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A B S T R A C T   

D-lactate dehydrogenases are known to be expressed by prokaryotes and by eukaryotic invertebrates, and over 
the years the functional and structural features of some bacterial representatives of this enzyme ensemble have 
been investigated quite in detail. Remarkably, a human gene coding for a putative D-lactate dehydrogenase 
(DLDH) was identified and characterized, disclosing the occurrence of alternative splicing of its primary tran-
script. This translates into the expression of two human DLDH (hDLDH) isoforms, the molecular mass of which is 
expected to differ by 2.7 kDa. However, no information on these two hDLDH isoforms is available at the protein 
level. Here we report on the catalytic action of these enzymes, along with a first analysis of their structural 
features. In particular, we show that hDLDH is strictly stereospecific, with the larger isoform (hDLDH-1) 
featuring higher activity at the expense of D-lactate when compared to its smaller counterpart (hDLDH-2). 
Furthermore, we found that hDLDH is strongly inhibited by oxalate, as indicated by a Ki equal to 1.2 μM for this 
dicarboxylic acid. Structurally speaking, hDLDH-1 and hDLDH-2 were determined, by means of gel filtration and 
dynamic light scattering experiments, to be a hexamer and a tetramer, respectively. Moreover, in agreement with 
previous studies performed with human mitochondria, we identified FAD as the cofactor of hDLDH, and we 
report here a model of FAD binding by the human D-lactate dehydrogenase. Interestingly, the mutations W323C 
and T412 M negatively affect the activity of hDLDH, most likely by impairing the enzyme electron-acceptor site.   

1. Introduction 

Lactate is generated by prokaryotic and eukaryotic cells through the 
action of stereospecific enzymes, exclusively yielding the L or the D 
enantiomer of this monocarboxylic acid [1]. The presence of L- and 
D-lactate dehydrogenases in the same organism was first shown for the 
bacterium Lactobacillus plantarum, with the concomitant presence of 
both enzymes recognized as responsible for the racemization of lactic 
acid [2–4]. At present, the repertoire of bacterial L-lactate de-
hydrogenases (LLDHs) contains NADH-dependent or –independent 
representatives [5], featuring a quaternary structure composed of two or 
four identical subunits [5,6]. Furthermore, prokaryotic LLDHs are 
known to exert their catalytic action according to Michaelis-Menten [5] 
or to cooperative kinetics [7], which is eventually modulated by 
homotropic or heterotropic effectors (e.g. by pyruvate and fructose-1, 
6-bisphosphate, respectively). Bacterial D-lactate dehydrogenases 
(DLDHs) do also feature NADH-dependent or –independent activity, and 

they share with LLDHs a homodimeric [8–10] or homotetrameric as-
sembly [11]. Moreover, similarly to LLDHs, D-lactate dehydrogenases 
isolated from bacterial sources obey Michaelis-Menten [12] or sigmoidal 
kinetics [13]. 

LLDHs were early detected in vertebrates, and two major subunits 
were identified, i.e. LDH-A and LDH-B, whose corresponding homote-
tramers are known as the muscle (M, LDH-5) and the heart (H, LDH-1) 
enzyme, respectively [14–16]. The H isoform is predominant in aero-
bic tissues, and its action is supposed to be mainly committed to the 
oxidation of lactate. Conversely, the M form is abundant in tissues 
exposed to transient hypoxia, e.g. in white muscle fibers, where it is 
engaged in the reduction of pyruvate. Curiously enough, over quite a 
number of years the expression of DLDHs was considered restricted to 
eukaryotic invertebrates [17]. However, the identification of genes 
coding for DLDHs in vertebrates suggested that both stereospecific 
lactate dehydrogenases can occur in these organisms [18]. Notably, 
vertebrate DLDHs belong to the VAO/PCMH (vanillyl alcohol 
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oxidase/p-cresol methylhydroxylase) flavoprotein family, whose mem-
bers contain FAD or FMN as the redox cofactor [19,20], acting therefore 
as NADH-independent enzymes. In particular, vertebrate DLDHs are 
representatives of the α-hydroxy acid dehydrogenases subgroup of the 
VAO/PCMH flavoprotein family. It should also be noted that 
NADH-independent DLDHs are usually engaged in the oxidation of 
D-lactate, by this means taking part to the generation of pyruvate 
committed to the energetic metabolism. This implies, in turn, that 
DLDHs catalyse a thermodynamically-unfavourable reaction [21], the 
progression of which demands a prompt coupling of pyruvate synthesis 
and oxidative phosphorylation. Interestingly, quite a number of years 
ago the presence of D-2-hydroxy acid dehydrogenase activity in 
different organs of various vertebrates was assayed using D-lactate and 2, 
6-dichlorophenolindophenol as electron acceptor [22]. In particular, 
high levels of DLDH activity were detected in kidneys of rabbit, ferret, 
and pigeon, as well as in rat liver [22]. 

In humans, three homotetrameric NADH-dependent LLDH isoforms 
are known: i) LLDH-5, to which the majority of structural and functional 
studies have been devoted [23,24]; ii) LLDH-1, featuring a high degree 
of structural similarity to LLDH-5 [25]; iii) LLDH-X, containing LDH-C 
subunits, and which is considered a testis-specific isoform [26,27]. In 
addition to these enzymes, a human gene coding for a putative DLDH 
has been identified [18], and an alternative splicing of the correspond-
ing transcript is retained responsible for the translation of two isoforms 
whose molecular mass would differ by 2.7 kDa [18]. At present, no 
evidence at the protein level has been provided for these human DLDH 
isoforms. 

Physiologically speaking, when cells are exposed to conditions 
limiting oxidative phosphorylation their energetic metabolism shifts to 
the generation of lactate. Accordingly, tissues subjected to fatigue and 
facing transient hypoxia feature a sixteen-fold increase of the lactate/ 
pyruvate ratio when compared to resting counterparts [28]. However, it 
was demonstrated that lactate is produced in fully aerobic tissues [29, 
30], and it was therefore proposed that lactate always represents the end 
product of glycolysis [31]. According to this view, the cytosolic lactate 
generated under aerobic conditions shuttles to the mitochondrial 
intermembrane space, where it is converted to pyruvate, which is finally 
committed to the Krebs cycle [31]. Notably, when the generation of 
lactate dominates the energetic metabolism, the intracellular pH un-
dergoes a substantial decrease. However, it should be noted that the 
reduction of pyruvate exerted by LDH at the expense of NADH + H+ does 
not induce acidification per se, being instead a proton-consuming reac-
tion. Actually, lactic acidosis stems from a net release of H+ from ATP 
hydrolysis under hypoxic or anoxic conditions [32]. Considering the 
relevance of L-lactate in cytosolic acidosis and in the energetic meta-
bolism of cancer cells, substantial work is devoted to improve our un-
derstanding about how the action of LLDHs affects the fate of cells. In 
addition, the search for effective and selective inhibitors of human 
LLDHs is strongly pursued with the aim to provide innovative thera-
peutic agents against cancer [33,34]. 

Contrary to the large interest raised by human LLDHs, the informa-
tion available on their D-counterparts is rather poor. It is important to 
mention that D-lactate can be generated at the expense of methylglyoxal 
(MG), a toxic metabolite mainly produced from dihydroxyacetone 
phosphate and glyceraldehyde-3-phosphate [35–37]. The detoxification 
of methylglyoxal is primed by its conjugation with glutathione, and the 
resulting hemithioacetal is then converted by glyoxalase I to S-lactoyl-
glutathione [38]. Finally, glyoxalase II catalyzes the release of D-lactate 
and glutathione from S-lactoylglutathione [38]. Remarkably, effective 
experiments demonstrated that human glyoxalase III detoxifies meth-
ylglyoxal yielding L-lactate, whereas the homologous enzyme from 
Arabidopsis thaliana converts MG into D-lactate [39]. Accordingly, 
D-lactate is generated in human cells by glyoxalase I/II only, and this 
detoxification route proceeds further with the oxidation of D-lactate. 
This occurs in mitochondria, which were shown to be competent in 
oxidizing D-lactate to pyruvate, yielding by this means a useful energy 

source [40]. Remarkably, it was also observed that the activity of DLDH 
is higher in human cancer cells than in their normal mates [40]. Further, 
different diseases are phenotypically associated with high (mM) levels of 
D-lactate in plasma and urine [41–44]; however, it should be mentioned 
that the clinical relevance of this phenotype (denoted as D-lactate 
acidosis) is actually questioned [45]. Nevertheless, it was recently 
demonstrated with very elegant experiments that human DLDH is 
responsible for the oxidation of D-lactate in vivo. In particular, two 
site-specific variants (W374C and T463 M) of human DLDH were 
detected in patients suffering of D-lactate acidosis [46]. When these 
variants were expressed in zebrafish bearing a knockout allele of the 
DLDH-coding locus, the concentration of D-lactate did significantly in-
crease when compared to the level detected in wild-type animals [46]. It 
is also of importance to note that the expression of wild-type human 
DLDH in the knocked-out zebrafish was shown to suffice to the 
containment of D-lactate concentration within physiological values [46]. 
Remarkably, these experiments do unambiguously demonstrate that 
human DLDH is competent in oxidizing D-lactate in vivo, therefore aiding 
in the containment of D-lactate acidosis. 

Considering the potential relevance of D-lactate under different 
pathological conditions, we thought it of interest to investigate both 
isoforms of human DLDH at the protein level. Accordingly, we report 
here on kinetic and structural features of these two enzymes, along with 
a detailed analysis of the effects triggered by the mutations W374C and 
T463 M on the catalytic action of human D-lactate dehydrogenase. 

2. Materials and Methods 

2.1. Materials 

All reagents were obtained by Merck-Millipore (Burlington, MA, 
USA). Sodium D-lactate (≥99%) was used without further purification. 

2.2. Protein overexpression and purification 

The UniProt accession ID for the human D-lactate dehydrogenase 
(DLDH) is Q86WU2, and according to the information associated with 
this entry (https://www.uniprot.org/uniprotkb/Q86WU2) the amino 
acids 1–52 of the corresponding primary structure represent the signal 
peptide responsible for mitochondrial targeting of DLDH. Therefore, we 
decided to overexpress in Escherichia coli the corresponding full-length 
mature human DLDH, i.e. the protein containing residues 53–507 of 
the Q86WU2 entry, denoted here as hDLDH-1 (Supplementary Figs S1A 
and S1B). It should be mentioned that to counteract the occurrence of 
intermolecular disulfide bonds, the C176S mutation was introduced in 
hDLDH-1 (C227S using the precursor coordinates), with this single-site 
variant representing the target to be overexpressed in E. coli. Consid-
ering the evidence supporting an alternative splicing of the transcript 
coding for hDLDH [18], we also overexpressed the resulting isoform 
(denoted as hDLDH-2), lacking residues 211–233 of the precursor 
sequence (amino acids 160–182 of hDLDH1, Supplementary Figs S1A 
and S1C). 

To overexpress the isoforms of hDLDH, a couple of genes, optimized 
for E. coli codon usage, was synthesized (GenScript, Leiden, NL). Both 
genes (Supplementary Fig. S1) were cloned into the pET9a vector, using 
the NdeI and BamHI sites, and the constructs accordingly obtained were 
used to transform E. coli BL21(DE3). Transformants were selected on LB- 
kanamycin (40 μg/mL) Petri dishes, and subsequently purified on LB- 
kan plates. Single colonies were then picked to inoculate LB-kan liquid 
medium, and grown for 15 h at 37 ◦C under shaking conditions (180 
rpm). The pre-cultures accordingly obtained were diluted (1:500) into 
fresh LB-kan medium and grown at 30 ◦C for 9 h. Then, 1 mM isopropyl- 
β-D-thiogalactopyranoside (IPTG) was added, and the induced cultures 
were incubated at 30 ◦C for 15 h. Induced cells (200 mL) were harvested 
by centrifugation (4500×g, 20 min, 4 ◦C), and the pellets were resus-
pended in 20 mL of 50 mM Tris-HCl, 50 mM NaCl, pH 8. Total proteins 
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were extracted by sonication (Misonix-3000 sonifier, output level of 18 
W for 15 s, followed by a 15 s cooling interval, for 4 cycles). 

Both hDLDH isoforms were recovered from the insoluble fraction of 
the protein extract as we previously described [47,48]. In particular, the 
total protein extract was centrifuged at 13,000×g (30 min, 4 ◦C), and the 
pellet containing the inclusion bodies was resuspended in 10 mM 
Tris-HCl, 1 % (w/v) N-lauroylsarcosine, pH 7.5. The suspension was 
incubated at 4 ◦C for 15 h under mild shaking, and then centrifuged at 
13,000×g (30 min, 4 ◦C). The supernatant accordingly obtained (ca. 20 
mL) was supplemented with 1.875 g of Amberlite XAD-4, and the 
mixture was mildly stirred for 3 h, at room temperature. Finally, the 
resin was decanted and discarded, and the resulting solution was 
centrifuged at 13,000×g (30 min, 4 ◦C). After discarding the pellet, the 
protein solution was supplemented with 2.5 mM DTT, concentrated to 
approximately 2 mL and loaded onto a Superdex 200 column (1.6 × 60 
cm), previously equilibrated with 10 mM Tris-HCl, pH 7.5. Elution was 
performed at 0.6 mL/min, and fractions of 0.9 mL were collected. The 
column was calibrated with HMW and LMW Gel Filtration Calibration 
kits (Cytiva, Uppsala, Sweden), using dextran blue, ferritin, catalase, 
aldolase, albumin, ovalbumin, chymotrypsinogen A, and RNase A. The 
best eluted fractions, according to SDS-PAGE analysis, were pooled, 
concentrated, supplemented with 0.4 M sucrose (final concentration), 
and stored at −20 ◦C until used. 

Protein concentration was determined according to Bradford [49]. 

2.3. Mutagenesis 

Site specific mutagenesis of the synthetic gene coding for hDLDH-1 

was performed by GenScript (Leiden, NL). In particular, the W323C 
mutant was obtained replacing the TGG codon with TGC, and the T412 
M variant was constructed substituting the ACC codon with ATG. Both 
genes subjected to mutagenesis were sequenced to confirm the identity 
of the mutations. No site-specific substitutions in addition to those 
desired were detected by sequencing. 

2.4. Activity assays 

The catalytic activity of hDLDH at the expense of D-lactate was 
spectrophotometrically assayed. Assay mixtures contained 15 mM D- 
lactate, 50 μM 2,6-dichlorophenolindophenol (DCPIP) in 50 mM Tris- 
HCl, 5 mM EDTA, 0.1 % (w/v) Triton X-100, pH 7.5. The reaction was 
observed at 600 nm using a Cary 300 Bio spectrophotometer, and the 
extinction coefficient (ε) of DCPIP was considered equal to 21 
mM−1cm−1 [50]. Alternatively, the oxidation kinetics of D-lactate was 
determined at 275 nm in the presence of decylubiquinone in 50 mM 
Tris-HCl, 5 mM EDTA, pH 7.5. To this aim, a stock solution containing 
100 mM decylubiquinone in DMSO (stored at −20 ◦C) was diluted 1:10 
in ethanol immediately before the assays were performed. In addition, 
the competence of hDLDH in transferring electrons to horse heart cy-
tochrome c was tested at 550 nm. The reduced-minus-oxidized Δε of 
cytochrome c was considered equal to 21.1 mM−1cm−1 [51]. 

2.5. Inhibition assays 

The inhibition of hDLDH-1 by amino acids, oxalate, oxamate, or 
pyruvate was tested in 50 mM Tris-HCl, 5 mM EDTA (pH 7.5), in the 

Fig. 1. Structural model of human D-lactate dehydrogenase (hDLDH). 
(A,B) Model provided by AlphaFold of the tertiary structure of human D-lactate dehydrogenase (hDLDH). The signal peptide, consisting of residues 1–52, is reported 
in blue. The structural region pertaining to the mature enzyme is depicted in green and magenta. The transcript coding for hDLDH undergoes alternative splicing, 
generating two enzyme isoforms, which differ for the presence or the absence of an extended loop (reported in magenta) containing the amino acids 211–233 
(159–181 in the mature protein). (C) Detail of the N-terminal region of hDLDH. The residues 47–50 are represented with sticks to show their exposure to the solvent. 
(D) Close view of the loop connecting residues 210–234 of hDLDH. Cysteine 227 is represented in blue. 
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presence of 1 μM enzyme, 15 mM D-lactate, and 50 μM DCPIP. The in-
hibition exerted by oxalate, oxamate, and pyruvate on the hDLDH-1 
catalytic action was quantitatively inspected according to the equation 
[52]: 

1
v =

[S] + Km

Vmax[S]
+ Km

Vmax[S]Ki
[I] (1)  

where Ki is the inhibition constant, and [I] indicates the concentration of 
the inhibitor. 

2.6. Dynamic light scattering 

Dynamic light scattering experiments were performed with a Mal-
vern Panalytical (Malvern, UK) Zetasizer Nano ZS system, using the 
fractions eluted from the Superdex 200 column and representing the 
maximum of the detected peaks (see above). All the measurements were 
recorded at 25 ◦C using solutions previously filtered with 0.2 μm filters. 
Scattering was evaluated at an angle of 173◦. Each sample was subjected 
to three consecutive analyses, each consisting of the average of 12–15 
determinations. Raw data were analyzed with the Zetasizer software 
(Malvern Panalyticals), release 7.11. 

2.7. Circular dichroism 

CD spectra were recorded over the 200–250 nm wavelength interval 
at a scan rate equal to 50 nm/min, using a Jasco J-810 spec-
tropolarimeter and a 0.5 cm path-length cuvette. Protein samples were 
in PBS, and the bandwidth was set to 1 nm. Sixteen scans per sample 
were acquired and averaged. 

2.8. Atomic emission spectroscopy 

The iron concentration in liquid hDLDH samples was determined 
using an Agilent MP-AES 4210 Spectrometer. The emission intensities of 
standards and samples were determined at three different wavelengths, 
namely 371.993, 373.486, and 385.991 nm, respectively. Nitric acid 
(VWR Normatom, cod. 83872.270) and demineralized water (Millipore 
DirectQ, resistivity 18.2 MΩ • cm) were used to prepare all analytical 
standards and samples. A commercial iron standard (1 g/L, VWR Titri-
norm, code 86677.260) was diluted to obtain solutions having the 
following concentrations of iron: 0.05, 0.10, 0.50, 1.00, and 2.00 mg/L. 
A blank standard was also prepared and used throughout. Nitric acid 
(0.94 %, m/v, final concentration) was added to all calibration 
standards. 

Two samples, containing 61 and 32.5 μM hDLDH-1 and hDLDH-2, 
respectively, were diluted 1:5 by adding Millipore demineralized 
water and nitric acid to a final concentration of 0.94 % (m/v), and they 
were subsequently analyzed. Three blanks were also prepared and 
subjected to the same analytical procedure of the protein samples. 

To determine the detection limit (LoD) and the quantification limit 
(LoQ), we calculated the concentration corresponding to the values 
obtained (at the three wavelengths) by adding to the mean of the blank 
standards 3.2 and 10 times, respectively, their standard deviation. The 
final parameters were obtained from the quadratic average of the three 
values, multiplied by 5 (the dilution factor). 

2.9. Structural analyses of hDLDH 

The analyses and representations of the tertiary structure of hDLDH 
and Escherichia coli DLDH were rendered with PyMol (release 2.5.2, 
[53]). 

3. Results 

3.1. Overexpression and purification of human DLDH isoforms 

To prime our analysis of the two isoforms of hDLDH [18], we 
inspected the structural model of the precursor enzyme provided by 
AlphaFold (Figs 1A and 1B, file PDB: AF-Q86WU2–F1-model_v4). 
Interestingly, this model reveals that the portion of the signal peptide 
distal from the N-terminus (see Methods and Figs 1B and 1C) contains 4 
surface-exposed hydrophobic amino acids, i.e. A47, A48, V49, and V50, 
respectively (Fig. 1C). Therefore, we decided to construct two synthetic 
genes coding for the two isoforms of hDLDH, with both enzymes devoid 
of the amino acids 1–52 of the precursor protein. The structural model of 
hDLDH does also disclose that C227 (precursor coordinates, C176 of 
mature hDLDH isoform 1) is not engaged in any intramolecular disulfide 
bridge, being therefore able to take part in intermolecular S–S bonds 
(Figs 1A, 1B, and 1D). Accordingly, to avoid this possibility we intro-
duced in the isoform 1 of hDLDH (hDLDH-1) the C176S mutation (the 
protein coordinates used hereafter are those referring to the mature 
hDLDH isoforms). It should also be noted that C176 is absent in hDLDH 
isoform 2 (hDLDH-2), which lacks the protein region containing this 

Fig. 2. Purification of hDLDH. 
(A) Gel filtration chromatography of hDLDH-1 (white circles) and hDLDH-2 
(black circles) isoform of human D-lactate dehydrogenase. Both isoforms were 
previously subjected to solubilization from inclusion bodies by means of sar-
kosyl and subsequently refolded using Amberlite XAD-4. The refolded enzymes 
were then loaded onto a Superdex 200 column, the calibration of which was 
performed with ferritin (440 kDa, white square), catalase (232 kDa, green 
square), aldolase (158 kDa, red triangle), albumin (67 kDa, black square), 
ovalbumin (43 kDa, white triangle), chymotrypsinogen A (25 kDa, green tri-
angle), RNase A (13.7 kDa, red square). (B) SDS-PAGE of the purified isoforms 
of hDLDH. The best fractions of hexameric and monomeric hDLDH-1 eluted 
from the Superdex column were pooled, concentrated and loaded onto lanes 1 
and 2, respectively. The pools of purified tetrameric and monomeric hDLDH-2 
were loaded onto lanes 3 and 4, respectively. The molecular masses of the 
loaded markers (lanes M) are (top to bottom) 116, 66.2, 45, 35, 25, and 18.4 
kDa, respectively. 
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cysteine (Figs 1A and 1B). 
To overexpress the two hDLDH isoforms, a couple of genes, opti-

mized for the Escherichia coli codon usage, were synthesized (Supple-
mentary Fig. S1) and cloned into the vector pET9a. The constructs 
accordingly obtained were used to transform E. coli BL21(DE3), and the 
overexpression of the target proteins was performed by means of stan-
dard techniques (see Methods). Notably, we obtained comparable 
expression yields, equal to ca. 400 mg/L, for hDLDH-1 and hDLDH-2. It 
should also be mentioned that both isoforms were recovered from the 
insoluble fraction of protein extracts isolated from cells induced to 
overexpression (Supplementary Fig. S2A). Further, to solubilize and 
refold the two isoforms of hDLDH we took advantage of our recently 
reported procedure which entails N-lauroylsarcosine (also denoted as 
sarkosyl) as the solubilizing agent, and Amberlite XAD-4 as a convenient 
tool to refold a target protein dissociated from inclusion bodies with the 
aid of sarkosyl (Supplementary Fig. S2B) [47,48]. 

Interestingly, when refolded hDLDH-1 was subjected to gel filtration 
chromatography two association states of this enzyme were detected, 
featuring molecular mass equal to 295 and 68 kDa, respectively 
(Fig. 2A). Considering an expected molecular mass of 49.2 kDa, these 
states correspond to hexameric and monomeric hDLDH isoform 1, 
respectively. It is also interesting to note that the amount of hexamer 
does largely prevail over that of the monomer (Figs 2A and 2B), with 
yields of purified protein equal to 230 and ca. 2 mg/L, respectively. 
When gel filtration chromatography was used to analyze hDLDH-2, the 
elution volume of the major observed peak translates into a molecular 
mass equal to 195 kDa (Fig. 2A). Taking into account that the expected 
molecular mass of hDLDH-2 is equal to 46.5 kDa, this corresponds to a 
tetrameric quaternary structure of the enzyme (Fig. 2A). In addition to 
this oligomeric state, we also detected monomeric hDLDH-2, the mo-
lecular mass of which was determined as equal to 44.7 kDa (Fig. 2A). 

Similarly to what we observed with hDLDH-1, the amount of monomeric 
hDLDH-2 recovered from the gel filtration column was much lower 
when compared to that of the tetramer (Figs 2A and 2B). In particular, 
we obtained yields equal to 265 and ca. 2 mg/L for the tetramer and for 
the monomer of hDLDH-2, respectively. 

3.2. Dynamic light scattering experiments 

To further inspect the oligomeric states of hDLDH, we performed 
dynamic light scattering (DLS) experiments. Remarkably, when hDLDH- 
1 was analyzed, an excellent agreement was observed between the 
molecular mass values estimated by means of gel filtration chromatog-
raphy and DLS. We indeed determined by DLS an apparent molecular 
mass of hDLDH-1 equal to 296 kDa, with this value corresponding to an 
hexameric quaternary structure (Figs 3A and 3B). Moreover, it is 
important to note that this hDLDH-1 quaternary structure appears to be 
rather stable. Actually, when three successive DLS analyses of this iso-
form were carried out, no significant differences among the observed 
oligomeric states were observed (Fig. 3A), with molecular mass values of 
296 ± 166, 296 ± 199, and 296 ± 176 kDa, respectively. On the con-
trary, when monomeric hDLDH-1 was subjected to three consecutive 
DLS analyses we detected substantial changes in the apparent dimension 
of this form (Figs 3C and 3D), with molecular mass values estimated as 
equal to 38 ± 26, 53 ± 26, and 38 ± 13 kDa. Accordingly, the analysis 
by DLS of the molecular mass of monomeric hDLDH-1 is affected by a 
conspicuous error, yielding a mean value of 43 ± 9 kDa. In addition, and 
surprisingly, different aggregates were observed to occur with mono-
meric hDLDH-1 (Fig. 3C), albeit they do not represent a major compo-
nent of the sample volume (Fig. 3D). It is important to note here that the 
DLS analyses were carried out immediately after the elution of hex-
americ and monomeric hDLDH-1 from the gel filtration column. 

Fig. 3. Dynamic light scattering experiments performed with hDLDH-1. 
(A-D) The output of three independent measurements (green, blue, and magenta lines) obtained with purified hexameric (A,B) and monomeric (C,D) hDLDH-1 is 
shown. The percentage of scattering intensity (A,C) by the detected particles is reported as a function of their diameter. The percentage volume (B,D) of the particles 
as a function of their diameter is also shown. 
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Therefore, the various aggregates accompanying monomeric hDLDH-1 
appear to be generated by a rapid association of monomers. Remark-
ably, this feature of monomeric hDLDH-1 is quite likely responsible for 
the lower yield that we obtained for this form when compared to that 
obtained for hexameric hDLDH-1. 

Generally speaking, the molecular features of hDLDH-2 that we 
observed performing DLS experiments resemble those detected in the 
presence of hDLDH-1. When the oligomeric state of hDLDH-2 was 
analyzed by DLS, a molecular mass of 213 ± 7 kDa was determined (Figs 
4A and 4B), in good agreement with the value evaluated by gel filtration 
chromatography, i.e. 195 kDa. Accordingly, and taking into account an 
expected molecular mass of 46.5 kDa, the DLS experiments indicate a 
tetrameric assembly for the oligomeric state of hDLDH-2. Further, the 
tetrameric hDLDH-2 quaternary structure proved to be stable, as sug-
gested by three successive DLS analyses (Fig. 4A). On the contrary, 
monomeric hDLDH-2 was found to be unstable and prone to aggregation 
(Fig. 4C), with its molecular mass determined as equal to 38 ± 16, 27 ±
12, and 53 ± 24 kDa. These estimates correspond to a mean of 39 ± 13 
kDa, which does not significantly differ from the mean value of the 
molecular mass determined for monomeric hDLDH-1. As previously 
mentioned for hDLDH-1, although the aggregated forms of monomeric 
hDLDH-2 do not represent an extensive part of the total enzyme volume 
(Fig. 4D) the unstable nature of the monomer is quite likely responsible 
for the low yield that we obtained for this enzyme. 

3.3. Structural features of human DLDH isoforms 

To further characterize both hDLDH isoforms, we analyzed their 
secondary structure by means of CD spectroscopy. In particular, when 
considering that monomeric hDLDH is prone to aggregation, we deter-
mined the far-UV CD spectrum of hexameric hDLDH-1 and tetrameric 

hDLDH-2 only. Overall, the two observed spectra are similar, with a 
minimum at 208 nm which is more pronounced in the spectrum of 
hDLDH-2 (Fig. 5A). To perform a quantitative analysis of these data, we 
used the K2D algorithm [54] via the DichroWeb server [55]. According 
to this analysis, hexameric hDLDH-1 features 30, 14, and 56 % of amino 
acids belonging to α-helices, β-strands, and coils, respectively (Fig. 5B). 
Interestingly, performing the same analysis using the CD spectrum of 
hDLDH-2 we obtained a secondary structure composed of 23, 22, and 54 
% residues located in α-helices, β-strands, and coils, respectively 
(Fig. 5C). These data can be compared with those obtained analyzing the 
model of hDLDH tertiary structure generated by AlphaFold (Fig. 1). 
According to this model, the precursor of hDLDH contains 16 α-helices 
and 15 β-strands, and the loop exclusively present in hDLDH-1 is 
composed of 23 amino acids (Fig. 1). Furthermore, taking into account 
the portion of the AlphaFold model which refers to mature hDLDH, we 
estimated the relative abundance of amino acids into the different ele-
ments of secondary structure. By this means, hDLDH-1 was found to 
contain 38, 18, and 44 % of residues in α-helices, β-strands, and random 
coils, respectively. This evaluation is in reasonable agreement with the 
analysis performed using the CD spectrum of hDLDH-1, with the major 
difference pertaining the relative abundance of amino acids belonging to 
α-helices (30 vs. 38 %). This discrepancy is more pronounced when 
hDLDH-2 is considered: for this isoform the AlphaFold structural model 
does indeed suggest a secondary structure composed of 40, 20, and 40 % 
of amino acids being located in α-helices, β-strands, and random coils, 
respectively. Similarly to what observed with hDLDH-1, the major dif-
ference between these data and those obtained by CD spectroscopy re-
sides in the relative abundance of α-helices. 

Using mitochondria isolated from human prostate cells and per-
forming activity assays detecting D-lactate oxidation, D-lactate dehy-
drogenase was shown to be associated with the matrix side of the inner 

Fig. 4. Dynamic light scattering experiments performed with hDLDH-2. 
(A-D) The output of three independent measurements (green, blue, and magenta lines) obtained with purified tetrameric (A,B) and monomeric (C,D) hDLDH-2 is 
shown. The percentage of scattering intensity (A,C) by the detected particles is reported as a function of their diameter. The percentage volume (B,D) of the particles 
as a function of their diameter is also shown. 
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mitochondrial membrane [40]. Moreover, fluorimetric assays carried 
out with cell lysates revealed that human D-lactate dehydrogenase is a 
FAD-dependent enzyme [40]. To identify the cofactor associated to 
purified hDHLDH-1 and hDHLDH-2, we recorded the UV–Vis absorption 
spectra of both isoforms over the 350–650 nm wavelength interval. 
Surprisingly enough, when hDLDH-1 and hDLDH-2 were analyzed we 
did not detect an absorption spectrum diagnostic of FAD (Fig. 5D). 
Indeed, instead of the characteristic broad absorption band of FAD, 
featuring a maximum at 450 nm, the spectra of the hDLDH isoforms 
showed a single sharp band with maximal absorption shifted to shorter 
wavelengths (Fig. 5D). In particular, the two spectra resulted quite 
similar, with the main distinctive trait represented by a slight shift of the 
absorption maximum, located at 420 and 416 nm when the absorption 
bands of hDLDH1 and hDLDH2 are considered, respectively (Fig. 5D). 
To interpret the outcome of this spectroscopic analysis of the two 
hDLDH isoforms, we reasoned that their absorption bands could suggest 
the occurrence of a heme cofactor. However, when hDLDH-1 was 
exposed to oxidizing and subsequently to reducing conditions we did not 

detect significant Absorbance changes in the wavelength interval over 
which the presence of hemoproteins can be revealed (Supplementary 
Fig. S3). The presence in hDLDH of a FeS cluster was then considered. 
First, the spectrum of hDLDH-1 was recorded in the absence or in the 
presence of an excess of sodium dithionite (Fig. 6A). Interestingly, under 
reducing conditions we detected the unabridged bleaching of the 
enzyme absorption band centered at 420 nm (Figs 6A and 6B), with this 
observation resembling the difference spectra reported for quite a 
number of ferredoxins [56,57] and for the High Potential Iron Sulfur 
Protein (HiPIP) from Chromatium [57]. Therefore, we analyzed both 
hDLDH isoforms by microwave plasma atomic emission spectroscopy 
(MP-AES). In particular, immediately before the analysis we dialyzed 
hDLDH-1 and hDLDH-2 against ultrapure water, and we assayed the 
dehydrogenase activity of the dialyzed enzymes. Remarkably, per-
forming these assays under standard conditions (15 mM D-lactate, 50 μM 
2,6-dichlorophenol indophenol, 50 mM Tris-HCl, 5 mM EDTA, pH 7.5) 
no significant differences were observed between the activity levels 
detected using the buffered and the dialyzed enzyme stock solutions. 

Fig. 5. Structural features of human D-lactate dehydrogenase. 
(A) CD spectra of hDLDH-1 (green line) and hDLDH-2 (blue line) in PBS buffer, pH 7.5. (B) Observed (white circles) and predicted (black circles) CD spectrum of 
hDLDH-1. The residuals represent the observed minus expected difference values. (C) Observed (white circles) and predicted (black circles) CD spectrum of hDLDH-2. 
The residuals represent the observed minus expected difference values. (D) Absorption spectrum of 203 μM hDLDH-1 (green line) and 215 μM hDLDH-2 (blue line) in 
10 mM Tris-HCl buffer, pH 7.5. 
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Surprisingly enough, when these enzyme solutions were subjected to 
atomic emission spectroscopy, no iron was detected, neither in hDLDH-1 
nor in hDLDH-2. Indeed, we analyzed samples containing 12.2 and 6.5 
μM hDLDH-1 and hDLDH-2, respectively, and the analytical limit of 
detection was determined as equal to 0.4 μM (Supplementary Fig. S4). 
Taking into account the absence of a heme cofactor and of a FeS cluster 
in hDLDH, the peculiar spectra of both human D-LDH isoforms (Fig. 5D) 
could be due to the protein environment inducing an unusual absorption 
of visible light by FAD, as it was shown for the so-called bifurcating 
electron transfer flavoproteins [58–60]. Finally, it should be mentioned 
that the unexpected spectroscopic behaviour of hDLDH-1 and hDLDH-2 
could alternatively be interpreted assuming that they contain a flavin 
derivative such as 6-OH FAD or F420, whose visible absorption spectra do 
closely resemble those we detected with the human D-lactate isoforms 
[61,62]. However, it should also be noted that Escherichia coli was used 
to overexpress hDLDH, and that this bacterial host is unable to produce 
F420 [63,64]. 

3.4. Kinetics of D-lactate oxidation by hDLDH isoforms 

As a first test of the catalytic action of hDLDH we assessed the 
enzyme stereospecificity. To this aim, we assayed the hDLDH-1 activity 
at the expense of D- and L-lactate. In particular, the assays were per-
formed at pH 7.5 in the presence of 15 mM D- or L-lactate, using 2,6- 

dichlorophenol indophenol (DCPIP) as electron acceptor. As expected, 
hDLDH-1 was found strictly stereoselective, being unable of oxidizing L- 
lactate over a 10 min time interval (Fig. 7A). On the contrary, under the 
same conditions the enzyme oxidized 6.4 μM D-lactate, with this value 
obtained converting to concentration the Absorbance decrease observed 
over 10 min (Fig. 7A). To this aim, the molar extinction coefficient of 
DCPIP at 600 nm was used (see Methods). Interestingly, the catalytic 
action of hDLDH-1 was found to be significantly stimulated by the 
presence in the reaction mixture of 0.1 % (w/v) Triton X-100 (Fig. 7A). 
Quantitatively speaking, the initial velocity of the reaction was deter-
mined as equal to 16.5 ± 0.1 and 26.7 ± 0,2 nM/s in the absence and in 
the presence of the neutral detergent, respectively (Supplementary 
Fig. S5). Quite intriguingly, the activity of hDLDH-1 at the expense of D- 
lactate was found to be completely abolished by the addition of 0.1 % 
(w/v) SDS to the reaction mixture (Fig. 7A). Therefore, considering the 
competence of Triton X-100 in enhancing the catalytic action of hDLDH- 
1 we decided to supplement with this detergent the reaction mixtures 
used to determine the kinetic parameters of hDLDH-1 and hDLDH-2. By 
this means, when the activity of hDLDH-1 was assayed as a function of D- 
lactate concentration in the presence of 50 μM DCPIP, we determined Km 
and Vmax as equal to 0.43 ± 0.04 mM and 31.2 ± 0.5 nM/s, respectively 
(Fig. 7B). Remarkably, activity assays performed with hDLDH-2 under 
the same conditions yielded Km and Vmax values equal to 0.92 ± 0.11 
mM and 20.2 ± 0.6 nM/s, respectively (Fig. 7B). This implies that 
hDLDH-1 features a catalytic efficiency outperforming that of hDLDH-2, 
with kcat/Km values equal to 72 and 22 M−1s−1 for hDLDH-1 and 
hDLDH-2, respectively (Table 1). Considering the relevance of this dif-
ference, we carried out an additional experiment, the output of which 
confirmed the better catalytic performance of hDLDH-1. With an inde-
pendent series of activity assays performed as a function of D-lactate 
concentration, we indeed determined for hDLDH-1 and hDLDH-2 Km 
values equal to 0.49 ± 0.07 and 0.80 ± 0.07 mM, respectively, with the 
corresponding Vmax values estimated as equal to 29.3 ± 0.8 and 16.6 ±
0.3 nM/s (Table 1, Supplementary Fig. S6). This translates into kcat/Km 
values equal to 59 and 21 M−1s−1 for hDLDH-1 and hDLDH-2, respec-
tively (Table 1). According to its better catalytic efficiency at the 
expense of D-lactate in the presence of DCPIP as electron acceptor, iso-
form 1 was selected to further characterize the kinetic properties of 
hDLDH. In particular, we considered of interest to test the competence of 
purified hDLDH-1 in transferring electrons to decylubiquinone, as it was 
previously shown for hDLDH associated to mitochondrial membrane 
enriched fractions [40]. As a preliminar analysis, we determined the 
absorption coefficient of the electron acceptor, obtaining a value for 
decylubiquinone at 275 nm equal to 10000 ± 200 M−1cm−1 (Supple-
mentary Fig. S7). Subsequently, by performing activity tests at this 
wavelength we obtained a Km value for decylubiquinone equal to 12.5 
± 1.8 μM, with 71.1 ± 2.1 nM/s as the Vmax determined under these 
conditions (Fig. 7C). Finally, we assayed hDLDH-1 in the presence of 15 
mM D-lactate, using 50 μM cyctochrome c as electron acceptor. Sur-
prisingly, no significant reduction of cytochrome c was detected, 
pointing out against any productive interaction of this hemoprotein with 
hDLDH-1 (Fig. 7D). 

3.5. Inhibitors of hDLDH 

Considering that the catalytic action of hDLDH could support the 
energetic metabolism of cancer cells, we thought it might be of interest 
searching inhibitors of this enzyme. 

First, we selected a small set of amino acids whose structural features 
suggest them as appealing candidates, and we compared the inhibitory 
action, if any, of both enantiomers of each member of the selected 
repertoire. Accordingly, activity assays were performed with hDLDH-1, 
in the absence or in the presence of the amino acid (at 10 mM final 
concentration) to be tested. In particular, we reasoned that D-alanine 
could represent a quite promising antagonist of hDLDH. However, 
contrary to our expectation, this amino acid was ineffective against 

Fig. 6. Absorption spectrum of hDLDH-1 under oxidizing and reducing con-
ditions. 
(A) The absorption spectrum of 285 μM hDLDH-1 in 10 mM Tris-HCl buffer (pH 
7.5, aerobic solution) is reported with a green line. The blue line represents the 
absorption spectrum of the same protein after addition of an excess of sodium 
dithionite. (B) Reduced minus oxidized difference spectrum obtained with the 
spectra shown in (A). 
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hDLDH-1, and the same was observed for L-alanine (Fig. 8A). Moreover, 
no significant effect on the target enzyme was triggered by valine and 
aspartate, independently of the enantiomer considered (Fig. 8A). 
Notably, we only found a weak, albeit significant, inhibition of hDLDH-1 
exerted by D-serine, whereas L-serine proved to be devoid of any inhib-
itory action (Fig. 8A). 

We then assayed the effectiveness of oxalate, oxamate and pyruvate 
as antagonists of hDLDH-1. Rather surprisingly, oxalate did strongly 
inhibit D-lactate oxidation, with the corresponding reaction velocity 
more than halved in the presence of μM concentrations of this dicar-
boxylic acid (Fig. 8B). Furthermore, oxamate was also found to effec-
tively inhibit hDLDH-1, albeit its action was observed to be weaker when 

compared to that of oxalate (Fig. 8B). Surprisingly enough, pyruvate was 
observed to feature a modest competence in inhibiting hDLDH-1, with 
mM concentrations of this monocarboxylic acid necessary to lower by 
20–30 % the enzyme activity (Fig. 8B). Quantitatively speaking, the 
action of oxalate, oxamate, and pyruvate against hDLDH-1 was inspec-
ted according to the equation reported by Burlingham and Widlanski 
[52] (see Methods), which does linearly relate enzyme activity, inhibitor 
concentration and Ki. By this means, a biphasic dependence of initial 
reaction velocity on oxalate concentration was determined, suggesting 
that hDLDH-1 contains two binding sites for oxalate, featuring high and 
low affinity, respectively (Fig. 8C). In particular, we obtained for these 
two binding sites Ki values equal to 1.2 ± 0.3 and 11.3 ± 0.6 μM 
(Fig. 8C). Interestingly enough, when the same method was used to 
determine the Ki values for oxamate and pyruvate, a simple linear 
dependence of initial reaction velocity on inhibitor concentration was 
observed, with the respective behaviours translating into Ki values equal 
to 11.1 ± 0.1 and 62.2 ± 2.6 μM (Fig. 8D). 

3.6. The catalytic activity exerted by the hDLDH site–specific variants 
W323C and T412 M 

As previously mentioned, it was recently shown that the hDLDH- 
coding gene of two patients suffering of D-lactate acidosis features a 
site-specific mutation, i.e. 1122G > T and 1388C > T [46]. This trans-
lates into the W323C and the T412 M variants of hDLDH (W374C and 
T463 M with precursor coordinates, respectively), which are responsible 
for the increase of D-lactate concentration in plasma to ca. 1100 and 700 
μM, respectively, against levels <100 μM detected in wild-type 

Fig. 7. Catalytic action of human D-lactate dehydrogenase. 
(A) Kinetics of DCPIP reduction exerted by 1 μM hDLDH-1 at the expense of D-lactate in the absence (green line) or in the presence of surfactants (SDS or Triton X- 
100, red and magenta lines, respectively). The outcome of an assay performed in the presence of L-lactate (blue line) is also shown. (B) Dependence of the initial 
velocity of DCPIP reduction on D-lactate concentration, determined in the presence of 1 μM of hDLDH-1 (white circles) or hDLDH-2 (black circles), in 50 mM Tris-HCl, 
0.1 % (w/v) Triton X-100, pH 7.5, containing 50 μM DCPIP. (C) Initial velocity of D-lactate oxidation as a function of decylubiquinone concentration, in the presence 
of 15 mM D-lactate, 1 μM hDLDH-1 in 50 mM Tris-HCl, pH 7.5. (D) Assay of cytochrome c reduction by hDLDH-1 performed in the presence of 15 mM D-lactate, 50 μM 
electron acceptor, and 1 μM enzyme in 50 mM Tris-HCl, pH 7.5. 

Table 1 
Kinetic parameters of hDLDH-1 and hDLDH-2 determined under steady-state 
conditions.  

Donor Acceptor Isoform Vmax 
(nM/s) 

kcat 
(s−1) 

Km (mM) 

0.05–15 mM D- 
Lactate 

50 μM DCPIP hDLDH- 
1 

31.2 ±
0.5 

0.031 0.43 ±
0.04 

0.05–15 mM D- 
Lactate 

50 μM DCPIP hDLDH- 
1 

29.3 ±
0.8 

0.029 0.49 ±
0.07 

0.05–15 mM D- 
Lactate 

50 μM DCPIP hDLDH- 
2 

20.2 ±
0.6 

0.020 0.92 ±
0.11 

0.05–15 mM D- 
Lactate 

50 μM DCPIP hDLDH- 
2 

16.6 ±
0.3 

0.017 0.80 ±
0.07 

15 mM D- 
Lactate 

10–200 μM 
DecylUQ 

hDLDH- 
1 

71.1 ±
2.1 

0.071 0.013 ±
0.002  
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individuals [46]. To further investigate this interesting point, we con-
structed both site-specific variants of hDLDH-1, the overexpression and 
the purification of which were performed with the same procedure used 
for the wild-type enzyme. Notably, high and similar yields were ob-
tained for the W323C and T412 M mutants (Fig. 9A), and the activity of 
both variants was tested in the presence of 15 mM D-lactate, with 50 μM 
DCPIP or 100 μM decylubiquinone as electron acceptor. When the 
reduction of DCPIP was assayed, the activity of both enzyme variants 
was found less effective than the catalytic action exerted by the 
wild-type enzyme (Fig. 9B). Moreover, the W323C mutant of hDLDH-1 
was slightly less performant than the T412 M enzyme variant 
(Fig. 9B). Remarkably, when decylubiquinone was used as electron 
acceptor, the restraining effect induced by the W323C and T412 M 
mutations on hDLDH-1 catalytic action was more pronounced than that 
observed in the presence of DCPIP (Fig. 9C). Quantitatively speaking, 
the W323C and T412 M mutations do respectively trigger a decrease of 
the activity down to: i) 39 and 46 % of that detected using wild-type 
hDLDH-1 and DCPIP as electron acceptor (Fig. 9D); ii) 16 and 32 % of 
that determined in the presence of wild-type enzyme and decylubiqui-
none (Fig. 9D). Altogether, these observations are in agreement with 
those reported by Monroe et al. [46], and represent the first identifica-
tion, at the protein level, of amino acids engaged in the catalytic action 
of hDLDH-1. Moreover, it is important to note that the same mutation 
triggers a major effect on hDLDH-1 when the enzyme activity is assayed 
in the presence of decylubiquinone instead of DCPIP (Fig. 9D). This, in 
turn, suggests that W323 and T412 are particularly relevant in the 
binding of decylubiquinone, with W323 being of primary importance in 

this event. 

4. Discussion 

As previously mentioned, human D-lactate dehydrogenase has never 
been studied at the protein level, and we were accordingly prompted to 
inspect the structural and functional properties of this enzyme. Struc-
turally speaking, we investigated the secondary and quaternary struc-
ture of the two hDLDH isoforms, along with the identity of their 
cofactor. Concerning the secondary structure of hDLDH-1 and hDLDH-2, 
we obtained a reasonable agreement of the relative abundance of 
α-helices, β-strands and coils as determined by CD spectroscopy (Fig. 5) 
with the corresponding distribution predicted by AlphaFold (Fig. 1). 
Nevertheless, a different proportion of residues occurring in α-helices 
and coils was determined by CD spectroscopy and by AlphaFold, with a 
quite pronounced difference observed for hDLDH-2. To further inspect 
this point, we analyzed a lactate dehydrogenase the tertiary structure of 
which was experimentally obtained. In particular, we selected the 
structure of rabbit lactate dehydrogenase reported by Swiderek et al. 
[65], to be compared with the model predicted by AlphaFold and with 
the experimental data we obtained by CD spectroscopy (Supplementary 
Fig. S8). When the structure obtained by X-ray diffraction is analyzed, 
the relative abundance of amino acids occurring in α-helices, β-strands 
and coils equals 50, 22, and 28 %, respectively. These values do 
respectively translate into 47, 13, and 40 % when the model provided by 
AlphaFold is taken into account, and into 46, 23, and 31 % when the far 
UV CD spectrum is used to estimate the elements of rabbit LDH 

Fig. 8. Inhibition of the catalytic action of hDLDH-1. 
(A) The activity of hDLDH-1 was tested in the absence (white bar) or in the presence of the indicated L- or D-amino acids. Assay mixtures contained 15 mM D-lactate, 
50 μM DCPIP, and 1 μM enzyme in 50 mM Tris HCl, pH 7.5. When present, amino acids were used at 10 mM final concentration. Experimental values were compared 
by Student’s t-test (** denotes P < 0.01). (B) 
Inhibitory effect of oxalate, oxamate, or pyruvate against the catalytic action of 1 μM hDLDH-1 exerted in 50 mM Tris-HCl (pH 7.5) at the expense of 15 mM D-lactate 
in the presence of 50 μM DCPIP, and various inhibitor concentrations. (C,D) Analysis of the data reported in Fig. 8B to estimate the value of the Ki of oxalate (C), 
oxamate (D) and pyruvate (D). A linear equation was used to analyze the experimental observations, with the slopes accordingly determined containing Ki as a free 
parameter used in the fitting procedure (see Methods). 
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secondary structure. Accordingly, it seems unlikely that the approach 
selected here to interpret the CD spectra of hDLDH (i.e. the use of the 
K2D algorithm, [54]) is affected by a major shortcoming. On the con-
trary, the CD spectra of the two hDLDH isoforms (Fig. 5) indicate that 
these enzymes were appropriately refolded after their solubilization by 
sarkosyl from inclusion bodies. 

Quite intriguingly, the gel filtration and the DLS experiments shown 
here (Fig.s 2–4) suggest a hexameric and a tetrameric quaternary 
structure for hDLDH-1 and hDLDH-2, respectively. However, it cannot 
be ruled out that hDLDH-1 features a tetrameric assembly. This alter-
native interpretation is sustained by the presence in hDLDH-1 of a 
considerable loop (containing residues 159–181), the longitudinal 
extension of which, according to the structural model provided by 
AlphaFold, is equal to about 2.20 nm (Supplementary Fig. S9). This 
value corresponds to one third of the extension along the same direction 
of the whole protein (Supplementary Fig. S9). Accordingly, the overall 
molecular mass of hDLDH-1 might be overestimated by gel filtration and 
DLS techniques. It should also be noted that the tetrameric assembly 
represents a recurrent type of quaternary structure among D-lactate 
dehydrogenases [11]. 

According to previous observations obtained with human cell lines, 
FAD is the cofactor of hDLDH [40]. The presence of a FAD-binding site in 
hDLDH is also sustained by superimposing the tertiary structure of 
Escherichia coli D-LDH [66] with the structural model of the human 
D-lactate dehydrogenase generated by AlphaFold. Definitely, these two 
structures feature a high degree of structural homology (Fig. 10A), 
which translates into a RMSD value equal to 1.523 Å (605 atoms 

considered). It is also interesting to note that the primary structures of 
the E. coli and the human enzyme differ considerably, featuring 19.7 % 
of identity and 31.7 % of similarity (Supplementary Fig. S10), with this 
poor overlap suggesting a high versatility of AlphaFold in predicting 
tertiary structures. Remarkably, the structural similarity holds in the 
region of the E. coli enzyme responsible for the binding of FAD 
(Fig. 10B). Moreover, according to the AlphaFold model of hDLDH the 
great majority of the hydrogen bonds that the bacterial enzyme engages 
with FAD [66] are conserved in the human counterpart 
(Fig. 10C–Table 2). Specifically, among the seven homologous hydrogen 
bonds, five are characterized by a shorter donor-acceptor distance in the 
human enzyme, with only one featuring a considerable increased length 
in hDLDH (Table 2). A similar situation holds when the van der Waals 
interactions between enzyme and FAD are considered. In particular, it 
was shown that 6 residues of the E. coli enzyme undertake van der Waals 
interactions with FAD [66]. Remarkably, 4 of these interactions are 
conserved in the human D-lactate dehydrogenase (Fig. 10D). We there-
fore propose that the FAD-hDLDH interactions reported here are plau-
sible, suggesting that the construction of site-specific variants of the 
human enzyme to obtain the apoenzyme represents an interesting point 
for future studies (see Fig. 11). 

Functionally speaking, we have shown here that hDLDH is a strictly 
stereospecific enzyme, with L-lactate being rejected as substrate 
(Fig. 7A). In addition to this qualitative feature, we have also demon-
strated the opposite action exerted on hDLDH by Triton X-100 and SDS, 
with the neutral and anionic detergent activating and inhibiting the 
enzyme, respectively. Interestingly, it was previously reported that 

Fig. 9. Catalytic activity of the site-specific variants W323C and T412 M of human D-lactate dehydrogenase. 
(A) SDS-PAGE of purified T412 M (lane 1) and W323C (lane 2) site-specific variants of human D-lactate dehydrogenase. The molecular masses (kDa) of the loaded 
markers (lane M) are indicated at the left. (B) Kinetics of DCPIP reduction at the expense of D-lactate catalyzed by 1 μM hDLDH-1 wild-type (green line), and by the 
variants W323C (1.5 μM, blue line), and T412 M (1.5 μM, magenta line). The reaction mixture contained 15 mM D-lactate, 50 μM DCPIP, in 50 mM Tris HCl, pH 7.5. 
(C) Kinetics of decylubiquinone reduction at the expense of D-lactate catalyzed by hDLDH-1 wild-type (1 μM, green line), and by the variants W323C (2 μM, blue 
line), and T412 M (2 μM, magenta line). Assays were performed in the presence of 15 mM D-lactate, 100 μM decylubiquinone, in 50 mM Tris HCl, pH 7.5. (D) The 
catalytic action at the expense of D-lactate in the presence of the electron acceptor DCPIP (left bars) or decylubiquinone (right bars) is shown for the wild-type, the 
W323C variant, and the T412 M mutant (green, blue, and magenta bars, respectively). The values of initial reaction velocity (nM/s) were normalized to an enzyme 
concentration equal to 1 μM per assay. The error bars represent standard deviation. Assay conditions as in Figs 9B and 9C. 
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Fig. 10. Structural analysis of the FAD-binding site of human D-lactate dehydrogenase. 
(A) Structural comparison obtained by superimposing the model of hDLDH molecular architecture (file PDB AF-Q86WU2–F1-model_v4) on the tertiary structure of 
Escherichia coli D-lactate dehydrogenase (file PDB 1F0X). The human and the bacterial enzyme are represented in blue and in green, respectively. The FAD bound to 
the E. coli enzyme is shown with magenta sticks. (B) Detail of the FAD-binding site. (C) The amino acids of E. coli DLDH engaging hydrogen bonds with FAD are 
shown with green sticks (the α-carbon is represented in salmon). The corresponding amino acids of human D-lactate dehydrogenase are reported with blue sticks. The 
numberings refer to the residues of the bacterial enzyme. The lengths of the hydrogen bonds are reported in Table 2. (D) van der Waals interactions between FAD and 
E. coli DLDH residues (shown with green sticks, α-carbon in salmon). The amino acids of the human D-lactate dehydrogenase residing in analogous positions are 
reported with blue sticks. The numberings refer to the residues of the bacterial enzyme, and the numbers in brackets indicate amino acids of the human D-lactate 
dehydrogenase. 

Fig. 11. Location of W323 and T412 in the FAD-binding site of human D-lactate dehydrogenase. 
(A,B) Detail of the FAD-binding region of human D-lactate dehydrogenase. W323 and T412 are shown with green sticks, FAD is represented in magenta with its redox 
center depicted in orange. (C) Structure of decylubiquinone. The black line represents the longitudinal axis of the molecule, the length of which is reported in nm. (D) 
The shortest distance between W323 and T412 of hDLDH is shown with a black line, and its magnitude is indicated in nm. 
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Triton X-100 activates the dihydroorotate dehydrogenase from Plasmo-
dium falciparum, an enzyme associated to the inner mitochondrial 
membrane and using ubiquinone as electron acceptor [67]. Moreover, 
the activation triggered by Triton X-100 was also detected under the 
following conditions: i) at concentrations of the neutral detergent lower 
than its CMC; ii) and in the presence of 10 μM ubiquinone-1, i.e. a 
concentration below the solubility limit in water of this electron 
acceptor [67]. Accordingly, Triton X-100 appears to assist the binding of 
the substrate of dihydroorotate dehydrogenase independently of the 
occurrence of detergent micelles, and we propose that a similar activa-
tion is exerted by Triton X-100 on hDLDH. To quantitatively analyze the 
kinetic parameters of hDLDH, the oxidation of D-lactate was first assayed 
using 50 μM DCPIP as electron acceptor. Under these conditions, 
hDLDH-1 was found significantly more efficient than hDLDH-2, 
featuring a lower Km for the monocarboxylic acid and a higher Vmax 
(Table 1). Concerning the Km for D-lactate, the mean value equal to 0.46 
mM which we obtained using hDLDH-1 (Table 1), is significantly lower 
than the corresponding value determined for hDLDH with human 
mitochondrial membrane enriched fractions, i.e. 3 mM [40]. However, 
it should be also mentioned that the Km for D-lactate of the E. coli purified 
enzyme sweeps within the 0.3–0.7 mM concentration range [68,69], i.e. 
between values compatible with the corresponding Km determination 
reported here for hDLDH-1. This similarity does not hold when Vmax is 
considered: the maximal velocity of the reaction catalyzed by the E. coli 
enzyme was determined as equal to 72–250 μmol/min per mg of protein 
[68,69], which implies a magnitude (2–7)•103 times higher when 
compared to the corresponding parameter of hDLDH-1, i.e. 30 nM/s in 
the presence of 1 μM enzyme, which translates into a kcat equal to 0.03 
s−1 (Table 1). Nevertheless, it should also be mentioned that the kcat 
values reported for NAD-dependent D-lactate dehydrogenases span a 
quite large interval, from 0.07 to 910 s−1 [70,71]. In particular, the 
enzyme from Bacillus coagulans not only features a kcat (0.07 s−1) the 
extent of which is similar to that of hDLDH-1, but does also possess a 
relatively high Km for D-lactate, i.e. 9.5 mM [70]. Accordingly, when the 
catalytic efficiency (kcat/Km) is considered, the human enzyme does 
largely outperform the Bacillus coagulans D-lactate dehydrogenase. 
Considering that the catalytic action of hDLDH should rely on ubiqui-
none as the electron acceptor, further activity assays were performed 
using hDLDH-1 in the presence of 15 mM D-lactate and variable con-
centrations of decylubiquinone. By this means, the Km for the electron 
acceptor was determined as equal to 13 ± 2 μM, and the Vmax value was 
estimated as 71 ± 2 nM/s, which translates into a kcat of 0.07 s−1 

(Table 1). Interestingly, when the activity of Pseudomonas putida 
D-lactate dehydrogenase was assayed as a function of coenzyme Q10 
concentration in the presence of 1 mM D-lactate, the Km for the electron 
acceptor was determined as 4.1 ± 0.4 μM [72], a value which is of the 
same order of magnitude of the corresponding kinetic parameter of the 
human enzyme. Notably, using mitochondrial membrane enriched 
fractions hDLDH was previously shown to be competent in transferring 

electrons from D-lactate to cytochrome c, with this competence being 
fully sensitive to Antimycin A [40]. We therefore tested the action of 
hDLDH-1 at the expense of D-lactate, in the presence of horse heart cy-
tochrome c as electron acceptor. Despite we used a relatively high 
concentration of cyctochrome c (50 μM) in this assay, we did not detect 
its reduction at a significant level (Fig. 7D). This observation is not 
surprising when considering that hDLDH is topologically associated 
with the matrix side of the inner mitochondrial membrane, and there-
fore should be unable to associate with the intermembrane-located cy-
tochrome c. Accordingly, the reaction observed with mitochondrial 
membrane enriched fractions occurs via the bc1 complex, and is sensitive 
to Antimycin A. 

Taking into account the potential importance of hDLDH in a number 
of pathological affections, we tested the inhibitory action exerted by 
different compounds on hDLDH (Fig. 8). Among the DLDHs subjected to 
a quantitative analysis of their inhibition by mono- or di-carboxylic 
acids, the NAD-dependent enzymes from Pseudomonas aeruginosa and 
Lactobacillus pentosus were studied to evaluate their sensitivity towards 
pyruvate and oxamate, respectively [13,73]. In addition, the inhibition 
exerted by oxalate on the NAD-independent DLDH from Rhodop-
seudomonas palustris was investigated [74]. The Ki values accordingly 
determined are: i) 1.8 ± 0.1 mM for pyruvate against the P. aeruginosa 
enzyme; ii) 2.8 mM for oxamate antagonizing the L. pentosus DLDH; iii) 
120 μM for the inhibition of oxalate on the R. palustris D-lactate dehy-
drogenase. By comparing these values with those reported here for 
hDLDH-1, the sensitivity to inhibition of the human enzyme appears 
particularly high, with the action exerted by oxalate associated to the 
lowest Ki ever reported, being almost an order of magnitude lower than 
the Ki value for oxalate against hydroxypyruvate reductase from 
spinach, which is equal to 7 μM [75]. 

In addition to the functional data concerning wild-type hDLDH, we 
have reported that the catalytic activity of hDLDH-1 is significantly 
counteracted by the site-specific mutations W2323C and T412 M 
(Fig. 9). Being in agreement with previous findings obtained in vivo [46], 
it is of interest to analyze our observations on these two mutations 
taking into account the structural model of hDLDH provided by Alpha-
Fold. Indeed, this model predicts that W323 and T412 are located at 
opposite sides of the FAD-binding pocket of human D-lactate dehydro-
genase (Figs 11A and 11B). Furthermore, mutations W323C and T412 M 
are primarily relevant for the binding of decylubiquinone rather than for 
the binding of DCPIP, and W323 represents the major determinant for 
the correct positioning of decylubiquinone in the active site of hDLDH 
(Fig. 9D). This evidence is sustained by the proximity of W323 to the 
redox moiety of FAD (Figs 11A and 11B), suggesting that the benzo-
quinone side of decylubiquinone is oriented towards W323 and that the 
isoprenyl tail of the electron acceptor points in the direction of T412. In 
addition, it is interesting to note that the distance between W323 and 
T412 is of the same order of magnitude of the longitudinal extension of 
decylubiquinone, i.e. 13.9 and 16.3 Å, respectively (Figs 11C and 11D). 

5. Concluding remarks 

We have reported here on quite a number of functional and structural 
features of human D-lactate dehydrogenase. Remarkably, no information 
at the protein level was previously available on this enzyme. It is also 
important to note that the procedure we used to overexpress and purify 
human D-lactate dehydrogenase is a rather straightforward process. 
Therefore, taking advantage of this and considering the structural fea-
tures of hDLDH presented here, we hope that our observations will 
prompt further studies dealing with this appealing enzyme. 

Data availability 

Data will be made available on request. 

Table 2 
Hydrogen bonds between FAD and amino acids of Escherichia coli or human D- 
lactate dehydrogenase.  

FAD Hydrogen bonds DLDH-FAD 

Amino acid (E. coli) Distance (Å) Amino acid 
(hDLDH) 

Distance (Å) 

O2P T79 (O) 2.6 T99 (O) 2.2 
O3P T79 (O) 2.6 T99 (O) 2.0 
O2P T79 (N) 2.9 T99 (N) 2.9 
AO5 S85 (O) 2.9 – – 
O4 G143 (N) 3.2 G159 (N) 2.6 
O1P S150 (O) 4.2 S163 (O) 3.7 
O1P S150 (N) 2.8 S163 (N) 2.6 
O2 G160 (N) 2.9 G174 (N) 5.1 

The indicated distances between FAD and amino acids were determined with 
PyMol. 
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