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ABSTRACT: Lactate dehydrogenases (LDHs) are tetrameric
enzymes of major significance in cancer metabolism as well as
promising targets for cancer therapy. However, their wide and polar
catalytic sites make them a challenging target for orthosteric
inhibition. In this work, we conceived to target LDH tetramerization
sites with the ambition of disrupting their oligomeric state. To do so,
we designed a protein model of a dimeric LDH-H. We exploited this
model through WaterLOGSY nuclear magnetic resonance and
microscale thermophoresis for the identification and characterization
of a set of α-helical peptides and stapled derivatives that specifically
targeted the LDH tetramerization sites. This strategy resulted in the
design of a macrocyclic peptide that competes with the LDH
tetramerization domain, thus disrupting and destabilizing LDH
tetramers. These peptides and macrocycles, along with the dimeric model of LDH-H, constitute promising pharmacological tools
for the de novo design and identification of LDH tetramerization disruptors. Overall, our study demonstrates that disrupting LDH
oligomerization state by targeting their tetramerization sites is achievable and paves the way toward LDH inhibition through this
novel molecular mechanism.

■ INTRODUCTION

Cancer cells undergo tremendous metabolic adaptations in
order to sustain their survival, anabolic growth, and
proliferative agenda in environments that are often metabol-
ically hostile. One of the distinctive features of their metabolic
plasticity is the use of anaerobic and aerobic glycolysis, which
switches energy production from oxidative phosphorylation
(OXPHOS) to glycolysis. Anaerobic glycolysis allows cancer
cells to survive under hypoxia when cellular respiration
becomes problematic,1 whereas aerobic glycolysis, also
known as the Warburg effect,2 redirects a fraction of the
carbohydrate flux from energy production to anabolic
pathways irrespective of oxygen availability, thereby promoting
cell proliferation. Other cancer cells are more oxidative,
consuming glucose, glutamine, lipids, and lactate as main
metabolic substrates to fuel the tricarboxylic acid (TCA) cycle
coupled to OXPHOS. These metabolic phenotypes are
adaptive and generally interchangeable with space and time.
In many tumors, the net elevation of extracellular lactate

levels, the end-product of glycolysis, drives pathogenesis by
promoting several phenomena, including metabolic coopera-
tion,3 commensalism,4 angiogenesis,5−7 invasiveness,8,9 and
inflammation.10,11 Moreover, a metabolic symbiosis can be
established between oxidative and glycolytic cancer cells,3

which further promotes autophagy through lysosomal acid-
ification12 and stabilizes the intracellular redox balance by
controlling the NADH/NAD+ ratio.13

At the core of lactate metabolism, lactate dehydrogenases
(LDHs, EC 1.1.1.27), a family of NADH/NAD+-dependent
enzymes, catalyze the interconversion of pyruvate + NADH +
H+ to lactate + NAD+. Functional LDHs are tetrameric
enzymes constituted of two main subunits, LDH-M (encoded
by the LDHA gene) and LDH-H (encoded by the LDHB
gene), which can assemble in functional homo- and
heterotetramers (LDH-1 to LDH-5) (Figure 1). Among
these isoforms, homotetrameric LDH-1 (four LDH-H
subunits) and homotetrameric LDH-5 (four LDH-M subunits)
are the most extensively studied and are well-known for their
implications in cancer cell proliferation and survival. LDHA is a
hypoxia-inducible gene,14,15 making of LDH-5 a key
contributor to lactic fermentation in cancer. Conversely,
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LDHB is predominantly expressed in oxidative cancer cells
where LDH-1 facilitates lactate-fueled cancer cell respiration.16

Despite sharing a high structural identity, LDH-1 and LDH-5
differ in their catalytic properties and subcellular localization.
In physiological conditions, LDH-5 is predominantly found in
glycolytic tissues, such as exercising skeletal muscles.17 It has a
higher affinity for pyruvate and NADH than for lactate and
NAD+, respectively, and a higher maximum velocity (Vmax) for
the reduction of pyruvate to lactate.18−20 Comparatively, LDH-
1 is mainly expressed in the heart, neurons, and red blood
cells.17 In physiological and pathological conditions, it has a
better propensity to oxidize lactate to pyruvate, which can then
fuel the TCA cycle.18,19 Despite their physiological roles,
LDH-1 and LDH-5 deficiency does not result in major
pathological phenotypes in humans,21,22 suggesting that long-
term pharmacological inhibition of these proteins would only
result in minor side effects.
The wide implication of LDHs in cancer pathogenesis makes

them appealing targets for anticancer therapy.23,24 During the
past years, intense efforts have thus been devoted to develop
small molecules able to selectively inhibit their activities.24

However, despite the different catalytic properties between
LDH-H and LDH-M, the catalytic site of the two subunits
shares high structural homology (89% according to the NCBI
basic local alignment search tool [BLAST]).25 As a
consequence, achieving selectivity for one isoform over the
other is a challenging task with mitigated results.26−28 Whether
achieving selectivity between isoforms is desirable or not for
cancer treatment is still under debate.29 In fact, while some
research groups focus on developing selective inhibitors, others
argue for the potential additional therapeutic value of
nonselective, pan-LDH inhibitors.30,31

So far, all molecules developed to inhibit LDHs focused on
an interaction at the catalytic site and, therefore, suffered from

common drawbacks due to the inherent structural features of
LDH active sites that are highly polar and are mainly
constituted by cofactor-binding sites.13 As a result, most
molecules interacting with LDH active sites are NAD+-
competitive and interact with the LDH “Rossman folds”,31,32

i.e., structural motifs shared by many dinucleotide-binding
enzymes.33 Most LDH inhibitors thus face a lack of selectivity
for LDHs versus other NAD+-dependent enzymes.13 On the
other hand, molecules that achieve potent interaction with
LDH-H and LDH-M catalytic sites are usually hampered by
their high polar nature and, hence, non-“drug-like” features,
often resulting in poor in cellulo and in vivo activities.31,32

Altogether, although LDHs are promising anticancer targets,
LDH inhibitors have yet to demonstrate their potential in
preclinical and clinical applications.
With the aim to set up a novel approach for more selective

LDH inhibition, we decided to unravel and target LDH
allosteric sites. Given that tetramers are the minimal functional
units,34,35 LDH activities rely on both their catalytic sites and
oligomerization states. Targeting the oligomerization state of
an enzyme is an emerging but underexplored strategy that has
shown promising results during the past years.36−39 Regarding
LDHs, monomers are held together because of their N-
terminal arms (also known as N-terminal domains) that extend
from one monomer like an arm and wrap around two adjacent
monomers, thus promoting the overall tetrameric cohe-
sion.40,41 Interestingly, the 33 and 32 amino acid N-terminal
fragments of LDH-H and LDH-M, respectively, are known to
interfere in vitro with the tetramerization of both isoforms.42

These observations prompted us to evaluate this N-terminal
arm as a starting point for the design and development of
molecules interfering with LDH tetramerization.

Figure 1. Nomenclature and functions of LDHs in cancer. In eukaryotic cells, LDHA and LDHB genes encode LDH-M and LDH-H monomers,
respectively. Functional enzymes are tetramers formed by the arrangements of LDH-M and LDH-H subunits. LDH-5 (M4) preferentially catalyzes
the reduction of pyruvate to lactate in glycolytic cells. Owing to the presence of a hypoxia-responsive element (HRE) in its promoter region, LDHA
gene expression is induced by hypoxia. In cancer, it accounts for lactate fermentation in cells performing either anaerobic or aerobic glycolysis.
LDH-1 (H4) preferentially catalyzes the oxidation of lactate to pyruvate in oxidative cells. In cancer, it accounts for lactate-fueled respiration and
lactate-induced angiogenesis and promotes autophagy.
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■ RESULTS AND DISCUSSION

In Silico Study of the LDH Tetramerization Site.
Because LDH-M and LDH-H can hybridize in vitro and in
cellulo to yield heterotetramers,43 their tetramerization sites
and N-terminal arms are structurally very close. Indeed,
BLAST sequence alignment of the tetrameric sites of the two
isoforms revealed 83% identity and 88% homology (Figure
S1). We therefore did not expect to reach selectivity toward
one subunit using our approach. Because LDH-1 simulta-
neously controls the oxidative metabolism of lactate,
autophagy, and lactate signaling in cancer3−11 (Figure 1), we
focused our efforts on the N-terminal arm of human LDH-H.
Analysis of the available LDH-1 crystallographic structure
clearly showed the stabilization of the tetramer by interaction
of the 19 N-terminal amino acid sequence of each monomer
with two consecutive monomers, like four arms embracing the
tetramer. These peptidic arms adopt a particular extended
conformation, with a N-terminal α-helix followed by a short β-
sheet connected to the monomer through a loop (Figure 2a,b).
Comparing the four 19 N-terminal amino acids in the tetramer
revealed slight differences regarding the orientations of the side
chains, probably because of peptide flexibility. However, in all
cases, the peptides did bind two adjacent pockets (A and B) on
two different monomers, mainly via nonpolar interactions
between residues Leu-3 and Leu-7 of the arm (amino acids
shown with van der Waals [vdW] surface in Figure 2c) and
Leu-178, Val-206, Val-209, Val-211, and Trp-227 in the A
pocket, and Val-11 (also shown with vdW surface) and Leu-
300 and Val-303 in the B pocket (Figure 2c,d). Polar

interactions, such as hydrogen bonds (Ile-7 and Asn-305,
Ala-9 and Val-303, Ala-12/Glu-14, and Arg298; Figure 2c,d),
also contribute to the stabilization of the binding of the N-
terminal arm of one subunit to the A and B pockets of two
adjacent subunits.
On the basis of this structural analysis, we investigated the

pharmacological properties of the human LDH-H 19 N-
terminal amino acid peptide (ATLKEKLIAPVAEEEATVP),
which we named LB19, on the full length LDH-1 tetramer.
Unfortunately, enzymatic assays and biophysical evaluation
showed no interaction between LB19 and tetrameric LDH-1
(Figure S2a) or inhibition of tetrameric LDH-1 by LB19
(Figure S2b). This lack of effect would stem from an “unfair”
competition for the tetramerization site between the native N-
terminal peptidic arm of LDH-H and the peptide LB19. To
unravel the tetramerization site of the enzyme and better
analyze this interaction, we decided to design and evaluate a
new protein model.

Design and Evaluation of a Protein Model to Study
LDH-H Tetramerization Site. To evaluate compounds
targeting the LDH-1 tetramerization site, we produced a
truncated version of human LDH-H that lacks its 19 N-
terminal amino acids (LDH-Htr). We expected that, compared
to full length tetrameric LDH-H (LDH-Hfl), LDH-Htr lacking
its tetramerization arm would be in a native dimeric state and
would therefore allow us to gain accessibility to its
tetramerization site. Others indeed previously showed that a
proteolysis of this N-terminal arm yields dimeric proteins.41

Figure 2. LDH-1 tetramer. Views of (a) full-length LDH-1 tetramer (PDB code 1I0Z) colored by monomer with the 19 N-terminal amino acids of
the blue monomer shown by transparency, (b) LB19 isolated from the blue monomer superimposed with the residual trimer where it interacts with
the gray and pink monomers, and (c, d) main interaction sites (pockets A and B) between LB19 and the two adjacent monomers (model realized
using the Pymol software from Schrödinger).
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LDH-Htr was recombinantly expressed in E. coli and was
indeed found to be in a native dimeric state by size exclusion
chromatography, with an experimental molecular weight
(MW) of 78 kDa (theoretical MW = 73 kDa) (Figure 3a).
Tryptophan fluorescence showed a strong decay of intensity, as
well as a blue shift for LDH-Htr compared to LDH-Hfl (Figure
3b) due to solvent exposure of tryptophan residues, as
suggested by Opitz et al.34 The affinity of LDH-Htr for
NADH was evaluated using microscale thermophoresis
(MST), and a Kd of 28.8 μM [CI95% of 25.1 μM to 33.1
μM] was obtained, similar to the one obtained for the full
length tetrameric LDH-1 (LDH-Hfl) (23.2 μM [CI95% of 19.5
μM to 27.6 μM]) (Figure 3c), suggesting a correct folding of
the Rossman fold. The catalytic properties of LDH-Htr were
also evaluated using standard enzyme kinetic experiments
following NADH formation and showed a very weak activity in
comparison with LDH-Hfl, with a 3 to 20-fold increase in
Michaelis−Menten constant KM as well as a 10-fold decrease in
maximal velocity Vmax for both the substrate lactate and the
cofactor NAD+ (Figure 3d,e and Table 1). LDH-Htr stability
was evaluated using nano differential scanning fluorimetry
(nanoDSF) (Figure 3f). Dimeric LDH-Htr was very unstable
when compared to its tetrameric counterpart, with a difference
of 17 °C in melting temperature. Altogether, these results
revealed that LDH-Htr is a well folded but poorly active

dimeric protein. They also confirmed that targeting LDH-1
tetramerization could destabilize the enzyme and almost totally
abolish its catalytic activity.

Study and Optimization of the Interaction between
LB19 and the LDH-H Tetramerization Site. In order to
evaluate whether LDH-Htr had unraveled the LDH-H
tetramerization site, we characterized the interaction between
LB19 and LDH-Htr. Biophysical evaluation was performed
using two orthogonal biophysical methods: MST and NMR
WaterLOGSY.44 According to the MST analysis, LB19
interacts with LDH-Htr with a Kd of 1.78 mM [1.14−2.77
mM] (Figure 4a). In agreement, NMR WaterLOGSY analysis
revealed a saturation transfer stemming from an interaction
between LB19 and LDH-Htr (Figure 4b). Moreover, careful
inspection of NMR WaterLOGSY spectra combined with two-
dimensional NMR-TOCSY analysis allowed for epitope
mapping of the interaction between the LB19 and LDH-Htr
(Figure 4b,c and Table S1). Interestingly, LB19 N-terminal
residues underwent more saturation transfer than C-terminal
residues (Figure 4b), suggesting that LB19 N-terminal residues
account for most of the binding strength. In accordance with
this observation, sequence alignment of the N-terminal parts of
LDH-H of human and other vertebrates showed a strong
conservation of these residues, whereas C-terminal residues
were more variable (Figure 4d). Computational prediction of
the overall binding energy of LDH-H native arm further
supported these results, as most of the predicted free energy of
binding was located in the N-terminal region (Figure S3).
Following these observations, we decided to progressively

trim the C-terminal end of LB19 in order to keep only the
residues of the N-terminal end accounting for the binding of
the peptide to LDH-Htr. We first evaluated a shorter peptide
constituted of LB19 13 N-terminal amino acids (ATLKE-
KLIAPVAE), which we named LB13. LB13 contained all the
interacting residues and, as expected, presented the exact same

Figure 3. Compared to full length LDH-H that forms catalytically active tetramers, LDH-H truncated of its 19 N-terminal amino acids forms
catalytically inactive dimers. (a−f) Comparison of full length (LDH-Hfl; blue) and truncated (LDH-Htr; red) LDH-H. (a) Overlay of size
exclusion chromatograms of LDH-Htr (Rv = 12.45 mL, experimental MW = 78 kDa) and LDH-Hfl (Rv = 13.35 mL, experimental MW = 130
kDa). (b) Tryptophan fluorescence spectra of LDH-Htr (2.5 μM) and LDH-Hfl (2.5 μM). λexc = 286 nm (n = 6). (c) Evaluation of the Kd for
NADH using microscale thermophoresis (MST) at a 10 s “on time” (n = 3). (d, e) Kinetic evaluation of LDH-Htr (7.7 nM) and LDH-Hfl (13.5
nM) at various lactate (d) and NAD+ (e) concentrations (n = 6). (f) Nano differential scanning fluorimetry (nanoDSF) showing a melting
temperature of 58 °C for LDH-Htr (15 μM) and of 75 °C for LDH-Hfl (15 μM) (n = 6).

Table 1. Kinetic Properties of Full Length and Truncated
LDH-Ha

truncated LDH-H full length LDH-H

KM NAD+(mM) 0.587 ± 0.057 0.208 ± 0.005
KM lactate (mM) 33.77 ± 6.17 1.686 ± 0.284
Vmax (μM·s−1) 0.0122 ± 0.003 0.190 ± 0.012
kcat (s

−1) 0.906 ± 0.009 24.00 ± 1.51

aReported values are the mean ± SEM for n = 6.
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NMR WaterLOGSY spectrum as LB19 (Figure 5). Moreover,
MST analysis confirmed that the interaction was not
significantly different from LB19, with a Kd of 1.02 mM
[0.53−1.99 mM].
Further trimming LB13 led to LB8 (ATLKEKLI), which,

apart from a valine residue that was removed in position 11,
contained the same interacting residues as LB13. We observed
no significant loss of the binding potency of the peptide to
LDH-Htr (Kd = 1.05 mM [0.55−2.01 mM]). LB8 exactly
matched with the N-terminal α-helix of the LDH-H
tetramerization arm and, therefore, can be considered as a
“hot spot” of the interaction. A LB19 central fragment
(LIAPVAE, which we named LBc) demonstrated no
appreciable saturation transfer under these conditions and
was used as a negative control. Importantly, NMR Water-
LOGSY evaluation of LB19 and LB8 against tetrameric LDH-
1 yielded no appreciable binding, suggesting that the observed
signal was stemming from a specific interaction occurring at
the LDH-H tetramerization site (Figure S4). Of further note,
evaluation of the eight N-terminal amino acids of LDH-M
(ATLKDQLI), which we named LA8, showed a similar NMR
WaterLOGSY spectrum and binding affinity to LDH-Htr than

LB8, with a Kd of 1.49 mM [1.14−1.94 mM]. This observation
is coherent with the fact that LDH-H and LDH-M can form
stable heterotetramers.45

Unravelling LB8 and LDH-H Tetramerization Arm
“Hot Spots”. We next aimed to determine the structure−
activity relationship (SAR) of LB8 binding to the LDH-H
tetramerization site. As the interacting conformation of LB8
was expected to be a short α-helix, a combination of
orthogonal experimental evaluations was used to unravel LB8
SAR. To identify structural modifications that would result in a
loss of saturation transfer, we performed single amino acid
substitutions on LB8. We therefore tested a set of 12 LB8
structural analogues by NMR WaterLOGSY experiments, at a
concentration of 800 μM (Figure 6a). In agreement with the
analysis of the crystallographic data, Leu3 and Leu7 were
found to be required for the binding, as their replacement with
alanine or glycine led to a loss of interaction. The in silico
representation of LB8 extracted from the LDH-H crystallo-
graphic structure indicates that these aliphatic side chains
project toward hydrophobic cavities at the tetramerization site
(Figure 6b). A careful integration of LB8 NMR WaterLOGSY
spectra confirmed that lipophilic residues undergo more

Figure 4. Characterization of the binding of LB19 to LDH-Htr. (a) Binding curve of LB19 on LDH-Htr providing a Kd of 1.78 mM [1.14−2.77
mM]. Binding curve was extracted from the MST traces at a 10 s MST on time (n = 3). (b) Traces show the one-dimensional NMR 1H proton
spectrum of LB19 (green) overlaid with its corrected NMR WaterLOGSY spectrum (blue) at 800 μM. Circled positive signals on the spectra are
matched to the corresponding interacting residues in the formula of the peptide shown above. Peptide backbone is displayed in green and side
chains in red. (c) LB19 two-dimensional TOCSY spectrum used to get full LB19 assignment. Complete assignment of LB19 1H spectrum can be
found in Table S1. (d) LDH-H tetramerization arm sequence alignment of several vertebrates. Black and gray residues represent a 100% identity
and a 100% similarity, respectively.
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saturation transfer than any of the others, thus interacting more
closely with the tetramerization site (Figure 6c). Removal of
any of the terminal residues resulted in an abrogation of the
interaction (Figure 6a). We therefore reasoned that trimming
LB8 to get shorter peptides would result in a destabilization of
its short α-helix conformation. Accordingly, circular dichroism
measurements confirmed that heptapeptides ATLKEKL and
Ac-TLKEKLI presented a lesser helix propensity than their
full-length counterpart (Figure S5a). Still, LB8 helical
propensity in water was already very low, as confirmed by
circular dichroism (Figure S5b) and two-dimensional ROESY
NMR (Figure S5c). Such a poor helical folding can be
responsible for the weak potency of LB8 and suggests that a
conformational stabilization could increase its potency.

Modifications of other residues had no impact on the
interaction of the peptide with the LDH-H tetramerization site.
In order to validate the hot spots, we performed a single

amino acid substitution to alanine on the eight N-terminal
amino acids of LDH-Hfl. The seven variants were tested for
their capacity to oligomerize and for their stability using a
guadinidium·HCl (Gdn.HCl) dissociation assay,46 nanoDSF,
and size exclusion chromatography (SEC). Strikingly, LDH-
HL7A was the most unstable variant, as it was only found in a
dimeric state by SEC and therefore never formed tetramers
(Table 2). Consistently, its DSF pattern (Figure 7a) and its
intrinsic fluorescence spectrum (Figure S6) matched the ones
of LDH-Htr. Replacing either Leu3 or Ile8 by alanine also
deeply reduced the stability of the resulting LDH-HL3A and

Figure 5. Optimization of small peptides binding to the LDH-H tetramerization site. Corrected aliphatic region WaterLOGSY spectra of LB19 and
its shorter derivatives LB13 and LB8 at 800 μM with LDH-Htr (15 μM). Circled positive signals on the spectra are matched to the corresponding
interacting residues in formulas. The LBc spectrum, used as a negative control, shows no saturation transfer under similar conditions. Dissociation
constants (Kd) were extracted from the MST traces at a 10 s MST on time (n = 3). Complete assignment of LB19, LB13, and LB8 1H spectrum are
respectively in Tables S1, S2, and S3.
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LDH-HI8A, with a ΔTm of 13.3 and 24.6 °C, respectively,
compared to LDH-Hfl. Similar results were observed with the
study of their oligomeric stability upon Gdn.HCl exposure
(Figure 7b and Table 2). Other amino acid replacements had
little to no impact on the LDH-1 tetrameric stability and
oligomerization state. NanoDSF showed that LDH-HK4A and
LDH-HK6A were slightly destabilized, but the thermal shift
most probably reflected a difference in the partial charge of the
protein, as oligomeric stability over Gdn.HCl exposure was not
impacted (Figure 7a,b and Table 2). Overall, the impact of

these single amino acid substitutions of the tetramerization
arm of LDH-H coherently matched with the SAR of LB8, with
lipophilic residues being key elements for interaction.
However, switching isoleucine to alanine had a much more
destabilizing effect on the LDH-HI8A oligomeric stability
(Figure 7a) than on the ability of LB8I8A or LB8I8G to bind
to the tetramerization site of LDH-Htr (see Figure 6a), as the
switch of isoleucine to alanine or glycine only slightly
weakened the saturation transfer of ATLKEKLA or ATL-
KEKLG with LDH-Htr. Such a difference of profile can be
accounted for by a modest difference of the conformation of
the octapeptide compared to the native arm, as Ile8 is located
at the hinge region between the N-terminal α-helix and the
following short β-strand of LDH-H. A summary of LB8 SAR
obtained in the light of our orthogonal approaches is displayed
in Figure 7c.

Constraining LB8 to Stabilize Its Active Conforma-
tion. We then hypothesized that the weak binding of LB8 to
LDH-Htr could be due to its poor helical propensity that
would result in a significant entropy cost prior to binding. As
previously mentioned, NMR 2D ROESY analysis confirmed
the absence of the α-helix characteristic cross coupling in the
NH region of the peptide (Figure S5c). Consistently, circular
dichroism measurements displayed only random coil in
aqueous conditions (Figure S5b). In order to increase helicity,
we first introduced α-methylalanine (Aib), a known helico-
genic residue at positions 4 and 6 of LB8, two positions
identified as nonessential for the interaction of LB8 with LDH-

Figure 6. Structure−activity relationship of LB8 binding to LDH-Htr. (a) Screening LB8 analogues at 800 μM for their binding to LDH-Htr (15
μM) using a NMR WaterLOGSY sequence. The red dotted line represents a threshold of 0.1 corresponding to a 10% increase in WaterLOGSY
signal when compared to control experiment. Displayed data are obtained from 512 accumulations (n = 2). (b) In silico model of the interaction of
LB8 with the LDH-H tetramerization site extracted from the available crystallographic structure (PDB entry 1I0Z, pictures made using the MOE
software from ChemComp). LB8 is pictured as a red α-helix, and only its lipophilic residues projecting toward the tetramerization site are
displayed. van der Waals surface is represented as a mesh and colored in green and purple for lipophilic and polar environments, respectively. (c)
Saturation transfer intensity of LB8 residues at 1 mM from NMR WaterLOGSY experiments resulting from 2048 accumulations at 4 °C.
Experimental intensities are normalized to the residues presenting the highest saturation transfer.

Table 2. Oligomeric State and Stability of LDH-H Variantsa

retention
volume
(mL)

experimental
MW (kDa)

melting
temperature

(°C)

EC50 of
tetrameric

disruption over
GdN.HCl

exposure (M)

LDH-H 14.01 124 74.5 ± 0.1 1.112 ± 0.012
LDH-Htr 14.50 96 57.5 ± 0.2
LDH-HT2A 13.88 134 72.37 ± 0.1 0.978 ± 0.012
LDH-HL3A 13.78 141 61.2 ± 0.1 0.624 ± 0.013
LDH-HK4A 13.84 137 65.8 ± 0.1 0.991 ± 0.006
LDH-HE5A 13.85 136 73.3 ± 0.1 1.010 ± 0.009
LDH-HK6A 13.81 138 67.9 ± 0.1 0.954 ± 0.007
LDH-HL7A 14.55 93 55.6 ± 0.1
LDH-HI8A 13.92 131 49.9 ± 0.1 0.233 ± 0.027

aReported values are the mean ± SEM (n = 6 for melting
temperatures and n = 3 for EC50).
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Htr. While the resulting peptides LB8(K4Aib) and LB8(K6Aib) still
interacted with LDH-Htr as detected by NMR WaterLOGSY,
no improvement of the Kd was observed by MST. NMR 2D
ROESY analysis further confirmed the absence of helicity for
these two peptides (Figure S7).
Our second approach to promoting the helicity of LB8

involved peptide macrocyclization. In fact, previous studies of
unrelated peptides have shown that an entropy-mediated gain
in potency can be achieved by constraining the conformational
freedom of peptides.47 We therefore decided to perform a LB8
side chain to side chain cyclization in order to promote its
helicity. Many strategies have been described for peptide
macrocyclization.47 Among them, cysteine stapling with an α-
helix-promoting agent already demonstrated strong results in
enhancing small peptide helicity (Figure 8a) and hence affinity
for their targets.48 On the basis of LB8 SAR, we introduced
cysteines at various i and i + 4 positions and cross-linked these
peptides using α,α′-dibromo-m-xylene.48 The resulting cyclic
peptides 1−6 were then evaluated for their binding to LDH-
Htr using MST (Table 3).
SAR of the synthesized macrocycles revealed a strong

influence of the linker position (Figure 8b). In accordance with
our in silico model, only macrocyclization of solvent-exposed i
and i + 4 residues yielded interacting cyclic peptides. The size
of pocket A appeared moreover to disadvantage the interaction
of a longer α-helix (Figures 2a and S8a). Among interacting
molecules, macrocycle 1 (Figure 8c), resulting from a stapling
between positions 1 and 5, appeared to be the most promising
binder with an apparent 17-fold increase in potency (Kd = 64
μM) compared to LB8 (Kd = 1.05 mM) (Figure 8d). Circular

dichroism analysis revealed a strong increase in the θ206 band,
as well as a more modest one at θ222 for macrocycle 1 when
compared to unconstrained peptide LB8 (Figure 8e),
consistent with the expected increase in α-helicity.
Following identification of the optimal i and i + 4 position

for LB8 cyclization, we investigated macrocyclic peptides
bearing other linkers (Table 3), including p-tetrafluorophenyl
(7), o-benzyl (8), p-benzyl (9), as well as a lysine to aspartate
lactam bridge between the side chains of the K1 and D5
residues (10).49 Strikingly, Kd evaluation of these macrocyclic
peptides revealed a strong impact of the overall constrain
imposed by the linker on the evaluated affinity. Indeed, p-
tetrafluorophenyl (7) and o-benzyl (8) analogues yielded a
supplementary 2- to 6-fold improvement in affinity when
compared to macrocycle 1, with Kd’s of 11 and 25 μM,
respectively. Comparatively, less constraining linkers, p-benzyl
(9) and the K1-D5 lactam bridge (10), resulted in weakly
potent derivatives with Kd’s of 113 and 142 μM, respectively.
We further investigated the influence of a lactam bridge

between the N-terminal amino group and the carboxylic acid
on the side chain of the E5 residue, as these two moieties can
be found close to each other in LB8 in silico model (Figure
S8b). The resulting macrocycle 11 was found to be slightly
more potent than LB8, with a Kd of 465 μM. For comparison,
we also evaluated the impact of a lactam bridge between K6
side-chain NH2 and the C-terminal carboxylate. The resulting
peptide 12 yielded no appreciable binding using either NMR
or MST.

Destabilizing and Disrupting LDH Tetramerization
with Designed Macrocyclic Peptides. Finally, we tested

Figure 7. An alanine scan on the eight N-terminal amino acids of the LDH-H tetramerization arm unravels key residues for tetramerization. (a)
Screening of LDH-H variants using nanoDSF. Changes in the 350/330 nm fluorescence emission indicate blue or red shifts and are representative
of unfolding events (n = 6). (b) Dissociation of the homotetrameric form of LDH-H and of its variants at 50 μg/mL (1.3 μM) upon addition of
guanidinium·HCl. Tryptophan fluorescence intensity was followed at λexc = 286 nm, λem = 350 nm as a direct reporter of LDH-1 tetrameric
integrity46 (n = 3). (c) Overall LB8 structure−activity relationship according to amino acid scans on LB8 and LDH-H and crystallographic data.
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whether macrocyclic peptides 1 and 7 were able to compete

with N-terminal domain of native LDH-H. To this end, we first

investigated their ability to interact with tetrameric LDH-1 and

LDH-5 using MST. Interestingly, compound 7, the most

potent analogue, displayed an interaction at high concen-

trations with LDH-1 and LDH-5 (Figure 9a) with estimated

Kd’s of 380 μM (CI95% of 315−457 μM) and 117 μM (CI95% of

94−144 μM), respectively. Comparatively, macrocycle 1 did

Figure 8. Synthesis and evaluation of cyclic peptides targeting the LDH-H tetramerization site. (a) Schematic representation of the cysteine
stapling strategy used to promote helicity. (b) Helical wheel projection of LB8-derived peptides and their positions compared to the LDH-H
tetramerization site. Reported values correspond to Kd’s of the cyclic peptides resulting from the cross-linking of residues between the
corresponding brackets. Apolar residues are colored in green, polar neutral in pink, acidic in purple, and basic in blue. (c) Structure of macrocycle 1.
(d) Comparison of the binding curves of macrocycle 1 (green) (Kd = 64 μM) and LB8 (blue) (Kd = 1.05 mM) on LDH-Htr obtained by MST.
Binding curves were extracted from the MST traces at a 10 s MST on time (n = 3). (e) Circular dichroism spectra of linear LB8 (blue) compared
to macrocycle 1 (green). Experimental conditions: ∼100 μM peptide, 10 mM sodium phosphate (pH 7.6), 20% TFE.

Table 3. Code, Structure, Dissociation Constant (Kd), and 95% Confidence Interval of Evaluated Macrocycles against
Truncated LDH-Ha

molecule sequence linker Kd
a CI95%

LB8 ATLKEKLI 1.05 mM 0.55−2.01 mM
1 CTLKCKLI m-benzyl 64 μM 55−75 μM
2 ACTLKCKLI m-benzyl 67 μM 55−82 μM
3 ACLKECLI m-benzyl 787 μM 529−1171 μM
4 ATLKCKLIC m-benzyl 398 μM 246−645 μM
5 ATLKECLIAC m-benzyl ≫1 mM ND
6 CATLCEKLI m-benzyl ≫1 mM ND
7 CTLKCKLI p-tetrafluorophenyl 11 μM 9−14 μM
8 CTLKCKLI o-benzyl 25 μM 21−29 μM
9 CTLKCKLI p-benzyl 113 μM 98−131 μM
10 Ac-KTLKDKLI lactam bridge K1-D5 142 μM 117−174 μM
11 ATLKEKLI lactam bridge Nter-E5 465 μM 355−607 μM
12 ATLKEKLI lactam bridge K6-Cter ≫1 mM ND

aKd values were extracted from MST traces at 10−20 s on time (n = 3 for macrocycles 1−4 and 7−11, n = 2 for macrocycles 5, 6, and 12). ND, not
determined.
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not demonstrate any binding in similar conditions (Figure S9).
This interaction between 7 and the tetrameric protein thus
suggested a displacement of LDH N-terminal arm by the cyclic
peptide to reach for the tetramerization site.
We further investigated the ability of macrocycles 1 and 7 to

destabilize tetrameric LDH-1 and LDH-5. Indeed, molecules
interacting at oligomeric interfaces can reduce the melting
temperature of the studied oligomers owing to a perturbation
of the overall stability of the complex.50,51 We therefore
evaluated the impact of macrocycles 1 and 7 on LDH-1 and
LDH-5 thermal denaturation using nanoDSF. While 1 had no
effect up to 500 μM on both human LDH-1 and LDH-5
stabilities (Figure S10a), macrocycle 7 induced a destabilizing
conformational change on both isoforms at 400 μM (Figures
9b and S10b−e). As LDH-5 is less stable than LDH-1 (Figure
S10f), the destabilization was stronger on the LDH-5 tetramer
(ΔTm = −5 °C) than on LDH-1 (ΔTm = −1.5 °C). Of note,
this difference in stability of the two isozymes probably
accounts for the higher affinity of 7 to LDH-5 as observed by
MST. The intensity of the effect was moreover dependent on
protein concentration, which is coherent with the hypothesis
that an increasing amount of monomers would result in a shift
of the equilibrium toward the formation of tetrameric
complexes. Of note, macrocycle 7 did not induce such
destabilization against our dimeric model of LDH (Figure
S11a).
We next evaluated whether these macrocyclic peptides could

also bind to the tetramerization site during LDH tetramer
formation. Such an approach was already reported, for
instance, in the case of peptides interacting at the interface
of human glutathione reductase.37,52

We thus designed an experiment to follow the recovery of
LDH tetramers after a dissociation step initiated by acidic
conditions. These experiments were conducted on LDH-5, as
it is less stable and thus more prone to dissociation than LDH-

1.53 Because strong acidic conditions (pH 2.3) are necessary to
disrupt the human LDH-5 (hLDH-5) homotetramer,54 which
results in partial protein denaturation, we set to work on rabbit
LDH-5 (rLDH-5) that dissociates at less acidic conditions (pH
5),55 does not denaturate, and affords reproducible data.
rLDH-5 shares 94% sequence identity and 98% homology with
the hLDH-5, with similar nanoDSF denaturation patterns
(Figure S11b). Monitoring of the rLDH-5 tetrameric state was
performed by following its intrinsic tryptophan fluorescence:
six tryptophan residues can be found in each rLDH-M
monomer, three of them being located at the dimer−dimer
interface. As the tryptophan quantum yield decreases in a polar
environment, dimeric LDHs show very weak tryptophan
fluorescence compared to the tetrameric form.34 Accordingly,
dimeric rLDH-M showed very weak tryptophan fluorescence at
pH 5 when compared to the high fluorescence of tetrameric
rLDH-5 at pH 7.6 (Figure S11c). Such decay can be compared
to the difference in tryptophan fluorescence between
tetrameric LDH-1 and dimeric LDH-Htr (Figure 3b).
When neutral pH was restored following acidification,

macrocycles 1 and 7 significantly interfered with LDH-5
fluorescence recovery (Figures 9d and S11d), while LB8 had
no effect (Figure S11e). Our negative control, LBc, displayed
no effect upon LDH reassociation (Figure S11f).
Finally, we investigated the ability of macrocycle 7 to disrupt

the LDH oligomerization state. We therefore directly evaluated
the impact of 7 on the native protein fluorescence. Strikingly,
exposing human LDH-5 to 7 resulted in a concentration-
dependent conversion of the LDH-5 fluorescence spectrum to
the characteristic profile of the dimeric human LDH-Htr
(Figure 9d). Normalization of the fluorescence intensity
allowed approximation of the disruption ratio of LDH-5
upon exposure to increasing amount of 7 (Figure 9e). This
disruptive effect (EC50 = 172 μM, CI95% of 142−207 μM))
consistently matched the interaction previously observed using

Figure 9. Designed macrocycle 7 can inhibit LDH association, destabilize, and disrupt tetrameric human LDHs. (a) MST binding curves of
macrocycle 7 on dimeric LDH-Htr (green), tetrameric LDH-1 (blue), and LDH-5 (red). Binding curves were extracted from MST traces at a 10−
20 s on time (n = 3) except for the binding curve with LDH-5 which was extracted from the red-dye raw fluorescence (n = 3). (b) NanoDSF of
various concentrations of human LDH-5 exposed to macrocycle 7 (n = 6). Changes of the 350/330 nm fluorescence emission indicate blue or red
shifts and are representative of unfolding events. (c) Impact of 7 on LDH-M fluorescence recovery after acidic exposure (n = 6). (d) LDH-5
tryptophan fluorescence spectra upon increasing concentration of 7 (n = 8, one experience in quadruplicate is displayed, another can be found in
Figure S11h). (e) Tetrameric state of LDH-5 upon increasing concentration of 7 (blue) overlayed with the binding curve of 7 with LDH-5
obtained from MST (red). The tetrameric state is estimated using the 350 nm fluorescence intensity normalized in regard to the spectra of LDH-5
(considered as 100% tetrameric) and LDH-Htr (considered as 0% tetrameric). For clarity, SEMs are not represented on graphs (b) and (d) but can
be found in Figures S10b−e and S11h,i respectively.
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MST (Figure 9e), indicating that the binding of 7 to the LDH
tetramerization site promotes a disruption of the protein
oligomeric state. Of note, macrocycle 7 did not induce a
comparative decay of LDH-Htr fluorescence spectrum (Figure
S11g).
Together, these results demonstrate that the designed cyclic

peptides can target the tetramerization sites of LDHs by
competing with the N-terminal domain of LDH-H and LDH-
M monomers, leading to a destabilization and disruption of the
tetrameric complexes. Moreover, these macrocycles can also
interfere with the formation of LDH tetramers. These data also
confirm that targeting of LDH highly conserved tetrameriza-
tion site can lead to molecules interacting on both isoforms of
the protein.

■ CONCLUSIONS
Despite a relatively low druggability, LDHs are attractive
targets for anticancer therapy.13,24,56 Targeting LDH oligo-
meric state using their tetramerization arms is an approach that
has already been suggested,42,57 as N-terminal arms are known
to play an important role in tetramer assembly.45 This strategy,
however, was suffering from the lack of a well-defined starting
point. In good agreement with previous reports that deletions
of the last 5−10 amino acids are deleterious for enzymatic
activity,58 we demonstrated here that the epitope for LDH
tetramerization arms is constituted by short N-terminal 8
amino acid α-helixes that project key lipophilic residues toward
a highly lipophilic pocket. We also identified and characterized
a family of octapeptides and related macrocycles that are, to
our knowledge, the only ligands referenced for LDH
tetramerization site. Among these molecules, the most potent
analogue (7) can compete with the N-terminal tetramerization
domain of LDHs, inducing a destabilization and a disruption of
the protein complex. This stapled peptide also interfered with
LDH tetramer formation.
Therefore, we believe that these short peptides and their

stapled derivatives, especially macrocycle 7, represent a
promising molecular framework for the further development
of more potent LDH disruptors. They constitute, together with
the dimeric forms of LDH, valuable pharmacological tools for
the identification of new molecules interacting with LDH
tetramerization sites.

■ EXPERIMENTAL SECTION
Chemicals and Peptides. All reagents were purchased from

chemical suppliers and used without purification. Rabbit and
recombinant human LDH-M were purchased respectively from
Sigma-Aldrich and Abnova. Linear peptides used directly in
biophysical experiments were purchased from Genecust, and linear
peptides used for cysteine stapling were synthesized by solid-phase
peptide synthesis. Lactam cyclic peptides were purchased from
Proteogenix. Structure conformity and purity grade (>95%) were
assessed by analytical high performance liquid chromatography
(HPLC) analysis and mass spectrometry (MS) for both commercial
and synthesized peptides. All peptides were amidated at their C-
termini.
Peptide Synthesis. All peptides used for cysteine cross-linking

procedures were synthesized on a 0.05 or 0.1 mmol scale using a Rink
amide AM resin (Bachem) (substitution 0.5−1.2 mmol/g).
Fluorenylmethyloxycarbonyl (Fmoc)-protected amino acids (5-fold
excess) were activated with 1 equiv of hexafluorophosphate
benzotriazole tetramethyluronium (HBTU) and 2 equiv of
diisopropylethanolamine (DIPEA) (equivalent relative to the amino
acid). Coupling was performed in N-methyl-2-pyrrolidone (NMP) for
60 min at room temperature. Fmoc deprotection was carried out

using 20% piperidine in NMP for 10 min at room temperature. Side
chain deprotection and simultaneous cleavage from the resin were
achieved using a mixture of trifluoroacetic acid (TFA)/triisopropylsi-
lane/water/thioanisole (90/2.5/2.5/5) at room temperature for 2 h.
TFA was then evaporated under nitrogen flux, and the crude peptide
was precipitated using ice cold diethyl ether. Crude peptides were
then analyzed using an Agilent (1100 series) HPLC single quadrupole
(InfinityLab, ESI+) system equipped with a Kinetex 5 μm EVO C18
(150 mm × 4,6 mm) and subsequently lyophilized for further use.

Synthesis of the Cross-Linked Peptides. Stapling Using Bis-
bromoxylene Derivatives. Following described procedures,48 the
lyophilized crude peptide solution (∼3 mg/mL, ∼1.5 mM) in
NH4HCO3 buffer (100 mM, pH = 8.0) was treated with tris(2-
carboxyethyl)phosphine (TCEP; 1.5 equiv; 2.25 μL from 1 M
solution in the same NH4HCO3 buffer), and stirred for 1 h at 700
rpm. The α,α′-bisbromoxylene in dimethylformamide (DMF; ∼3
equiv; 100 μL from a 50 mM solution) was added to the solution and
shaken for 2 h at 700 rpm. The reaction was quenched by adjusting
the pH of the mixture to slightly acidic conditions through the
addition of TFA (150 μL/mL). The crude mixture was then
centrifuged at 10 000 rpm for 20 min. The supernatant was analyzed
using an Agilent (1100 series) HPLC−MS single quadrupole
(InfinityLab ESI+) system equipped with a Kinetex 5 μm EVO
C18 (150 mm × 4.6 mm) and purified with a Kinetex 5 μm EVO C18
(150 mm × 21.2 mm) preparative HPLC. The mass of all peptides
was verified by electrospray ionization (ESI)-MS, and purity (above
95%) was checked by analytical HPLC. Analysis and purification were
performed using a distillated water + 0.1% TFA (buffer A) and
acetonitrile + 0.1% TFA (buffer B) gradient. Initial HPLC conditions
for routine analysis were 5% B + 95% A at a flow rate of 1 mL/min,
followed by an increase of solution B to 80% in 15 min (5%/min).
Purity check was performed at 210 nm using a routine broad gradient
of 5% of B per min as well as a more focused gradient of 0.5−0.6% of
B per min depending on the peptide structure. Overall purity was
>95%. HPLC traces can be found in Supporting Information data.

Stapling Using Hexafluorobenzene. Following the described
procedure,59 to a lyophilized sample of peptide (∼7.5 μmoles) was
added 1.9 mL of 100 mM solution (∼25 equiv) of hexafluorobenzene
in DMF and 1.5 mL of 50 mM solution of Tris base in DMF. Solution
was left under agitation at room temperature for 5 h. Resulting
mixture was diluted with 2 times the volume of 0.1% TFA solution in
water and subjected to analysis and purification on HPLC as
described above.

High-Resolution Mass Spectroscopy Analysis. High-resolu-
tion mass spectroscopy (HRMS) analysis were performed on a LTQ-
Orbitrap XL hybrid mass spectrometer (Thermo Fisher Scientific,
Bremen, Germany). Data were acquired in full-scan MS positive ion
mode. Analyzed mass ranged from 100 to 1500 m/z. The Orbitrap
operated at 30 000 resolutions (fwhm definition). An external
calibration was performed prior to data acquisition. Tuning of the
electrospray ion source was performed accordingly. The following
electrospray inlet conditions were used: flow rate, 100 μL min−1;
spray voltage, 5 kV; sheath gas (N2) flow rate, 20 au; auxiliary gas
(N2) flow rate, 10 au; capillary temperature, 275 °C; capillary voltage,
45 V; tube lens, 80 V. HRMS analysis of the synthesized macrocycles
can be found in Table S4.

Production and Purification of Human LDH Proteins. The
hLDHB nucleotidic sequences used to produce full length, truncated,
and variant LDH-H proteins inserted in a pET-28a expression vector
were ordered from Genecust. NdeI and Bpu1102I restriction sites
were used for sequence insertion and allowed for a N-terminal 6
histidine tag addition. Recombinant plasmids were then transformed
in host bacterium E. coli Rosetta (DE3). Transformants were cultured
in lysogeny broth (LB) medium with 50 μg/mL kanamycin and 34
μg/mL chloramphenicol at 37 °C until an optical density of 0.6 was
reached. LDH expression was induced by the addition of 1 mM
isopropyl-β-D-1-thiogalactopyranoside (IPTG) at 20 °C for 20 h.
Then, cells were collected by centrifugation at 5000 rpm, 4 °C for 25
min. Pellets were suspended in a lysis buffer (Tris-HCl 50 mM, pH
8.5, MgCl2 10 mM, NaCl 300 mM, imidazole 5 mM, and glycerol
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10%) and then disrupted by sonication, followed by a centrifugation
at 4 °C, 10 000 rpm for 30 min. The insoluble fraction was discarded,
and 1 μL of β-mercaptoethanol was added per mL of soluble fraction.
The purification of recombinant proteins was performed using 1 mL
of His-trap FF-crude columns (GE Healthcare) according to the
manufacturer’s instructions. Finally, protein concentrations were
measured using the Bradford method with the Biorad protein assay
kit, and sample homogeneity was assessed using sulfate−polyacryla-
mide gel electrophoresis (SDS−PAGE) with Coomassie brilliant blue
as a staining agent.
Nuclear Magnetic Resonance. Human LDH-H (full length and

truncated)-6His proteins for 1D NMR were expressed and purified
from E. coli, as described above. All experiments were performed on a
Bruker Ascend Avance III 600 MHz system equipped with a
broadband cryoprobe (Bruker).
For WaterLOGSY NMR studies, samples were prepared in 10%

D2O containing 50 mM sodium phosphate buffer, pH 7.6, and 100
mM NaCl. The concentration of LDHs was ranging from 15 to 20
μM monomer. Ligand binding was detected using a WaterLOGSY
ephogsygpno.2 avance-version sequence with a 1 s mixing time. Water
signal suppression was achieved using an excitation-sculpting scheme,
and a 50 ms spinlock was used to suppress protein background
signals. For each experiment, 512 scans were collected to yield a 16K
points free induction decay (FID). WaterLOGSY intensity was
corrected by plotting the intensity difference of the ligand
WaterLOGSY spectra recorded in the presence and absence of
protein. For WaterLOGSY screening experiments, a correction factor
was applied to account for slight concentration variations between
samples. To do so, eight scans 1H NMR spectra with 50 ms spinlock
were recorded before WaterLOGSY experiments. The intensity ratio
of the aliphatic region (0.700 ppm to 0.955 ppm) with and without
protein was used as a correction. A threshold of 0.1, corresponding to
a 10% decrease in the WaterLOGSY signal intensity between the
spectra with and without protein, was set to discriminate between
binders and non/weaker binders.
For 2D experiments, peptides were dissolved at 5 mM in a 50 mM

phosphate buffer, pH 7.0, containing 100 mM NaCl, 1 mM
trimethylsilylpropanoic acid (TSP), and 10% D2O. For all experi-
ments, water suppression was achieved using an excitation sculpting
scheme. 4K time domain points and 256 increments were applied for
all the 2D spectra. TOCSY experiments were performed using the
homonuclear Hartman−Hahn transfer with the dipsi2 sequence and
an 80 ms mixing time. An amount of 8 scans per spectrum, 4K time
domain points, and 256 increments were recorded. ROESY
experiments were performed using a 2D ROESY sequence with cw
spinlock for mixing. A 400 ms mixing time was used, and 32 scans
were acquired per line.
Circular Dichroism. Peptide solutions were prepared at precise

concentrations ranging from 100 to 200 μM in a 10 mM sodium
phosphate buffer, pH 7.6. Peptide solutions were prepared by
considering the molecular weight of the TFA counterion and
corrected for their concentration by HPLC−MS. CD analysis ranged
from 183 to 260 nm and were performed at 25 °C on a JASCO J-715
spectropolarimeter. A Peltier instrument maintained the temperature
stability during the analysis. Cells used were from Hellma Analytics
and made of Quarts Suprasil with a 1 mm path length. Data were
collected in millidegrees and further converted to mean residue
ellipticity (MRE) following standard equation.
In Silico Evaluation. Calculation of the free binding energy as well

as modeling of the interacting peptides was performed using the MOE
software (ChemComp) with the available crystallographic structure
(PDB entry 1I0Z).45 Tetrameric LDH-1 was generated from the PDB
crystallographic structure using the MOE bioassembly tool.
Truncated dimeric version of LDH-1 (LDH-Htr) was designed
from the tetrameric complex by removing LDH-H subunits B and D
as well as the N-terminal domain of subunits A and C (following usual
nomenclature of LDH subunits).57,60 LB8 and cyclic peptide 1 were
built directly in the tetramerization site by using the crystallographic
structure of the N-terminal domain as a backbone. Protein and
peptides structures were minimized using the MOE quickprep tool.

Sequence Alignment. Sequence alignment was performed with
the Sequence Manipulation Suite Color Align Conservation tool.61

Vertebrate LDH-H sequences were extracted in FASTA sequence
from the Uniprot database (https://www.uniprot.org/). Groups of
amino acids used for similarity calculation were the following: GAVLI,
FYW, CM, ST, KRH, DENQ, and P. A threshold of 100% of
similarity or identity was required for identity or similarity coloring to
be added.

Size Exclusion Experiments. Size exclusion chromatography was
performed using an ÄKTApure chromatography system (GE
Healthcare) equipped with a Superdex 200 10/300 GL column
(GE Healthcare) equilibrated with 50 mM sodium phosphate, pH 7.6,
100 mM NaCl assay buffer at 0.75 mL/min. Proteins were diluted to
15 μM in the assay buffer. The final injection volume was 500 μL.
Prior to experiments, the column was equilibrated with 2× column
volume of distillated and filtered H2O, followed by 3× column volume
of the filtered buffer. Molecular weight was determined using the
Biorad gel filtration standard in the same assay buffer following the
manufacturer’s instructions.

Nano Differential Scanning Fluorimetry Experiments.
Variant Evaluation. Solutions of proteins (LDH-Hfl, LDH-Htr or
variants) stored in a 50 mM sodium phosphate, 100 mM NaCl, and
20% glycerol, pH 7.6, were evaluated on a Tycho NT.6 device
(NanoTemper Technologies), using concentrations ranging from 15
to 20 μM. According to the standard manufacturer’s procedures,
samples were poured into capillaries and heated up to 95 °C in 3 min
while following fluorescence emission at 330 and 350 nm. Melting
temperatures were extracted from the derivative of the 350/330 nm
fluorescence ratios upon increasing temperature.

Peptide Evaluation. Solutions of proteins (LDH-1, LDH-5 or
LDH-Htr) were evaluated on a Tycho NT.6 device (NanoTemper
Technologies), using concentrations ranging from 300 nM to 2.5 μM.
Evaluations were run in a 50 mM sodium phosphate and 100 mM
NaCl pH 7.6 buffer. According to standard manufacturer’s
procedures, samples were poured into capillaries and heated up to
95 °C in 3 min while following fluorescence emission at 330 and 350
nm. Melting temperatures were extracted from the derivative of the
350/330 nm fluorescence ratios upon increasing temperature.

Microscale Thermophoresis. MST measurements were per-
formed on a Nanotemper Monolith NT.115 instrument (Nano-
Temper Technologies) using Red-dye-NHS fluorescent labeling. Each
LDH sample, purified to homogeneity, was labeled with the Monolith
Red-dye-NHS second generation labeling dye (Nanotemper Tech-
nologies), according to the supplied protocol. Measurements were
performed in 50 mM sodium phosphate, pH 7.6, and 100 mM NaCl
containing 0.05% Tween-20 in premium-treated capillaries (Nano-
Temper Technologies). The final concentrations of either labeled
protein in the assay were 100 nM. The ligands (NADH and peptides)
were titrated in 1:1 dilutions following the manufacturer’s
recommendations. All binding reactions were incubated for 5 min
at room temperature after loading into capillaries. Experiments were
performed in triplicates using 40% LED power, medium MST power,
laser on time 20 s, and laser off time 3 s. Peptides were evaluated for
their thermophoretic pattern, and Kd’s were extracted from raw data at
a 10−20 s MST on time according to the manufacturer’s instructions.
Regarding interaction of 7 with LDH-5, Kd was extracted from the raw
fluorescence. A denaturation test was performed accordingly to the
manufacturer’s recommendation and excluded any nonspecific
spectral interaction between 7 and the red-dye. All Kd’s of interacting
macrocycles and peptides were obtained in triplicate and corrected by
taking into account the molecular weight of the TFA counterion.
Peptide ATGKEKLI was used as a negative control and displayed no
appreciable binding when compared to LB8. All MST binding curves
to LDH-Htr can be found in Figure S12.

Spectrophotometric Experiments. All spectrophotometric
experiments were performed with opaque 96-well plates using a
Spectramax m2e spectrophotometer (Molecular Devices).

Kinetic Assays. The dehydrogenase reaction was run in the LDH-1
physiologically relevant lactate to pyruvate direction following the
NADH fluorescence generated during lactate oxidation to pyruvate.
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The progression of the reaction was monitored as the increase of
fluorescence at 340/460 nm. The Michaelis−Menten KM constant
determination was performed using the GraphPad prism 7.0 software.
Enzymatic reactions were performed in a solution containing
phosphate buffer 100 mM at pH 8.0 to enhance lactate to pyruvate
oxidation, EDTA 1 mM and 1 mM. Final protein concentration was
7.7 nM for LDH-Hfl and 13.5 nM for LDH-Htr. For NAD+ Km
determination, concentrations of lactate were set to 20 mM for LDH-
Hfl and 150 mM for LDH-Htr, while cofactor concentrations ranged
from 1 μM to 5 mM for LDH-Hfl and from 50 μM to 10 mM for
LDH-Htr. For lactate Km determination, concentrations of NAD+

were set to 1 mM while substrate concentrations ranged from 1 μM to
30 mM for LDH-Hfl and from 1 mM to 40 mM for LDH-Htr.
Intrinsic Fluorescence Assays. Full tryptophan fluorescence

spectra were recorded using an excitation wavelength of 286 nm
and recording the emission spectra from 320 to 400 nm at room
temperature. Raw fluorescence of every experiments was further
subtracted to a corresponding control experiment without the protein.
Experiments were performed in a 50 mM sodium phosphate and 100
mM NaCl, pH 7.6, buffer. For LDH dissociation into subunits,
increasing amounts of guadinidium·HCl were put in contact with the
studied proteins (1.3 μM), and fluorescence spectra were recorded
afterward. Guadinidium·HCl concentrations ranged from 0.3 to 2 M.
Denaturation Assays. Rabbit LDH-M commercial solution

(Sigma-Aldrich) in an ammonium sulfate suspension (pH ∼ 7, 3.2
M) was first diluted to 1 mg/mL in a solution of NaCl 200 mM and
then dialyzed at 4 °C 2 × 2 h against 200 mM NaCl. The stock
solution of 1 mg/mL was then diluted to 30 μg/mL (800 nM) in
NaCl 200 mM to give the assay solution. Assay solution was mixed
1:1 with acetate−chloride buffer (20 mM acetic acid/acetate, 180 mM
NaCI, 1 mM DTT, pH 5) and stored on ice for 30 min. Samples were
then removed from ice and allowed to warm up for 2 min. The acidic
solution was then diluted 1:1 with a 250 mM phosphate buffer (pH
7.6) containing or not the inhibitory peptide to yield a 7.5 μg/mL
(200 nM) final concentration of reassociating LDH-M. Samples of the
resulting solutions were then subjected to kinetic experiments of the
recovery of intrinsic fluorescence (Exc = 286 nm, Em = 350 nm, 10
min, rt).
Statistics. All quantitative data are expressed as the mean ± SEM.

Error bars are sometimes smaller than symbols. n refers to the total
number of replicates per group. All experiments were repeated at least
twice independently. Data were analyzed using the GraphPad Prism
7.0 software. Student’s t test, one-way ANOVA, and two-way ANOVA
were used where appropriate. P < 0.05 was considered to be
statistically significant.
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Morgane Tardy, Marie-Joseṕhine Fontenille, Fabien Rodri-
guez, Thibaut Vazeille, Bouazza Es Saadi, Esra Yildiz, and
Claudia Tavernier for excellent technical assistance. The
authors thank Dr. Jamal El Bakali, Severine Ravez, Nicolas
Joudiou, Vincent Stroobant, and Didier Colau for fruitful
discussions. Funding sources had no role in study design, data
collection and interpretation, or the decision to submit the
work for publication.

■ ABBREVIATIONS USED
LDH, lactate dehydrogenase; LDH-H, lactate dehydrogenase
heart isozyme; OXPHOS, oxidative phosphorylation; TCA,
tricarboxylic acid; LDH-M, lactate dehydrogenase muscle
isozyme; LDH-1, lactate dehydrogenase heart isozyme
homotetramer; LDH-5, lactate dehydrogenase muscle isozyme
homotetramer; LDHA, lactate dehydrogenase M gene; LDHB,
lactate dehydrogenase H gene; Vmax, maximum velocity; NCBI,
National Center for Biotechnology Information; BLAST, basic
local alignment search tool; vdW, van der Waals; HRE,
hypoxia-responsive element; LDH-Hfl, full length lactate
dehydrogenase heart isozyme; LDH-Htr, truncated lactate
dehydrogenase heart isozyme; kDa, kilodalton; MST, micro-
scale thermophoresis; nanoDSF, nano differential scanning
fluorimetry; RFU, relative fluorescent unit; Rv, retention
volume; Kd, dissociation constant; kcat, catalytic constant;
WaterLOGSY, water-ligand observed via gradient spectrosco-
py; TOCSY, total correlated spectroscopy; ROESY, rotating-
frame nuclear Overhauser effect correlation spectroscopy;
MOE, Molecular Operating Environment; Gdn.HCl, guadini-
dium chloride; Tm, melting temperature; ΔTm, thermal shift;
λexc, wavelength of excitation; λem, wavelength of emission;
λmax, wavelength of maximal emission; SEM, standard error of
the mean; Aib, aminoisobutyric acid; TFE, trifluoroethanol;
CI95%, confidence interval at 95%; rLDH-5, rabbit lactate
dehydrogenase muscle isozyme homotetramer; rLDH-M,
rabbit lactate dehydrogenase muscle isozyme; Fmoc, fluo-
renylmethyloxycarbonyl; HBTU, hexafluorophosphate benzo-
triazole tetramethyluronium; DIPEA, diisopropylethanol-
amine; NMP, N-methyl-2-pyrrolidone; TFA, trifluoroacetic
acid; ESI+, electrospray ionization positive mode; TCEP,
tris(2-carboxyethyl)phosphine; DMF, dimethylformamide;
HPLC−MS, high performance liquid chromatography−mass
spectrometry; fwhm, full width at half-maximum; IPTG,
isopropyl-β-D-1-thiogalactopyranoside; TSP, trimethylsilylpro-
panoic acid; MRE, mean residue ellipticity; NHS, N-
hydroxysuccinimide; LED, light-emitting diode
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(38) Ruiz-Santaquiteria, M.; Sańchez-Murcia, P. A.; Toro, M. A.; de
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