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Abstract

Fluorescence of Reduced Nicotinamide Adenine Dinucleotide (NADH) is extensively employed in 

studies of oxidoreductases. A substantial amount of static and kinetic work has focused on the 

binding of pyruvate or substrate mimic oxamate to LDH•NADH where substantial fluorescence 

quenching is typically observed. However, the quenching mechanism is not well understood 

limiting structural interpretation. Based on time-dependent density functional theory (TDDFT) 

computations with cam-B3LYP functional in conjunction with the analysis of previous 

experimental results, we propose that bound oxamate acts as an electron acceptor in the quenching 

of fluorescence of NADH in the ternary complex, where a charge transfer (CT) state characterized 

by excitation from the highest occupied molecular orbital (HOMO) of the nicotinamide moiety of 

NADH to the lowest unoccupied molecular orbital (LUMO) of oxamate exists close to the locally 

excited (LE) state involving only the nicotinamide moiety. Efficient quenching in the encounter 

complex like in pig heart LDH requires that oxamate forms a salt bridge with Arg-171 and 

hydrogen bonds with His-195, Thr-246 and Asn-140. Further structural rearrangement and loop 

closure, which also brings about another hydrogen bond between oxamate and Arg-109, will 

increase the rate of fluorescence quenching as well.

Graphical abstract

Oxamate efficiently quenches the fluorescence of NADH in the lactate dehydrogenase (LDH) 

ternary complex, but not in water, through electron transfer (ET) mechanism. Oxamate interacts 

with LDH by forming a salt bridge with Arg-171 and hydrogen bonds with His-195, Thr-246, and 

Asn-140 in the encounter complex. It adds another hydrogen bond with Arg-109 after loop is 

closed. Such interactions decrease the energy of a charge transfer (CT) state involving the 

nicotinamide moiety and oxamate. Then electron transfer from excited states of NADH to 

oxamate, and consequent fluorescence quenching take place.
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INTRODUCTION

Monitoring the fluorescence of Reduced Nicotinamide Adenine Dinucleotide (NADH) 

bound to oxidoreductases has been and is a significant method for in vivo or in vitro studies 

because of its essential role as a coenzyme in metabolism (1–5). NADH has been a subject 

of research for many years (6–8). In general, the molecular factors that regulate NADH 

emission are not firmly established. NADH has two strong UV-vis absorption bands in 

water. The stronger one at 260 nm is assigned to transition within the adenylyl moiety. The 

absorption band at 340 nm is due to the dihydronicotinamide moiety, which is the origin of 

NADH fluorescence. In aqueous solution, it is believed that NADH exists in equilibrium 

between folded and extended conformations (9–14). In folded state, the adenylyl moiety, 

less than 6 Å away from the dihydronicotinamide ring, quenches the fluorescence from the 

dihydronicotinamide moiety. Hence, NADH has a lower quantum yield in water than in 

alcohol solution (15). The absolute emission quantum yields (QY) of NADH was reported to 

be 0.019 versus 0.076 (or 0.066) in water versus 1,2-propanediol; for comparison, the QY of 

NADH in the LDH•NADH binary complex, where the molecule is extended so that the 

intra-molecular interaction is absent, is 0.099 (15). The quenching in these nucleotides is 

believed to be dynamic (15). As the QY of NADH is low, the non-radiative decays are major 

processes for the excited NADH. Some studies indicated that two-photon absorption could 

result in photoionization when the excitations fall into the absorption band of 

dihydronicotinamide (16–20). However, excitation at the adenylyl moiety, for example at 

266 nm, only gives rise to a short lived excited state with a lifetime of ~3 ps, which decays 

through energy transfer to the excited dihydronicotinamide moiety and other internal 

conversion processes (21). In summary, the photodynamics of NADH could be presented by 

a simple Jablonski diagram (Fig. 1). However, with the interaction between the adenylyl and 

the dihydronicotinamide moieties, the photodynamics is more complex (22) and may need 

more studies to fully be resolved, especially with an excitation of the dihydronicotinamide.

The emission from NADH has been a broadly useful tool in examining the dynamical nature 

of certain enzymes, in particular the NADH and NADPH linked enzymes (23–25). In our 

work, NADH emission is used to monitor the dynamics of binding of NADH and substrate 

to enzymes employing various mixing approaches and also laser induced T-jump studies, 
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where resolution of specific events can approach the nanosecond time scale (26, 27). The 

fluorescence intensity of a molecule like NADH generally increases accompanied by a small 

blue shift when it binds to a hydrophobic like protein pocket. This is what is observed when 

NADH binds to lactate dehydrogenase (LDH), an enzyme that catalyzes the interconversion 

of lactate and pyruvate. There is a substantial and unusual drop in intensity when substrate 

binds to the LDH•NADH complex. Moreover, the events in the pathway of substrate binding 

show varying emission quantum yields. Fluorescence T-jump studies indicate that NADH 

fluorescence is quenched by forming an encounter complex in pig heart lactate 

dehydrogenase phLDH•NADH•substrate system (26). Specific LDH isozymes included in 

this study are pig heart, phLDH, and Bacillus Stearothermophilus, bsLDH. The relative 

quantum yields of NADH in free form, binary complex, encounter complex and two down 

stream structure-rearranged complexes in the pig heart system are estimated to be 1, 2.5, 

0.59, 0.29 and 0.23 respectively. There is clearly structural information contained in these 

numbers. It would be useful and highly important, given that it is generally very difficult to 

determine the structure of kinetics intermediates, to develop molecular mechanisms that bear 

on quantum yields so as to be able to interpret these data in structural terms. 

Dihydronicotinamide has shown to be an electron donor in some fluorescence quenching 

studies(28–30). We thus explore a photoinduced electron transfer (PET) mechanism 

responsible for the quenching in enzymes. We propose, by dissecting the mechanism under 

the fluorescence changes along the dynamic processes of enzymes, structural information 

about enzyme intermediates or sub-states can be determined. If the quantum yields (QY), for 

example, of each protein species can be estimated experimentally and calculated 

theoretically (31–33) from possible structures, important structural information is derived.

For example, aspects of the dynamics of substrate binding to lactate dehydrogenases (LDH) 

are resolved by monitoring the fluorescence changes in the systems of 

LDH•NADH•pyruvate and LDH•NADH•oxamate (26, 27, 34–36). The active sites of LDHs 

are well conserved, and it is reasonably clear that interactions between active site residues 

and substrate (or substrate mimic) modulate the emission of bound NADH. LDHs are 

characterized by an essential mobile surface loop, residues 98–110 in the pig heart protein. It 

is generally thought that the protein is only fully active when this loop has properly closed 

over the active site. One study has shown directly that loop closure, which brings Arg-109 in 

close contact with bound substrate has a direct and sizable effect on the steady state NADH 

emission(37). Moreover, several fluorescence T-jump studies of NADH indicate that binding 

involves several structural rearrangement steps affecting NADH emission differentially 

while overall values of kcat and Km are close under their physiological conditions(38, 39). 

For example, in phLDH NADH fluorescence is mostly quenched in the bimolecular step of 

substrate mimic binding to LDH•NADH (26). For bsLDH, the fluorescence is largely 

quenched in subsequent unimolecular steps (40). These differences are most likely due to 

that different binding arrangements of substrate (or substrate mimic) with several key active 

sites residues such as Arg-171, His-195, Asn-140, and Arg-109. Among these, an important 

interaction is the salt bridge formed between the guanidinium group of Arg-171 and the 

carboxylate group of oxamate. Isotope edited FTIR studies have demonstrated that the salt 

bridge is stronger in phLDH than that in bsLDH (41, 42). In bsLDH, the band assigned to 

the salt bridge has a frequency of 1581 cm−1, while the frequency is 1589 cm−1 in phLDH. 
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Higher frequency means a stronger salt bridge. X-ray structures also indicated that a shorter 

salt bridge in phLDH than that in bsLDH (Fig. 2) (43, 44). It is obvious that kinetic studies 

using NADH emission report on kinetic steps as well as, in principle, accompanying 

structural changes. However, it is necessary to have a mechanistic understanding of the 

quenching mechanism to unravel specific structural changes.

Here we examine deeply the changes of NADH fluorescence in binary LDH•NADH and 

ternary complexes such as LDH•NADH•substrate. We and others have performed a number 

of studies of the reaction pathway of LDH•NADH•pyruvate conversion to 

LDH•NAD+•lactate(27, 34, 35, 45, 46). The pathway of this system is arguably better 

known than other systems having a simple chemical event. In a number of studies, oxamate 

is employed as non-reactive substrate mimic (for pyruvate) (26, 41, 42, 47, 48). For this 

reason, many crystal structures of LDH•NADH•oxamate can be obtained from the PDB 

database. In fact, more studies on the ternary complexes of oxamate have come out and 

understanding in this system is much better than in the ‘live’ system of the pyruvate 

complex. The reaction pathway is very complex with a number of clearly identifiable protein 

LDH•NADH•pyruvate type species with varying degrees of NADH emission (26, 49, 50). In 

this regard, we apply quantum mechanical computations on some oxamate complexes, 

which would mimic the structures along the substrate binding. By comparing those results 

with some experimental and theoretical findings on small molecular quenchers, in the final, 

we proposed an operative mechanism of PET enabling a structural analysis.

MATERIALS AND METHODS

Experimental

Chemicals used in this study, including sodium pyruvate and imidazole were purchased from 

Sigma or Aldrich. Acrylamide were purchased from Fisher Scientific (Alfa Aesar). NADH 

was purchased from Roche Diagnostics. Sodium oxamate and other chemicals were from 

Fisher Scientific (Acros). Those chemicals, generally having 97%, 98% or greater purity, 

were used as purchased except oxamate was recrystallized in 3:1 (v:v) water/ethanol.

Fluorescence spectra were measured on a FluoroMax-2 spectrometer. The solutions were 

freshly made right before measurements in 100 mM phosphate buffer at pH 7; final pH was 

adjusted by adding HCl or NaOH. Excitation wavelength was set at 385 nm for NADH in 

the quenching measurements. The quencher concentrations were from 0–0.5 M. The 

absorbance, measured on a Beckman DU-7400 spectrometer, at the excitation wavelength 

was about 0.1 OD or below. 1 cm quartz cell was used in the experiments and inner filter 

correction and subtraction of buffer background were performed to obtain final fluorescence 

intensities for Stern-Volmer plots.

Computational details

GAMESS (version Dec 5, 2014 R1) was used in the quantum mechanical computations (51, 

52). Density functional B3LYP (53, 54) with basis sets 6–31g(d) were employed in ground 

state geometry optimization. The excitation energies of single molecules were obtained from 

time-dependent density function theory (TDDFT) computations with B3LYP functional. As 
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TDDFT with B3LYP tends to underestimate the charge transfer (CT) states due to lacking 

the correct 1/R asymptotic behavior (55–57), Coulomb attenuated method (CAM) was 

applied to oxamate complexes for a better description of CT states (58, 59). In the CAM 

approach, the contribution of Hartree-Fock exchange integral is varied along the distance R 

to produce the correct long-range behavior. Solvent effect was considered by employing 

polarized continuum model (PCM) to the systems in water (60). For the models of oxamate 

complexes, pruned 3-D structures (see Fig. 3) were obtained from the protein data bank 

(PDB ID: 9LDB (44)) by only keeping atoms in the functional group from x-ray 

crystallographic structure. Constrained geometry optimizations were then performed on the 

structures with heavy atoms fixed except terminal methyl carbon (at the cutting position 

during model structure building).

Electrostatic potential surface of phLDH (PDB ID: 9LDB) was generated by Apbs (61) and 

pdb2pqr (62) in Pymol (63). Orbitals were generated using MacMolPlt (64). Gabedit (65) 

was used to generate GAMESS input files and monitor computations.

RESULTS AND DISSCUSSION

Experimental findings

In solution, quenching of NADH fluorescence by oxamate is quite inefficient. Especially, 

Stern-Volmer constant, KSV for oxamate is only 0.1 M−1, much smaller than those of 

pyruvate and acrylamide (Fig. 4 and Table 1), where pyruvate (66) and acrylamide (67–72) 

were used as electron acceptors in fluorescence quenching studies. In general, amides like 

acetamide and carboxylate groups are not good electron acceptors in fluorescence quenching 

through a PET quenching mechanism (73). However, ternary complexes with LDH•NADH, 

oxamate or pyruvate both efficiently quench fluorescence of NADH. By binding oxamate to 

active site, the enzyme not only brings oxamate (quencher) and NADH (fluorophore) close 

to each other (important in quenching because the rate of electron transfer shows 

exponential distance dependence (74)) but also brings about formation of salt bridges or 

hydrogen bonds that greatly increase the electrophilicity of oxamate. After binding, the 

guanidinium group of the Arg-171 salt bridge can behave as an electron-withdrawing group. 

The oxamate amide group also becomes electrophilic due to strong hydrogen bonds between 

the amide and His-195, Asn-140, and Arg-109. Additionally, the positively charged 

environment at active site (as shown in Fig. 5), especially when closed, will tend to increase 

electron transfer rate. With a contribution from PET quenching, the quantum yield (Φf) of 

fluorescence is determined by the eqn.1:

(1)

where, kf, ket and knr are radiative, electron transfer and other non-radiative rate constants 

respectively. Factors that enhance electron transfer will decrease the quantum yield. Since 

the interactions mostly through hydrogen bonds and salt bridges between the 

dihydronicotinamide moiety and protein residues become stronger along the process of the 
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ternary complex formation, the quantum yield is expected to be lower and lower, which is 

constant with the finding in the t-jump study (26).

It has been shown that some compounds such as oxalate, malonate, and L-malate (shown in 

Fig. 6, right) cause an increase of NADH fluorescence while others are quenchers like 

oxamate, nicotinate, and pyrimidine-4-carboxylate (shown in Fig. 6, left) (75). One 

important feature among these compounds is that they can bind to Arg-171 to form a salt 

bridge with their carboxylate or similar moiety, as in the case of oxamate. The fluorescence 

enhancers have neutral (lactate) or a negative charged carboxylate group on the top of the 

dihydronicotinamide moiety (Fig. 7), while the quenchers all have a group that can be an 

electron acceptor.

In the case of NADH, the dihydronicotinamide group is the fluorophore and the electron 

donor in the fluorescence quenching process. When lactate or a negative ion like oxalate is 

bound, without an electron acceptor, water molecules are excluded from the active site and a 

cavity with more hydrophobic character is formed. Negative charge will also neutralize the 

positively charged environment. Thus, a decrease of ket and knr is expected along with a 

concomitant increase of NADH fluorescence.

Steric effects are another important factor. As shown in Fig. 7, where the volume of -R1 is 

larger than that of -R2 along with proper binding of the substrates, there should be no steric 

interaction between the dihydronicotinamide group and the substrates as previously 

suggested(75). However, steric hindrances from -R1 group can keep the loop from closing. 

Such situation can be found in the case of D-malate. In contrast to that, in the L-malate 

complex, -R1 is smaller than that of -R2, allowing the loop to close and induce a tighter 

active site. As a result, fluorescence increases in the ternary L-malate/pig heart LDH•NADH 

complex. In other words, enzyme backbones and side chains around dihydronicotinamide 

are not NADH fluorescence quencher. However, structural changes could affect non-

radiative rate knr and thus QY of NADH.

It is known that, the protonated imidazole, imidazole-H+ could be fluorescence quencher in 

solution through PET quenching mechanism(76–78). In the binary and ternary complexes, 

His-195 is just c.a. 3 Å away from the dihydronicotinamide moiety. Thus it is possible that 

imidazole-H+ quenches NADH fluorescence in complexes despite that the quenching of 

NADH fluorescence was not observed in 0.5 M imidazole solution at pH 6 or pH 8 from our 

experiments. Reported pKas of His-195 are about 6.8 respectively in apo and binary pig 

heart LDH (79, 80). But NADH fluorescence still increases after formation of binary 

complexes at pH 6, where around 90% of imidazole is protonated (Fig. 8). As a 

consequence, quenching of NADH fluorescence by His-195 is unlikely to be operative. So 

the only quencher candidate in the ternary complex would be bound oxamate (or pyruvate).

Computational results

Since photoinduced electron transfer from excited dihydronicotinamide moiety to bound 

oxamate is a prime suspect in the quenching mechanism of bound NADH as outlined above, 

we examine the complex for the formation of charge transfer states; this is a minimal 
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requirement to assess the conjecture. We first look into molecular characteristics of NADH 

that affect its optical properties. Then we construct a series of structural models of the 

protein-cofactor that simulate putative structures involved with the binding pathway of 

substrate mimic with LDH•NADH; each is evaluated for the formation of a CT state using 

ab-initio calculations at the cam-B3LYP level.

NADH optical transitions

The variance of QY is not only due to the conformation of NADH, but is also affected by 

interactions within the dihydronicotinamide group. Calculations (Table 2) indicate that, in 

the fully optimized 1-methyl-dihydronicotinamide at B3LYP/6-31g(d) level, dihydropyridine 

and carboxamide are not coplanar because of steric interactions. However the dihedral angle 

C2-C3-C-O is small, about 160 degrees, and will have little affect on the conjugation. Good 

conjugation between dihydropyridine and carboxamide is necessary for the transition with 

π-π* character. When dihydropyridine is twisted away from planar conformation, as in the 

case of NADH in liver alcohol dehydrogenase (PDB ID: 1HET) (81), the transition is 

weakened (smaller oscillator strength). Dihydropyridine without carboxamide group does 

not have 340 nm band (82–84), The S1 (π-π*) transition is found to be at around 280 nm. 

With less contribution from conjugation, the π-π* transition becomes a higher energy 

transition (S2) and 1,4,5,6-tetrahydronicotinamides do not absorb above 300 nm (85–88). On 

the other hand, acetyldihydropyridine absorbs at around 350 nm due to similar conjugation 

as found in dihydronicotinamide (82, 89–91). In short, TDDFT computations presented here 

match the experimental results very well (See Table S1), although the computations 

normally give higher transition energies; the results could be improved with a higher level 

calculation. Nonetheless, the key observation is the carboxamide group, the dihydropyridine 

group, and their conjugation are necessary for the electronic transitions and thus the 

fluorescence of NADH. Any factors including hydrogen bonds and steric effects involving 

these groups could induce a fluorescence change in bound NADH.

Electronic transitions in selected complexes

As oxamate binds to the LDH•NADH binary complex, it interacts with various residues. The 

tightest interactions are with the active site residues. We can assess the effect that these core 

residues have on quenching by adding different residues to the core structure, which is 

composed of dihydronicotinamide (fluorophore) and oxamate (quencher), a series of 

computations were performed to simulate the possible intermediate structures. His-195 is a 

key residue in LDH catalysis, and protonation is necessary for the binding of oxamate (or 

pyruvate; refs. (79, 80)). In Case 1, only protonated His-195 was added; see Table 3. The 

lowest electronic transition S1 state of dihydronicotinamide π-π* (LE) lies at 3.087 eV with 

an oscillator strength of 0.067. (It is of interest that the energy of the lowest electronic state 

does not vary too much in different models in our calculations). The lowest oxamate state is 

S2, a forbidden n-π* transition, with a much higher energy at 4.102 eV. The Kohn-Sham 

orbitals involving the transitions are shown in Fig. 9. The charge transfer (CT) state from π 
of dihydronicotinamide to π* of oxamate was found to be S14 at an energy level of 5.658 eV. 

A transition of mostly CT character from dihydronicotinamide to imidazole of His-195 was 

found to be S10 with 5.156 eV of energy. Thus the quenching of NADH fluorescence by 

photoinduced electron transfer (PET) is close to zero. However, if the carboxylate group is 
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protonated, as in Case 2, a charge transfer (CT) state was found to be S1 state. The energy of 

3.094 eV of the CT state is just below 3.209 eV for the lowest energy state of 

dihydronicotinamide. Then it is highly possible that PET could account for the fluorescence 

quenching here. It is also in line with previous findings that carboxylic acid could be an 

electron acceptor in PET (77). We should note the CT state energy from TDDFT calculation 

at B3LYP level functional is about 0.9 eV lower than that from CAM-B3LYP calculation in 

this case.

Arg-171 is a key residue involving substrate binding. When it is the only residue added to 

the core structure in Case 3, a CT state was found at 5.297 eV, well above the lowest energy 

state of dihydronicotinamide (calculated to be at 3.271 eV). Adding Thr-246 to form a 

hydrogen bond with the carboxylate group of oxamate (Case 4) decreases the CT energy to 

4.827 eV, about 0.5 eV difference. His-195 has a stronger effect on the CT transition as 

shown in Case 5, where the CT state is decrease by about 1 eV. Including His-195 and 

Thr-246 together with Arg-171, the energy of the CT state is 4.008 eV and the decrease from 

Arg-171 only complex is roughly a sum of contributions from His-195 and Thr-246. In this 

case, the frontier LUMOs (lowest unoccupied molecular orbitals), π* orbitals of 

dihydronicotinamide, oxamate, and imidazole of His-195, become near-degenerated. The 

degeneracy is removed when Asn-140 is added to the model. Asn-140 is another important 

residue involving substrate binding in LDH (92). In Case 7, with His-195, Arg-171, Thr-246, 

and Asn-140, the structure is close to the active site structure with loop open. The energy of 

the CT state is 3.740 eV, less than 0.5 eV above the lowest energy state of 

dihydronicotinamide. The contribution from Asn-140 is less than that of other three residues, 

which is reasonable considering a weaker hydrogen bond or longer distance between 

oxamate and Asn-140. According to above results, especially shown in Fig. 10, it is obvious 

that interactions between residues and oxamate could lead to electron transfer, as CT and LE 

states become close in energy.

Including most interactions involving oxamate and dihydronicotinamide simulates the loop 

closed ternary complex (Case 8). Optimization of this complex in vacuum will result that 

Asp-168 abstracts the δ-H from His-195. So the polarizable continuum model (PCM) was 

applied to the computation to simulate media polarization on the transitions. The dielectric 

constant was set to 4 although this value may underestimate the polarity of LDH active site. 

The possible effect will be discussed below. In this case, the CT state is just below the lowest 

energy state with difference of only about 0.1 eV. The mechanism of photoinduced electron 

transfer (PET), involving transferring an electron from excited NADH (or 

dihydronicotinamide) to oxamate, does quite well to account for the fluorescence quenching 

of NADH in ternary complex.

As electron transfers (ET) can be strongly affected by media polarity, solvent effect needs to 

be considered, which in some cases is necessary in order to obtain right structure. A strong 

effect was found when a model is neutral (Table S2). In cases where the dielectric constant 

was set to 4, there is about 0.3–0.6 eV decrease of the CT state. Further increasing the 

constant to 78 yields another 0.2 eV stabilization. Positively charged models don’t show 

such effect; this is also true for locally excited states. As substrate binding may change the 

polarity and charge in the active site, which in turn affects fluorescence quenching by PET, a 
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more careful selection of the dielectric constant is required to model the solvent effect. 

Notwithstanding this, the results here show the trend of the charge transfer state is not 

changed much by varying dielectric (see Supporting Information Figures S2 and S3).

From the cam-B3LYP computational results summarized in Table 3, one may see the 

contribution to the ET efficiency from LDH residues roughly add up. The CT state only can 

have an energy level close to or below the LE state (a necessary requirement for an efficient 

electron transfer) when the hydrogen bonds between oxamate and Arg-171 and His-195 are 

formed. Hence our results suggest that those bonds must be formed for the efficient 

quenching of NADH fluorescence in the formation of the encounter complex for phLDH. 

Thr-246, whose contribution is important, is not a conserved residue; its hydrogen bonding 

with oxamate is not indispensable in the formation of the encounter complex. Asn-140 

might be helping in the step. But due to its weaker interaction, the contribution would be less 

important. Recently molecular dynamics study on pyruvate ternary complex also suggested 

that the hydrogen bonds between these residues and pyruvate form in the encounter 

complex(93). Following structural rearrangement and loop closure, the active site becomes 

tighter and hydrogen bonding, electrostatic interactions, and the hydrophobic effect all 

become stronger. Thus, quenching via PET become more efficient.

LUMO energies of oxamate in selected complexes

Electron transfer rates (ket) have been shown good correlations with reduction potentials of 

electron donors and acceptors according to Marcus theory (eqn. 2) (94) or diffusion 

controlled Sandros-Boltzmann dependence (eqn. 3) (95–98).

(2)

(3)

In eqn 2., |HAB| is the electronic coupling between initial and final states, λ is the 

reorganization energy, ,  and T are the reduced Planck constant, the Boltzmann constant, 

and the absolute temperature respectively. klim is the rate limit and R is the gas constant in 

eqn. 3. The free energy change, is given by Rehm-Weller equation (eqn. 4) (99):

(4)

where Ered(D+/D) and Ered(A/A−) are the reduction potentials of electron donor and 

acceptor. E00 is the energy of the excited reactant. C is the Coulombic energy term and 

generally is small. However, the potentials may not be experimentally available, especially 

in the case of one-electron transfer or for those transient species in our cases. We thus look 
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into how the binding could affect the energies of LUMO of oxamate since the reduction 

potentials of electron acceptors have been well proved to be linearly related to their LUMO 

energies (100, 101). As the Stern-Volmer constant is given by KSV = kq τ0, the relationship 

between KSV and LUMO energies could be established. In fact, with 1-benzyl-

dihydronicotinamide (BNAH) as an electron donor, we demonstrated that LUMO energies 

of several quenchers are linearly correlated to their reduction potentials (Ered) and then the 

relationship between KSV (or kq) and LUMO is similar with that between KSV (or kq) and 

Ered (see Fig. S4).

Back to LDH complexes, single point energy calculations at 6–31g(d) level in water were 

carried out and thus their oxamate LUMO (π*) energies (Table 2) are compared to those of 

some quenchers in solution (Table 1). As can be seen, the energy in case 6 is just greater 

than that of acrylamide, which in solution has KSV of 1.0 M−1. If we apply Sandros-

Boltzmann equation to our quenching results, KSV of oxamate in the full complex where the 

LUMO energy is −1.859 eV, could be roughly estimated to be about 1.8 M−1. Considering 

the close proximity between oxamate and the dihydronicotinamide moiety, the apparent KSV 

could be much higher. Let’s assume it is 50 M−1. This estimation should be justified since it 

has shown the quenching of BNAH by methyl viologen in micelle is more than 30 times of 

efficiency than in solution (28). On the other hand, in a similar complex 

LDH•NADH•oxalate, the measured lifetime and the quantum yield (QY) is 6.53 ns and 0.45 

respectively (15). According to these results, by using eqn. 1, we find the QY in the fully 

binding complex is about 0.02, which is 1/5 of that in binary complex and is fairly consistent 

with the results from the T-jump study (26). It should be noted that a larger basis set in 

quantum mechanical calculations might be needed. Like in pyruvate, the LUMO energy is 

strongly affected (not shown here) by applying 6–311++g(d,p) basis set, which is however 

computationally impractical for large complexes. Anyhow, for a more accurate estimation, 

the process needs more careful optimization.

CONCLUSIONS

In summary, we have discussed how is the fluorescence of NADH is quenched in ternary 

LDH complexes and propose photoinduced electron transfer (PET) as the major mechanism 

accounting for the fluorescence quenching. Oxamate is transformed into an effective 

electron acceptor by a series of interactions upon binding and thus becomes a good 

fluorescence quencher for NADH. The quenching ability is modulated by different 

substrate-protein interactions. Arg-171 and His-195 are most important among residues 

around oxamate. The models in the computations are based on an X-ray structure with a 

loop-closed form. These structures are likely tighter than for an encounter complex. We have 

observed strong quenching in the encounter complex of phLDH ternary complex; hence, 

those hydrogen bonding patterns must be formed even in the encounter complex. With a 

weaker interaction in bsLDH encounter complex, we expect to observe weaker quenching in 

the analogous structure, as observed by experiment (41).

Monitoring the fluorescence of NAD(P)H is a major means to study oxidoreductases and its 

physiological significance has been well known. Due to the complexity of proteins, 

understanding the quenching process NAD(P)H emission is a necessary step for a proper 
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explanation of fluorescence experimental results. Unfortunately, most studies using 

fluorescence or absorption stopped-flow or T-jump techniques do not provide much 

structural information along the dynamic processes. In the present study, we demonstrated a 

correlation between the fluorescence quenching properties and the frontier orbital, LUMO 

energies, which are determined by the structural interactions along the enzyme dynamics. 

The relationships among those properties allowed us to envision the transient enzyme 

structures. All in all, by combining the theoretical computational methods, we can resolve 

important aspects of those intermediate structures.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Jablonski diagram of the photodynamics of NADH. Some reported lifetimes are shown for 

selected excited states. Ad = adenylyl group; NA = dihydronicotinamide group.
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Figure 2. 
X-ray crystal structural information of the active sites for phLDH (top, PDB ID: 9LDB) and 

bsLDH (bottom, PDB ID: 1LDN). Distance unit: Å. Here the structure of pig muscle LDH is 

used since pig heart LDH structure (PDB ID: 5LDH) does not have oxamate. It should be 

noted that the structure of LDH-NADH-oxamate of pig muscle is very similary with that of 

pig heart (unpublished results).

Peng and Callender Page 18

Photochem Photobiol. Author manuscript; available in PMC 2018 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
Different views of pruned structures from x-ray crystallographic structure (PDB ID: 9LDB). 

Residues form hydrogen bonds with oxamate include Arg-171, Thr-246, Asn-140, His-195, 

and Arg-109. Residues involve hydrogen bonds with dihydronicotinamide are Val-138, 

Ser-163, Gly-164, and a water molecule. Asp-168 is also included because it interacts with 

His-195 and neutralizes the positive charge on it. NA = 1-methyl-1,4-dihydronicotinamide.
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Figure 4. 
Stern-Volmer plots of fluorescence quenching of NADH by acrylamide, pyruvate, and 

oxamate.
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Figure 5. 
Electrostatic potential surface of phLDH(PDB ID: 9LDB). It is clearly seen that the cavity 

around oxamate and the nicotinamide moiety of NADH is positively charged.
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Figure 6. 
Structures of selected known NADH fluorescence quenchers (left) and enhancers (right).
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Figure 7. 
Structural description of steric effect induced by substrates.
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Figure 8. 
Fluorescence of NADH in solution (dashed line) and binary complex (phLDH/NADH) 

(solid line) at pH 6 buffer. Excited at 340 nm. [NADH] = 10 μM, [phLDH] = 22 μM.
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Figure 9. 
Sample frontier orbitals involved in the locally excited (LE) states and charge transfer (CT) 

states. The LE state will refer to π-π* transition of nicotinamide. The CT state will refer to 

π, nicotinamide-π*, oxamate transition.
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Figure 10. 
Energetic comparison of LE and CT states in selected cases in vacuum.
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Table 1

Stern-Volmer constants for fluorescence quenching of NADH by selected quenchers in 100 mM phosphate 

buffer (pH 7).

Molecule KSV (M−1) LUMO energy (eV)

Methyl viologen (MV2+) 3a −3.72

Acrylamide 1.0 −0.96

Pyruvate 0.87 −0.48

Oxamate 0.1 0.27

a
From ref. (28)
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Table 2

Electronic transition energies of dihydronicotinamide and related compounds at td-B3LYP/6-31g(d) level. 

Structures of these compounds can be found in the Supporting Information Figure S1.

Compound Electronic State Energy, eV (nm) f

1-methyl-1,4-dihydronicotinamide S1 (π-π*) 3.747 (331) 0.113

S2 (n-π*) 4.514 (275) 0.001

Twisted 1-methyl-1,4-dihydronicotinamide S1 (π-π*) 3.652 (340) 0.07

S2 (n-π*) 4.489 (276) 0.002

1-methyl-1,4-dihydropyridine S1 (π-π*) 4.417 (281) 0.034

1-methyl-3-acetyl-1,4-dihydropyridine S1 (π-π*) 3.671 (338) 0.138

1-methyl-1,4,5,6-tetrahydronicotinamide S1 (n-π*) 4.701 (264) 0

S2 (π-π*) 4.883 (254) 0.365
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