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Abstract
Key message NADP-ME2 from Arabidopsis thaliana exhibits a distinctive and complex regulation by fumarate, acting 
as an activator or an inhibitor according to substrate and effector concentrations. In this work, we used molecular 
modeling approach and site-directed mutagenesis to characterized the NADP-ME2 structural determinants necessary 
for allosteric regulation providing new insights for enzyme optimization.
Abstract Structure–function studies contribute to deciphering how small modifications in the primary structure could intro-
duce desirable characteristics into enzymes without affecting its overall functioning. Malic enzymes (ME) are ubiquitous and 
responsible for a wide variety of functions. The availability of a high number of ME crystal structures from different species 
facilitates comparisons between sequence and structure. Specifically, the structural determinants necessary for fumarate 
allosteric regulation of ME has been of particular interest. NADP-ME2 from Arabidopsis thaliana exhibits a distinctive and 
complex regulation by fumarate, acting as an activator or an inhibitor according to substrate and effector concentrations. 
However, the 3D structure for this enzyme is not yet reported. In this work, we characterized the NADP-ME2 allosteric site 
by structural modeling, molecular docking, normal mode analysis and mutagenesis. The regulatory site model and its docking 
analysis suggested that other C4 acids including malate, NADP-ME2 substrate, could also fit into fumarate’s pocket. Besides, 
a non-conserved cluster of hydrophobic residues in the second sphere of the allosteric site was identified. The substitution 
of one of those residues, L62, by a less flexible residue as tryptophan, resulted in a complete loss of fumarate activation 
and a reduction of substrate affinities for the active site. In addition, normal mode analysis indicated that conformational 
changes leading to the activation could originate in the region surrounding L62, extending through the allosteric site till the 
active site. Finally, the results in this work contribute to the understanding of structural determinants necessary for allosteric 
regulation providing new insights for enzyme optimization.
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Introduction

The widely distributed malic enzyme (ME) participates in 
different biological functions as diverse as lipogenesis, pho-
tosynthesis and organic acid metabolism. In the presence 
of a divalent cation, this enzyme catalyzes the oxidative 
decarboxylation of malate to pyruvate, NAD(P)H, and  CO2. 
MEs of a number of sources including humans, pigeons, 
nematodes, bacteria, phytopathogens and plants have been 
kinetically and structurally characterized. Currently, there 
are around 30 crystal structures of MEs uploaded in the 
Protein Data Bank (Xu et al. 1999; Coleman et al. 2002; 
Yang et al. 2002a, b; Chang and Tong 2003; Rao et al. 2003; 
Alvarez et al. 2018, 2019). Besides significant sequence 
homology, all eukaryotic ME structures present an overall 
similar tetrameric aggrupation as dimer of dimers, with a 
global conservation of the structural domains in each of 
their monomers. However, distinctive intrinsic characteris-
tics associated with regulatory sites were also described. 
Almost 50% of the known structures correspond to the 

human mitochondrial isoform using both NAD or NADP 
as cofactor (HsmNAD(P)-ME), of which several were 
designed to analyze effector binding mechanisms. Specifi-
cally for fumarate it has been identified the presence of an 
allosteric binding site and essential residues (R67, E69, R91 
and D102) involved in the regulation (Yang et al. 2002a; 
Hung et al. 2005; Hsieh et al. 2009b, 2019).

In plants, MEs are present as larger gene families with 
members in mitochondria, plastids, and cytosol of differ-
ent tissues and organs (Drincovich et al. 2010). They play 
important roles in controlling the highly changeable levels 
of organic acids, reduced cofactors, and  CO2 in processes 
including photosynthesis, respiration, protein and lipid bio-
synthesis, pH regulation, and defense responses (Brown 
et al. 2010; Voll et al. 2012; Maurino and Engqvist 2015; 
Tronconi et al. 2018; Alvarez et al. 2019). Particularly, the 
model plant Arabidopsis thaliana accumulates malate and 
fumarate at variable levels according to day-night cycle, 
organ, developmental stage and growing conditions (Fernie 
and Martinoia 2009; Araújo et al. 2011). Within its ME 
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isoforms, Arabidopsis cytosolic NADP-ME2 presents a con-
stitutive expression, the highest catalytic activity and it is 
the most regulated by cellular metabolites (Gerrard Wheeler 
et al. 2005, 2008). NADP-ME2 has been found to be specifi-
cally activated by succinate, fumarate, aspartate and CoA 
(Gerrard Wheeler et al. 2008, 2009). Especially fumarate 
regulation in this enzyme follows a complex mechanism not 
described in any other ME. This modulator can act as an 
allosteric activator or a competitive inhibitor depending on 
its own concentration, substrate levels and pH, as well as, 
affect the reverse reaction (Arias et al. 2013; Badia et al. 
2017). Our previous studies showed that the residue R115 
(R91, in HsmNAD(P)-ME) is necessary for NADP-ME2 
activation (Gerrard Wheeler et al. 2008). However, not all 
the residues described as essential for the regulation in the 
human enzyme are present in NADP-ME2. These differ-
ences, together with the distinctive kinetic behavior, suggest 
that the structural determinants for the regulatory mecha-
nism must present contrasting points between both isoen-
zymes. Thus, in this work, we performed a comprehensive 
analysis of the fumarate allosteric site in NADP-ME2 by 
in silico analysis and site-directed mutagenesis. The results 
obtained revealed the participation of the N-terminal region 
of NADP-ME2, specifically the residue L62, in fumarate 
regulation. Furthermore, this work provides evidence that 
suggests that this region would be responsible for transmit-
ting the regulatory signal to the active sites in NADP-ME2. 
Finally, these results contribute to a better understanding of 
a regulatory mechanism and could facilitate enzyme design 
and engineering.

Materials and methods

Structural models of NADP‑ME2 proteins

Three-dimensional (3D) models of native Arabidopsis 
NADP-ME2 plus ME2-R115A and ME2-L62W mutant ver-
sions were obtained by a combination of comparative and de 
novo modeling. The amino acid sequence of the enzyme was 
retrieved from UniProtKB (ID Q9LYG3). Template struc-
ture was obtained by searching ME isoforms crystallized in 
the presence of fumarate against Protein Data Bank (PDB, 
(Berman et al. 2000)). The 3D models were constructed 
using Modeller program v9.13 (Šali and Blundell 1993). 
The N-terminal was constructed using the I-TASSER server 
(Yang and Zhang 2015). A total of 100 models were gener-
ated, and the model with the best DOPE score was selected. 
The overall stereochemical quality of the developed models 
was assessed using PROCHECK (Laskowski et al. 1993). 
The NADP-ME2 modeled structure was uploaded at the Pro-
tein Molecular Data Base (PMDB id: PM0083497).

Molecular docking

Molecular docking between the enzymes and ligands were 
performed using AutoDock 4.2 (Morris et al. 2009). The 
protein protonation state at pH 7.4 was obtained from 
PDB2PQR server (Dolinsky et al. 2004) and the Gasteiger 
charges were calculated with AutoDock tools (Morris et al. 
2009). The structures of fumarate and malate at pH 7.4 were 
downloaded from ZINC database. Each geometry was opti-
mized with Ghemical software and the atomic charges were 
added using the parameterization AM1-BCC of the UCSF 
Chimera system (Pettersen et al. 2004). The best parameters 
were set up by re-docking using the HsmNAD(P)-ME com-
plexed with malate and fumarate (PDB ID 1PJ2, resolution 
2.3 Å). A docking grid of 30 × 46 × 34 points centered on the 
allosteric site was used for 100 runs of the genetic algorithm, 
where the best score was selected. Different backbone-
dependent rotamers for L62, K91, R115 and R152 amino 
acids were created and the ligand was docked on each new 
structure.

Normal mode analysis

Normal mode analysis of NADP-ME2 was performed by 
the anisotropic network model (Eyal et al. 2015) with ProDy 
software (Bakan et al. 2011). The results were visualized 
using the VMD program (Humphrey et al. 1996). The hinge 
regions (flexible joints) were calculated by Bio3d (Grant 
et al. 2006) as the regions of minimal mean square fluctua-
tions for a given mode.

Expression and purification of recombinant 
ME2‑L62W

Site-directed mutagenesis of NADP-ME2 was carried out 
following the protocol previously described in (Detarsio 
et al. 2003). Briefly, the pET32a plasmid containing NADP-
ME2 cDNA (Gerrard Wheeler et al. 2005) was used as PCR 
template together with the primer: 5′ CAG TAA ACG CCC 
ATC CCT TGTTG 3′ that allows the introduction of the 
desired mutation in the amplified fragment (L62W). The 
product was sequenced (Macrogen) to confirm the presence 
of the correct sequence change. ME2-L62W was expressed 
merged in frame to a His-tag to allow the purification by a 
nickel-containing His-bind column (Novagen), as parental 
NADP-ME2 and ME2-R115A mutant (Gerrard Wheeler 
et al. 2005, 2008; Arias et al. 2013). The purified enzymes 
were concentrated on Centricon YM-50 (Millipore), ana-
lyzed by SDS-PAGE to verify integrity and purity and stored 
at -80 °C in 100 mM Tris–HCl pH 7.5, 10 mM  MgCl2 and 
10% (v/v) glycerol for further studies.
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Gel electrophoresis

SDS-PAGE was performed in 10% (w/v) polyacrylamide 
gels as described in Laemmli, 1970. Then, the proteins were 
visualized with Coomassie blue.

Native-PAGE was performed using a 6% (w/v) acryla-
mide separating gel. Electrophoresis was run at 150 V at 
10 °C. Proteins were then assayed for NADP-ME activity by 
incubating in a solution containing the reaction substrates 
plus 35 µg/ml nitroblue tetrazolium and 0.85 µg/ml phena-
zine methosulfate a 30 °C.

Gel filtration chromatography

The protein native molecular mass was also evaluated by 
gel filtration chromatography on an ÄKTA purifier system 
(GE Healthcare) using a Tricorn Superdex 200 10/300 GL 
(GE Healthcare). The column was equilibrated with 50 mM 
Tris–HCl at pH 7.5 and calibrated using molecular mass 
standards (29–443 kDa; Sigma Aldrich). Each protein was 
applied separately in a final volume of 100 µl at a constant 
flow rate of 0.5 ml/min.

Circular dichroism assays

Circular dichroism spectra were obtained using 30 µg of 
proteins on a Jasco J-810 spectropolarimeter averaging 10 
scans between 200 and 250 nm. Mean amino acid residue 
ellipticity was calculated according to (Detarsio et al. 2003).

Activity assays and protein concentration 
measurement

NADP-ME activity assays were performed at 30 °C in a 
Jasco V-730 spectrophotometer using a reaction mixture 
containing 100 mM Tris–HCl pH 7.5, 10 mM  MgCl2 and 
variable concentrations of NADP (0–9 mM) and malate 
(0–70 mM). One unit (U) is defined as the amount of enzyme 
that catalyzes the formation of 1 µmol of NADPH  min−1 
under the specified conditions (ε340nm = 6.22  mM−1  cm−1). 
Kinetic parameters were calculated by triplicate determina-
tions fitting the data to the Hill equation. NADP-ME activ-
ity was also measured in the presence of different fumarate 
concentrations (up to 25 mM). To avoid changing the pH, 
malate and fumarate solutions brought to pH 7.5 were used. 
Protein concentration was determined by the BioRad protein 
assay using total serum proteins as standard.

Urea denaturation experiments

Each protein was pre-incubated for 30 min at 0 °C in the 
absence or presence of 20 mM fumarate. Then, the samples 
were exposed to different concentrations of urea (0–3 M) 

for 30 min at 25 °C. Finally, the enzyme denaturation was 
quantified by NADP-ME activity determination as described 
above.

Fluorescence quenching of the tryptophan residues

Fluorescence data were collected in a Cary Eclipse fluores-
cence spectrophotometer. The excitation wavelength was set 
to 295 nm to selectively excite tryptophan residues of the 
proteins. The quenching was carried out by sequentially add-
ing small volumes of malate solution to each enzyme. The 
recorded values were corrected by buffer fluorescence and 
dilution, and represented using the modified Stern–Volmer 
equation as reported in (Tronconi et al. 2015).

Results and discussion

Structural and molecular docking analysis 
of Arabidopsis NADP‑ME2

To better understand the structure–function relationship of 
NADP-ME2, we generated a three-dimensional (3D) model 
of this enzyme. The selection of the template was done con-
sidering enzymes with reported fumarate activation, known 
crystal structure and sequence identity. The only plant MEs 
with known crystal structures are from maize and sorghum 
(Alvarez et al. 2019), but both lack fumarate regulation 
(Detarsio et al. 2007; Saigo et al. 2013). Thus, the human 
isoform HsmNAD(P)-ME, which shares a 45.2% of amino 
acid identity and was crystallized in the presence of malate 
and fumarate, was selected as a template (PDB ID 1PJ2; 
(Tao et al. 2003); Fig. S1). As the first 44 amino acids of 
NADP-ME2 are absent in the human enzyme (Fig. S1), their 
3D structure was constructed by de novo modeling. Stereo-
chemical validation of the overall structure by the analysis 
of the Ramachandran plot, showed 96.2% of the residues in 
favored regions, 2.6% in allowed regions and only 1.2% in 
outlier regions. None of the outlier residues (Q145, T355, 
L400, K408, P409, K461, and R509) were present in the 
active or allosteric sites predicted in the model or in the 
N-terminal region.

The analysis of the final 3D model showed that NADP-
ME2 monomeric structure could be divided into simi-
lar domains (A–D) as those previously described for 
HsmNAD(P)-ME (Fig. 1a; Chang and Tong 2003). The 
structures of domains B, C and D were conserved with 
regard to the template. Thus, Domain B is composed of 
two segments (residues 155–301 and 489–560) with a five 
stranded parallel β-sheet (βB1 through βB5) flanked by heli-
ces on both sides (αB1 through αB8). The active site located 
in the domain C (302–488) is defined by a NADP-binding 
Rossmann fold with the dinucleotide-binding signature 
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motif located between βC1 and αC2 (335-GAGEAG-340), 
as well as the malate binding site (Fig. 1a). Domain D 
(561–588) contains one α-helix followed by a long tail 
structure that protrudes away from the rest of the monomer 
(Fig. 1a). This C-terminal region is 18 residues shorter than 
in HsmNAD(P)-ME (Fig. S1), where some key residues are 
involved in the tetrameric conformation (Chang et al. 2007; 
Hsieh et al. 2009a; Murugan and Hung 2012).

The main differences between NADP-ME2 model and 
HsmNAD(P)-ME structure were found in domain A (resi-
dues 1–154). Firstly, it can be highlighted the presence of 
eight helices (αA1–αA8) in contrast with the six helices 
described for the human enzyme (Fig. 1a; (Chang and Tong 
2003)). Secondly, the arrangement of the first 28 amino 
acids, likely as a loop, could provide additional connections 
between both dimers that conform the tetramer (Fig. 1a and 
b). Finally, it can be distinguished the presence of an α-helix 
between amino acids 29–38, in which residues E30, D31 
and D36, could interact with residues C264, Q268, K569 
and K573 of the other dimer and contribute to the protein 
stability (Fig. 1b).

In addition, NADP-ME2 domain A is predicted to form 
an allosteric site in the dimer interface analogous to the one 
found in HsmNAD(P)-ME (Fig. 1c; Yang et al. 2002a). The 

binding of fumarate to this site is responsible for the activa-
tion of the catalysis in both enzymes (Yang et al. 2002a; Ger-
rard Wheeler et al. 2008). From the four residues associated 
with fumarate binding to this site described for the human 
enzyme (Yang et al. 2002a; Hung et al. 2005; Hsieh et al. 
2009b; Fig. S1), only two are conserved in NADP-ME2: 
R115 and D126, suggesting differences in the binding mode 
between these two enzymes. To further analyze the particu-
larities of this site, molecular docking studies of NADP-
ME2 wild-type and two mutant forms were performed. 
Interestingly, the best docking results for the parental and 
the mutant proteins were obtained with the side chains of 
the residues in the same orientation as in HsmNAD(P)-ME 
bound to fumarate (PDB ID 1PJ2 structure; Tao et al. 2003).

The interactions of fumarate and other possible ligands 
with the allosteric site of NADP-ME2 were studied (Fig. 2). 
Ionic interactions between each carboxylate of fumarate 
and amino acid side chains were detected: one with the pro-
tonated amine of K91 (d = 2.8 Å) and the other with the 
guanidine group of R115 (d = 2.9 Å; Fig. 2a). Both K91 and 
R115 residues are also conserved among many other malic 
enzymes that are insensitive to fumarate, therefore, addi-
tional structural determinants need to be present for fuma-
rate regulation to occur (Chang and Tong 2003; Gerrard 

Fig. 1  NADP-ME2 model. a Cartoon representation of NADP-ME2 
tetramer showing the dimers of dimers model. The four domains 
present are highlighted. b N-terminal chain containing conserved 
residues that could be involved in the tetramer stabilization. c Dimer 
interface between monomers 1 and 2, with a detailed view of allos-

teric and adjacent allosteric surfaces, highlighting the involved resi-
dues. The interaction pattern (green) of the adjacent allosteric resi-
dues in HsmNAD(P) (gray) are absent in A. thaliana NADP-ME2 
(blue)
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Wheeler et al. 2009). On the other hand, when malate was 
evaluated as a possible ligand of the allosteric site, the 
docking analysis revealed that the substrate could also fit 
into fumarate’s pocket and interact in a slightly different 
orientation (Fig. 2b). While the interactions with K91 and 
R115 were maintained, the C4 carboxylate group of malate 
also presented a ion–dipole interaction with the amide of 
N116 side chain (d = 3.0 Å) and an additional hydrogen bond 
between hydroxyl group of malate and the carbonyl of F151 
(d = 2.6 Å, Fig. 2b). Thus, based on the results provided by 
the molecular docking, both malate and fumarate could bind 
to the allosteric site of NADP-ME2. Malate binding to this 
site could explain the sigmoidal response of NADP-ME2 
with respect to this substrate (Arias et al. 2013) supporting 
a homotropic regulation hypothesis. Besides, the compe-
tence for the allosteric site could explain why the presence 
of fumarate reduces the sigmoidal behavior of the enzyme 
with respect to malate (Arias et al. 2013). Site occupancy by 
fumarate would disable the malate binding to the allosteric 
site and the enzyme exhibits a non-malate-regulated hyper-
bolic kinetics. Finally, the importance of the interaction with 
R115 at the allosteric site for both ligands is reflected in the 

loss of fumarate activation and malate hyperbolic behavior 
observed in ME2-R115A mutant (Table 1; Arias et al. 2013).

Succinate and aspartate, activators of NADP-ME2 reac-
tion, were evaluated as possible ligands of the allosteric site. 
While succinate binding resembled fumarate positioning and 
interactions, showing ionic interactions with K91 and R115; 
aspartate binding seemed similar to malate, showing as well, 
the interactions with N116 and F151 (Fig. 2c and d). These 
results indicated that the structural similarity of these com-
pounds allowed them to act as regulators of NADP-ME2 
probably using the same allosteric binding site.

Docking analysis of fumarate within ME2-R115A allos-
teric site suggests a major shift in the orientation of the 
ligand (Fig. 3a and b). The interaction between fumarate and 
R115 observed in the wild-type protein was replaced by two 
new ion–dipole interactions between its carboxylate group 
and the guanidine group of R152 residue (d = 2.8 and 3.1 Å; 
Fig. 3a and b), maintaining the ionic interaction with K91 
(d = 3.5 Å). This alteration in fumarate binding could explain 
previous kinetic studies that showed that ME2-R115A activ-
ity was not induced by this metabolite (Gerrard Wheeler 
et al. 2008; Arias et al. 2013).

Fig. 2  Allosteric site of NADP-
ME2 with fumarate (a), malate 
(b), succinate (c) and aspartate 
(d). The ligand interactions 
obtained by docking analysis 
are shown. The residues which 
directly interact with the ligands 
are displayed in green and cyan 
sticks and electrostatic interac-
tions are represented as yellow 
dashed lines
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In the human enzyme, ionic interactions between the 
residues K57-E59-R67, located in the surroundings of the 
allosteric site, were found to be responsible for stabilization 
of vicinal motifs and contribute to fumarate binding (Yang 
et al. 2002a; Hsieh et al. 2009b). In NADP-ME2, instead 
of charged residues, in the second sphere of the allosteric 
site there is a cluster of hydrophobic residues. Non con-
served substitutions, regarding the residues in the human 
enzyme, such as: K57 to V81, E59 to L83 and M38 to L62 
(Fig. 1c, panel below; Fig. S1) were found as part of the 
site’s close environment. The importance of this region in 
the allosteric regulation was further investigated by the anal-
ysis of the 3D model of NADP-ME2 in which the leucine 
in position 62 was replaced by a tryptophan (ME2-L62W). 
This substitution preserves the hydrophobic pattern but 
creates a structural alteration due to the bigger volume of 
the tryptophan side chain. In the analysis of the model, no 
clashes were observed, suggesting that this mutation did 
not introduce a strong perturbation on the overall protein 
structure. Indeed, the substitution induced more rigidity in 
this region since W62 interacts through π-π stacking with 
F151 of about 3.7 Å and hydrophobic interactions with side 
chains of P79, V81 and L83 (Fig. 4). In addition, docking 
analysis of ME2-L62W predicted that despite the presence 

Table 1  Kinetic parameters of 
the ME2-L62W in the absence 
of fumarate

Indicated parameters are the average of three different experiments ± SD. For  kcat, a 65 kDa monomeric 
molecular mass was used. NADP-ME2 and ME2-R115A values were previously obtained (Gerrard et al. 
2005, 2008; Arias et al. 2013) and included for comparison
a S0.5 apparent determined at subsaturant concentration of NADP (1.5 mM)

NADP-ME2 NADP-ME2-R115A NADP-ME2-L62W

kcat  (s−1) 324 ± 29 234 ± 11 360 ± 30
S0.5 NADP (mM) 0.072 ± 0.007 0.050 ± 0.002 6.1 ± 0.6
nH NADP 1.3 ± 0.1 1.1 ± 0.2 0.9 ± 0.1
S0.5 malate (mM) 3.3 ± 0.4 2.4 ± 0.2 18 ±  3a

nH malate 2.1 ± 0.2 1.0 ± 0.1 1.1 ± 0.1

Fig. 3  Binding mode of 
fumarate at the allosteric site 
in NADP-ME2 (a), ME2-
R115A (b) and ME2-L62W 
(c). Fumarate is displayed in 
pink sticks, the residues which 
directly interact with the ligands 
are displayed in green sticks 
and electrostatic interactions are 
represented as yellow dashed 
lines

Fig. 4  Effect of L62W mutation on NADP-ME2 allosteric site. 
Superimposed view of leucine (in purple) and tryptophan (in orange) 
at position 62. The residues which directly interact with W62 are dis-
played in green sticks



44 Plant Molecular Biology (2021) 107:37–48

1 3

of R115, fumarate binds to this mutant in a similar man-
ner than it did to ME2-R115A (Fig. 3c). While no interac-
tion with R115 was detected, it formed one new ion–dipole 
with R152 (d = 3.1 Å) and kept the ionic interaction with 
K91 (d = 2.9 Å). These new interactions possibly hinder 
electrostatic features of this site and affect the regulatory 
responsiveness of the enzyme. These data suggest a different 
mechanism by which residues surrounding the allosteric site 
participate in fumarate binding to NADP-ME2 in compari-
son to the previously described for HsmNAD(P)-ME.

Kinetic and structural characterization 
of NADP‑ME2‑L62W

To evaluate the possible conformational role of L62, we 
replaced this residue by site-directed mutagenesis generat-
ing the ME2-L62W protein. Recombinant expression and 
purification was achieved at high yield and purity (Fig. S2a). 
ME2-L62W showed no changes in the quaternary structure, 
as it is still able to form tetramers as well as the parental 
NADP-ME2 (Fig. S2b and c). Besides, we did not observe 
substantial differences in ellipticity in circular dichroism 
assays (Fig. S2d). These results confirm that the mutation 
does not produce a severe alteration in the native structure 
of the enzyme.

Then, we determined the kinetic parameters of ME2-
L62W to evaluate if the general performance was affected 
by the substitution. In the mutant, the  S0.5 values for NADP 
and malate were 84.7 and 5.5 times higher than the values 
for the parental NADP-ME2 (Table 1). Thus, although the 
mutation is located near the allosteric site, away from the 
active site, both substrate affinities were severely decreased, 
which results interesting considering that fumarate activates 
NADP-ME2 by increasing its affinity for both substrates 
(Arias et al. 2013). Nevertheless, no important change was 
observed in the catalytic constant  (kcat; Table 1). Finally, 

for comparison, it is important to mention that the kinetic 
parameters from ME2-R115A did not differ from those of 
NADP-ME2 (Table 1; Gerrard Wheeler et al. 2008).

Furthermore, while NADP-ME2 showed a sigmoidal 
kinetics for malate, ME2-L62W exhibited a hyperbolic 
response  (nH = 1.1; Table 1). We also observed this loss of 
sigmoidal behaviour in ME2-R115A (Arias et al. 2013). 
These results are in agreement with the predicted malate 
binding to the NADP-ME2 allosteric site (Fig. 2b) and 
indicated essential roles for R115 and L62 residues in the 
substrate regulation. We further analyzed this mechanism 
by fluorescence titration assays. The proteins presented a 
heterogeneous population of tryptophan residues differing 
in their capacity to be quenched by malate. For NADP-
ME2, a biphasic curve resulting in two linear segments 
was obtained (Fig. 5a). These results are consistent with 
malate binding to two sites with different affinity, possibly 
the active  (Kd = 1 mM) and the allosteric  (Kd = 131 mM) 
sites (Fig. 5a). Data representation for ME2-L62W was lin-
ear suggesting that malate in this enzyme is able to quench 
tryptophan residues from only one of the two populations 
(Fig. 5b). The  Kd value obtained  (Kd = 10 mM) corresponds 
to the affinity of ME2-L62W active site by malate in the 
absence of NADP. Thus, these results not only confirm that 
malate is able to bind to two sites in the NADP-ME2 but also 
that the L62W substitution affects its affinity for the active 
site and its binding to the allosteric site. In agreement with 
the kinetic results (Table 1), we observed a similar linear 
quenching pattern for ME2-R115A (Fig. 5c).

The activity of ME2-L62W was also evaluated in the 
presence of fumarate. In order to assess simultaneously the 
two possible types of effects of the fumarate in the enzyme’s 
kinetics (V-type of K-type), the measurements were per-
formed using subsaturating level of both substrates (equal 
to  S0.5 values for NADP and malate). In contrast to the strong 
activation effect of fumarate in NADP-ME2 (Arias et al. 

Fig. 5  Quenching fluorescence for NADP-ME2 and mutant forms. 
Modified Stern–Volmer representations of quenching by malate for 
NADP-ME2 (a), ME2-L62W (b) and ME2-R115A (c). The excita-
tion wavelength was set at 295 nm and the fluorescence was recorded 

at 344 nm. Fo and F are the fluorescence of the enzyme alone or in 
the presence of quencher, respectively. The dissociation constants 
obtained are indicated. Typical results are shown from three inde-
pendent determinations
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2013), this metabolite was not able to activate the mutant 
(Fig. 6a). Fumarate, however, inhibited ME2-L62W activity 
up to 30% (at 25 mM), possibly competing with malate sub-
strate for the active site, as it was observed for ME2-R115A 
(Arias et al. 2013). In both mutants, as shown by docking 
analysis, fumarate binding to the allosteric site was predicted 
to be severely affected, acquiring an altered orientation in 
the space and interacting with different residues from the site 
(Fig. 3). To complement the analysis, we further investigated 
fumarate binding to ME2-L62W by urea-induced denatura-
tion assays. In the absence of fumarate, the enzyme was 
stable up to 1.5 M urea, leading to a partial inactivation 
at concentrations higher than 2 M (Fig. 6b). In the pres-
ence of fumarate, instead observing the protective effects 
that ligands usually provoke in the enzyme stability, ME2-
L62W activity was significantly decreased above 0.5 M urea 
(Fig. 6b). Such a destabilizing effect was also observed in 
ME2-R115A, less pronounced and at higher concentrations 
of the denaturing agent (Arias et al. 2013). It should be noted 
that fumarate protected the parental enzyme from denatura-
tion, retaining more than 70% of the enzyme activity even 
after treatments with 3 M urea (Arias et al. 2013). Finally, 
these results suggest that the abnormal binding of fuma-
rate to ME2-L62W allosteric site, destabilizes the enzyme 
and prevents the transmission of the activation signal to the 
active site.

Prediction of NADP‑ME2 functional dynamics

To get further insights into the allosteric regulation of this 
enzyme, we studied the protein functional dynamics by 
means of normal mode analysis (NMA). NMA is a well-
established method to infer the main protein motions, start-
ing from a single structure and expressing the concerted 
motions as a set of collective variables (Brooks and Karplus 
1985). Using the structural model of NADP-ME2 (Fig. 1), 

we observed that the highest amplitude mode predicted, 
describing the most functionally relevant motion, corre-
sponds to a dimer-dimer twisting motion (Fig. 7a; Video 
1). This movement has been described before as a rigid-
body shift of domains A and B in HsmNAD(P)-ME, which 
changes the tetramer reorganization and is related to enzyme 
activation (Chang and Tong 2003). The hinge regions asso-
ciated with this mode, responsible for creating the confor-
mational change, are highlighted by warmer colors (Fig. 7b). 
They are located at the junction point between protomers, 
around the N-terminal segment (residues 60–80), extending 
through the allosteric site till the active site. Very interest-
ingly, the dimer-twisting motion described here is predicted 
to originate close to the L62 residue, which could explain 
how the L62W substitution affected substrate affinities in 
the active site far away from where the mutation is located. 
Thus, in NADP-ME2 the allosteric signal originate in this 
N-terminal region, causing conformational changes along 
the enzyme structure that would lead to the enzymatic acti-
vation. Thus, L62W mutation would distort the allosteric 
site displacing the equilibrium to a lower affinity catalytic 
state. This could be explained by the existence of two main 
conformations for NADP-ME2 according to the MWC allos-
teric model (Monod et al. 1965) which is in concordance to 
our results of docking, kinetics, fluorescence and urea assays 
described above. Altogether, our data pointed to a complex 
connection between tetramer assembly, binding site affinity 
and, allosteric activation, and a role in it for the N-terminal 
segment of NADP-ME2.

The complexity that state transitions or conformational 
changes can reach in ME was shown in the model suggested 
by crystallographic structures for the human malic enzyme 
(Chang and Tong 2003). In the case of NADP-ME2, the 
shifts between different conformational states in the pres-
ence of specific combinations of its ligands needs to be fur-
ther studied by crystallographic structures of parental and 

Fig. 6  Activity assays in the presence of fumarate. a) % of activity 
for ME2-L62W at different fumarate levels relative to the activity 
measured in the absence of it. The substrate concentrations used were 
6 mM NADP and 18 mM malate. b Residual activity of ME2-L62W 

after incubation with different urea concentrations in the absence or 
presence of 20  mM fumarate. Typical results are shown from three 
independent determinations
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its mutants versions. However, our data provides insights of 
the conformational changes that takes place after the correct 
binding of a ligand into the fumarate binding site as well as 
information of the regulatory properties of the system.

Concluding remarks

Malic enzymes (ME) isoforms throughout the different 
kingdoms present different biochemical properties, which 
would correlate with the ability of the proteins to fulfill 
specific metabolic functions. The precise identification of 
these differences in relation to the minimal primary structure 
changes is important for ME engineering. Allosteric regula-
tions allow enzymes to rapidly and widely tune its catalytic 
activity in response to small changes in the concentration of 
its effectors. In this work, we performed a detailed study of 
the fumarate allosteric site of NADP-ME2, predicting that 
the binding of other regulators such as succinate, aspartate 
and even its own substrate malate is possible. In vivo this 
extended allosteric modulation would provide NADP-ME2 a 
broader sensing capacity of the cell status, combining stimu-
lus from organic acid with amino acids to better respond 
to each of its diverse functions. The studies here reported 
revealed that the L62W substitution provokes an altered 
binding of fumarate that induces an unfavorable environ-
ment near the allosteric site, which is then transmitted to 
the active site, and culminates in reduced substrate affinities, 
inability of the mutant to be activated by fumarate and an 
increased enzyme instability, without affecting the global 
protein structure. In overall, we demonstrated the impor-
tance of L62 and other surrounding residues constituting the 

second sphere adjacent to NADP-ME2 allosteric site in the 
transmission of regulatory signals into the enzyme.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s11103- 021- 01176-2.
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