
is a well-characterized product of HOCl oxidation of tyrosine [28,33,34]. It is fluorescent
when the cross-linked phenols are deprotonated to the phenolates. No other amino acid
oxidation product of HOCl is fluorescent.

To maximize formation of the crosslink, HOCl concentrations greater than 100 µM
were tested. SDS-PAGE analysis showed further loss of cysteine labeling with M5F and
increased crosslinks detected at the top of the separating gel (Figure 6A). At 250 µM HOCl,
little LDH-A monomer remained at 36 kDa. Only 15–20% of control activity was detected
at 150 µM HOCl, and at 250 µM HOCl (25 equivalents), no activity remained.
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Emission was quantitated using Image Lab software. Any emission of the LDH-A control was 
subtracted from that of the HOCl-treated samples and the values normalized. 

Figure 6. Evidence for HOCl-induced dityrosine in LDH-A (A) LDH-A (10 µM) in 10 mM PB PH 7.4
was treated with HOCl for 30 min at 20 ◦C (20 µL reactions). Unreacted HOCl was quenched with
0.2 mM S-methyl-cys. Following treatment with 500 µM M5F for 30 min at 37 ◦C, samples were
analyzed by SDS-PAGE under reducing conditions on 10% polyacrylamide gels. Gel images were
captured using the Bio-Rad Chemi-doc XRS imaging system. Gels were stained with Coomassie blue.
(B) LDH-A was treated with HOCl as described in (A), except the total volume was 60 µL. Unreacted
HOCl was quenched with 0.2 mM S-methyl-cys. NaOH (0.1 M, 40 µL) was added, and the entire
volume was transferred to a black plate and photographed on a UV transilluminator. Emission was
quantitated using Image Lab software. Any emission of the LDH-A control was subtracted from that
of the HOCl-treated samples and the values normalized.

LDH-A oxidized with HOCl was treated with NaOH, and fluorescence was detected
following excitation on a UV transilluminator. Figure 6B shows a dose-dependent increase
in emission. In the absence of NaOH, no fluorescence was detected. HOCl concentrations
below 50 µM did not yield emission consistently above untreated LDH-A values. The
increase in intensity matched the increase in the crosslink detected in Figure 6A. The
increased error for 250 µM HOCl was attributed to protein aggregation in the sample well
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that hindered quantitation. Further, samples treated with NaOH, including control LDH-A,
showed some precipitate due to the high PH required to detect dityrosine.

Emission characteristic of dityrosine was detected when HOCl-treated LDH-A was
excited at 325 nm following NaOH treatment. Using the ratio of HOCl to LDH-A employed
in kinetic and electrophoresis experiments yielded a weak emission spectrum with a peak
between 375 and 385 nm that was consistent with dityrosine (Supplemental Figure S7).
While emission for isolated dityrosine is typically at 410 nm, protein bound dityrosine in
actin has been detected in the 370–380 nm range [39,40]. The emission spectrum required
higher LDH-A concentrations while maintaining the same oxidant to protein ratio. The
requirement for NaOH and a higher LDH-A concentration resulted in protein precipitation;
therefore, quantitation of LDH-A dityrosine was not possible.

We attempted to induce dityrosine formation in LDH-A using horseradish peroxi-
dase (HRP) and excess H2O2. Isolated tyrosine is readily oxidized to dityrosine by this
method [39]. However, no LDH-A crosslink or fluorescence was detected. There was no
change in LDH-A monomer mobility by SDS-PAGE, native gel electrophoresis and no
decrease in LDH-A enzyme activity.

3.6. Effects of HOCl Scavengers on LDH-A Inhibition

Several well-characterized HOCl scavengers including nitrite, GSH and S-methyl-cys,
a thioether like methionine, were used to assess LDH-A sensitivity to HOCl. By premixing
LDH-A and a scavenger with a known rate constant prior to HOCl addition, changes
in LDH-A oxidation and inhibition can be used to estimate a rate constant for protein
plus oxidant.

In the presence of excess nitrite, LDH-A cysteines were not oxidized by HOCl as
evidenced by increased M5F labeling relative to HOCl alone (Supplemental Figure S8). The
intensity of the high MW crosslink decreased when nitrite was premixed with LDH-A prior
to HOCl addition. Consistent with the report of Eiserich et al., premixed nitrite and HOCl
labeled yielded a different result from the addition of HOCl to a mixture of nitrite and
LDH-A [41]. Kinetic data confirmed that nitrite ion protected LDH-A from HOCl-induced
inhibition (Supplemental Figure S9). To retain control activity, 1 mM nitrite was required to
protect 10 µM LDH-A from 100 µM HOCl. GSH (100 µM) or 200 µM S-methyl-cys protected
10 µM LDH-A from oxidation and inhibition by 100 µM HOCl (Table 2).

Table 2. LDH-A protection from HOCl by GSH, NO2
− and S-methyl-cys.

HOCl Scavenger LDH-A Activity (% of Control) Rate Constant (M−1 s−1)

none 100
+HOCl 62 ± 4

+HOCl + 50 µM GSH 88 ± 2
+HOCl + 100 µM GSH 97 ± 3 1.2 × 108 [33]

+HOCl + 500 µM NO2
− 70 ± 5

+HOCl + 1 mM NO2
− 92 ± 4 7.3 × 103 [42]

+HOCl + 50 µM S-methyl-cys 77 ± 5
+HOCl + 100 µM S-methyl-cys 88 ± 4
+HOCl + 200 µM S-methyl-cys 95 ± 3 3.1 × 107 [33] *

LDH-A (10 µM) in 10 mM PB PH 7.4 was treated with 100 µM HOCl for 10 min at 20 ◦C. All scavengers were
premixed with LDH-A prior to addition of HOCl. Activity assays were performed as described in Figure 2D.
Reactions of scavengers with HOCl scavengers occur in seconds, whereas up to 30 min with HOCl is required to
observe increased LDH-A inhibition (Figure 3B). * This is for the reaction of HOCl with methionine. S-methyl-cys
is a thioether like methionine.

Analogous competition assays were performed to assess LDH-A sensitivity to 1O2.
Scavengers included ascorbate, NADH, GSH and S-methyl-cys. For 1O2, ascorbate and
NADH were most effective at protecting LDH-A (Supplemental Figure S10). Higher
concentrations of GSH (>1 mM) and S-methyl-cys (1 mM) were required to afford full
protection of LDH-A from ~20 µM 1O2 (60 s red light).
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3.7. Enhanced NADH Oxidation by LDH-A; Activation by 1O2

We sought to determine if either 1O2 or HOCl activated NADH oxidation in a man-
ner similar to superoxide anion and other ROS [25,26]. In particular, we were interested
in 1O2 because its reaction with NADH produces the NAD radical (NAD•) and O2

•−.
Further, NAD· reacts with O2 to produce NAD+ and O2

•−. H2O2 forms via O2
•− dismuta-

tion [43,44].
The combination of MB, ambient O2 and red light (10 s) initiated NADH oxidation

in the absence and presence of LDH-A (Figure 7A). This brief light exposure yielded
~3–4 µM 1O2 based on the resulting decrease in NADH absorbance. Once activated, NADH
oxidation was monitored for 60 min. In the absence of MB (NADH only), NADH was
stable, and 193 µM NADH remained after 60 min. For MB/no LDH-A, oxidation occurred
at a linear rate of 1.6 µM NADH/min. LDH-A enhanced the rate twofold, and only 15 µM
NADH remained after 60 min (MB/LDH-A).
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contained 200 µM NADH in 50 mM PB PH 7.1 in a 96-well plate. 1O2 formation was initiated with
2.5 µM MB and 10 s of red light. Additions included LDH-A (10 µM) and SOD (10 U/100 µL).
Absorbance at 340 nm was measured prior to and immediately after light exposure. These data
represent the average of three independent experiments ± standard error. (B) LDH-A (10 µM) was
treated with 25 µM “low HOCl” or 150 µM HOCl “high HOCl” prior to addition of MB and NADH.
For “MB/red light”, LDH-A (10 µM) was irradiated for 60 s prior to NADH addition. The total
change in [NADH] was measured for 60 min. These data represent the average of three independent
experiments performed in duplicate.

For samples containing MB, LDH-A and SOD, only 60 µM NADH was oxidized
vs. 185 µM in the absence of SOD (Figure 7A). When 10 µM HOCl was added instead of
MB and red light, no activation of the NADH oxidation chain reaction occurred. HOCl
directly oxidizes NADH to NAD+ and does not produce radical intermediates [45].

H2O2 was confirmed by adding HRP, which reacts with it and a co-substrate. NADH
is a co-substrate; therefore, after HRP addition, the absorbance at 340 nm decreased fur-
ther [46]. For the MB/LDH-A sample, a different co-substrate, guaiacol, was added prior
to HRP addition because very little NADH remained after 60 min. HRP-oxidized guaiacol
yielded an orange product that absorbed at 470 nm. When catalase was added prior to HRP
to consume H2O2, no decrease in NADH absorbance or guaiacol product was detected.

HOCl- and 1O2-pretreated LDH-A samples were assayed to determine if damage by
oxidants affected enhanced NADH oxidation by LDH-A. Samples labeled “no LDH-A”
and “LDH-A” in Figure 7B correspond to MB/no LDH-A and MB/LDH-A in Figure 7A
and should represent the range of NADH oxidation by LDH-A pretreated with oxidants.

For low HOCl and for 1O2 in Figure 7B, NADH oxidation decreased to within the
expected range. For those LDH-A samples, we conclude that the protein is damaged
enough that it cannot enhance the rate of NADH oxidation to the same extent as the control,
undamaged LDH-A.

However, pretreatment with high HOCl (150 µM) decreased NADH oxidation below
that of “no LDH-A”. The data in Figure 6A show that this HOCl concentration induced
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considerable cross-linking and aggregation and high HOCl reduced LDH-A activity to
only 15–20% of the control LDH-A (line 535). We hypothesize that, in this unfolded state,
HOCl-damaged LDH-A may scavenge the small amount of 1O2 that is required to initiate
the superoxide-dependent NADH oxidation process. If so, then its overall NADH oxidation
activity would be below NADH oxidation by “no LDH-A”.

4. Discussion

This study investigated the effect of several ROS, primarily HOCl and 1O2, on LDH-A
structure and function. Multiple techniques confirmed a conformational change in LDH-A
induced by HOCl. We observed changes in SDS-PAGE mobility of the LDH-A monomer
(Figure 2A–C and Figure 3A,B), shifts in mobility by native gel electrophoresis (Figure 4A,B)
and decreased tryptophan fluorescence (Figure 5A). Further, the conformational change was
time-dependent (Figure 3A,B and Figure 5C) and not reversed by disulfide reducing agents,
TCEP and DTT. Irreversible inhibition of LDH-A by HOCl was unexpected given that DTT
and TCEP reversed nearly all HOCl damage to tubulin and restored polymerization to 90%
of untreated tubulin activity [29].

The conformational change(s) induced by HOCl and 1O2 exposed LDH-A cysteines
that were modified by M5F (Figure 3A). This is consistent with published work using Cu(II)
to initiate oxidative damage to porcine LDH-A in which cysteine reactivity with DTNB
increased after oxidation [32]. Thus, cysteine-specific reagents may be useful tools for
studying other LDH-A modifications and even binding of selective inhibitors.

Multiple mammalian LDH-A enzymes, including human, rabbit and mouse, contain
five cysteines with identical flanking sequences [47]. Results herein on the effects of
ROS likely apply to other mammalian LDH-A enzymes. For example, enhanced NADH
oxidation, in the absence of pyruvate, has been reported for human, porcine, bovine and
herein with rabbit LDH-A [25–27].

Cysteine oxidation is a likely outcome given the large rate constants for ROS and
cysteine [33]. The reaction of any ROS with a protein target depends on the relative
abundance and accessibility of a protein’s side chains. LDH-A contains an essential cysteine,
cys 162, in rabbit muscle LDH-A, situated adjacent to the active site, though it was not
directly involved in the reaction mechanism. Once modified by simple maleimides and
iodoacetate, the LDH-A reaction cannot proceed [1,22]. However, the essential cysteine
need not be the most reactive cysteine.

Cysteine oxidation by as little as 1–2.5 equivalent of HOCl was evident by decreased
labeling of LDH-A cysteines using multiple cysteine-specific fluorescent tags (Table 1,
Figure 2A and Supplemental Figures S2 and S3). Disulfides between LDH-A monomers
were detected by SDS-PAGE and Western blotting under nonreducing conditions (Figure 2C
and Supplemental Figure S4). Based on the decrease in cysteine labeling and the loss of
LDH-A activity, we conclude that some nonessential, solvent-exposed cysteines were
oxidized prior to the essential cysteine. This is noteworthy because LDH-A has multiple
functions in addition to its role in glucose metabolism that may be affected by oxidation of
cysteines that are not required for catalysis.

Preincubation of LDH-A with the substrate, NADH, blocked both M5F and IAF
labeling (Supplemental Figure S5). Simple maleimides and iodoacetamides are known to
react with the active site cys162. Therefore, it is likely that M5F and IAF reacted with cys162.
However, it is important to distinguish between modification of the essential cysteine and
the formation of a disulfide bond. Examination of the rabbit muscle LDH-A X-ray structure
(pdb 5NQQ) shows that cys34 is closest to cys162 and near the NADH binding domain.
By comparison, cys184 and cys130 are closer to the protein’s surface and would be more
accessible to ROS and labeling reagents. From the X-ray structure, none of the cysteines are
located directly at the interface between LDH-A monomers. This may explain the relatively
low yield of inter-subunit disulfides detected by Western blotting (Supplemental Figure S4)
relative to tubulin, a protein we have studied in detail [48].
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Evidence for dityrosine, a well-characterized product of HOCl oxidation, was con-
firmed by fluorescence spectroscopy [49]. If Tyr246 of one subunit formed dityrosine with
Tyr246 of a second subunit in the intact homotetramer, we would expect to see a promi-
nent dimer of approximately 70–75 kDa and even a tetramer of ~150 kDa, but we did not.
Therefore, it is likely that dityrosine forms only after other types of HOCl damage have
altered LDH-A conformation to the extent that tyrosines are close enough to yield the very
high-molecular-weight species that barely enters the separating gel. By comparison, 1O2
damage in Figure 1 shows the more typical laddering that occurs when dimers, trimers
and tetramers form when a native homotetramer is damaged by an oxidant.

Dityrosine within a monomer may explain the band splitting of the 36 kDa protein
observed by SDS-PAGE (Figures 2A and 3A). Also, we have observed that oxidative damage
can alter SDS binding so that proteins shift on SDS-PAGE [48].

Native gel electrophoresis with activity staining was vital to understand effects of
HOCl on LDH-A. This technique showed the conformational change as band shifts with
decreasing activity as HOCl increased. Also, the crosslink, present in the sample wells,
retained some activity (Figure 4A). Further, the addition of DTT modestly increased the
activity of cross-linked LDH-A (Figure 4B). We know that the crosslink contained reduced
cysteines that were labeled by M5F and IAF (Figure 2A and Supplemental Figure S2).
Native gel results may differ from those in Figure 4C because the activity stain measures
LDH-A activity in the lactate to pyruvate direction unlike Figure 2D where the opposite
reaction was evaluated.

Tryptophan fluorescence data supported our observations in Figures 1–4. Of the six
tryptophans in LDH-A, Trp187 is noteworthy because it is near Cys184. Because both
HOCl and NEM treatment decreased tryptophan fluorescence, we conclude that cysteine
damage alone is sufficient to alter LDH-A structure. Further, the decrease in emission was
associated with increased cysteine oxidation and a loss of LDH-A activity. Tryptophan
fluorescence is a sensitive technique because small motions of the indole side chain can
result in changes in emission [50]. One can expect such effects to be highly sensitive to the
conformation of the protein and the relative orientation of tryptophan.

Based on the data presented, we believe that both cysteine oxidation and dityrosine
formation by HOCl are required to initiate the conformational change that rendered LDH-A
inactive. Of the oxidants tested, only HOCl is capable of inducing both types of damage.
This is important because HOCl is being explored as a possible treatment for several
cancers [51,52]. Of note, damage by 1O2 is markedly different from HOCl with crosslinks
but not band splitting or shifting (Figure 1).

Oxidation of non-essential cysteines to disulfides is a probable first step because HOCl
is a potent cysteine oxidant [33,34]. Formation of a disulfide may induce a conformational
change that moves tyrosines close enough to form dityrosine. Both cysteine oxidation and
crosslink formation in LDH-A were time-dependent (Figure 3A). This proposed order is
supported by evidence that HRP and H2O2, known to form dityrosine, did not induce it in
LDH-A.

Competition studies with GSH, nitrite ion, and S-methyl-cys, a methionine analog,
provide insight into the rate constant for the reaction of LDH-A with HOCl (Table 2).
The reported rate constant for the reaction of HOCl with nitrite at PH 7.2 and 25 ◦C is
7.3 × 103 M−1 s−1 [42]. Both kinetic and gel data show that 0.5 and 1 mM nitrite competed
with 10 µM LDH-A for reaction with HOCl. Using nitrite or S-methyl-cys in competition
experiments is advantageous over GSH. Oxidation of GSH by HOCl yields GSSG, which
can undergo thiol/disulfide exchange with protein thiols [48]. Further, because it is a thiol,
excess GSH complicates the detection of protein thiols following HOCl treatment. This
information provides an excellent starting point when we assess the sensitivity of other
proteins to oxidation by HOCl.

Despite using 500-fold higher concentrations (relative to LDH-A) of other ROS includ-
ing H2O2, glycine chloramine and Angeli’s salt, no inhibition or oxidation of cysteines was
observed. These high oxidant concentrations oxidize cysteines of GAPDH and tubulin and
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result in decreased activity of both [29,53]. This resistance is noteworthy given the pivotal
role of LDH-A in cancer cells where high oxidative stress is ever present. Also, because
LDH-A can produce H2O2 via the superoxide-initiated NADH oxidation chain reaction,
H2O2 would not be expected to inhibit it.

Previously, we reported that 2–3 equivalents of 1O2 relative to LDH-A induced
crosslinks and abolished all catalytic activity [23]. Our results herein build on these findings
to show that 1O2 damage to LDH-A exposed cysteines that were not accessible prior to
damage (Figure 1B). Likewise, the fact that 1O2 can activate NADH oxidation by LDH-
A and that it is superoxide-dependent is noteworthy (Figure 7A). When photodynamic
therapy generates 1O2, the resulting Type I photo-oxidation yields superoxide anion when
hydrogen atom abstraction generates NAD·or amino acid radicals that react with O2 [54].
Even if LDH-A were not a primary target for ROS, its ability to oxidize NADH, in the
absence of pyruvate, and generate H2O2 are important mechanisms to affect viability
regardless of the cell type.

The results presented and methodology employed are important because LDH-A is a
target for anti-cancer drug development due to its overexpression and metabolic role in
several cancers [5,6,12]. Lastly, Figure 7B shows that the extent of inhibition of pyruvate-
dependent (Figures 2 and 3) and superoxide-dependent NADH oxidation by LDH-A need
not be identical. A direct comparison is not possible because even if LDH-A had diminished
ability to oxidize NADH, oxidation still proceeds without enzyme. While both activities
require NADH binding to LDH-A, there may be differential outcomes with respect to
lactate formation, NADH oxidation and H2O2 generation.
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www.mdpi.com/article/10.3390/biochem4010002/s1. Figure S1: Purification of LDH-A by Cibacron
Blue chromatography; Figure S2: IAF labeling of LDH-A oxidized by HOCl (90% pure LDH-A);
Figure S3: IAEDANS labeling of LDH-A oxidized by HOCl (90% pure LDH-A); Figure S4: Western
blot of LDH-A oxidized by HOCl +/− BME; Figure S5: Preincubation of LDH-A with NADH
decreases cysteine labeling; Figure S6: LDH-A tryptophan emission at 10 µM HOCl vs control;
Figure S7: Fluorescence emission of LDH-A oxidized with HOCl: emission at 380 nm; Figure S8:
Effect of nitrite on HOCl oxidation LDH-A–M5F labeling; Figure S9: Effect of nitrite on LDH-A
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