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ABSTRACT  

Ionizable residues and monoatomic ions in solution modulate enzyme catalysis and the structural 

stability of proteins; however, the delicate interplay between these short-range charges and long-

range charges, and their contributions to the electrostatic environment in a protein active site, is 

currently not fully understood. The study presented here utilizes the FMN-dependent 

NADH:quinone oxidoreductase from Pseudomonas aeruginosa PAO1 (NQO, EC 1.6.5.9, 

UniProtKB Q9I4V0) as a model system to study the effect of introducing an active site negative 

charge on the flavin absorption spectrum both in the absence and presence of a long-range 

electrostatic potential coming from solution ions. Using pH-dependent UV-visible spectroscopy, 

there were no observed changes in the flavin absorption spectrum when an active site tyrosine 

(Y277) deprotonated in vitro. These results could only be reproduced computationally using 

Average Solvent Electrostatic Configuration (ASEC) hybrid quantum mechanics / molecular 

mechanics (QM/MM) simulations that included both positive and negative solution ions. The same 

calculations performed with minimal ions to neutralize protein charges predicted that 

deprotonating Y277 would significantly affect the flavin absorption spectrum. Analyzing the 

distribution of solution ions from ASEC and radial distribution functions derived from molecular 

dynamics indicated that the solution ions reorganize around the protein surface upon Y277 

deprotonation to cancel the effect of the tyrosinate on the flavin absorption spectrum. Biochemical 

experiments were performed to support this hypothesis. This work highlights the importance of 

salt ions, which are sometimes overlooked, since they can contribute a non-uniform and 

anisotropic long-range potential to the electrostatic environment of an active site. 
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INTRODUCTION 

Ions are well known to play a critical role in biology by modulating the function of lipids, nucleic 

acids, and proteins.1-5 For instance, ionizable residues in the active sites of enzymes can promote 

substrate binding or catalysis6-8, while charged residues on protein surfaces can stabilize protein 

structures and protein-protein interactions in biological media.9, 10 Monoatomic ions play an 

important role in the structural stability and solubility of proteins and nucleic acids.11-13 Previous 

studies demonstrated that alkaline metal cations promote the stability of the DNA double-strand 

configuration by localizing at the major and minor grooves of the phosphate backbone, which 

allows for proper DNA functionality.14, 15 However, the delicate interplay between monoatomic 

solution ions, buried protein charges, and their roles in modulating structural stability is not as well 

understood in proteins compared to DNA. Similarly, little is known about how the long-range 

electrostatic interactions of protein and solution ions contribute to substrate binding and catalysis. 

One reason for this limited knowledge is the heterogeneity of proteins and incomplete information 

about the protonation state of their ionizable residues, which are sensitive to the surrounding 

microenvironment. 

UV-visible absorption spectroscopy is an effective tool to probe the environment surrounding 

aromatic amino acid residues and conjugated cofactors in proteins.16 For instance, the absorption 

spectrum of flavin is sensitive to the electrostatic environment of a flavoprotein binding pocket17 

and varies in solvents of different polarity, while maintaining general features like maxima at ~360 

and ~450 nm (Fig. 1).18-22 The flavin absorption spectrum has been utilized to probe active site 

environments, the binding of ligands in flavoproteins, the effect of mutating active site residues, 

substrate binding, and catalysis.17 
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Figure 1. UV-visible absorption spectrum of flavin in a non-polar solvent before (blue) and after 

(red) addition of a polar hydrogen-bond forming salt. Flavin has two near-UV/vis absorption peaks 

located at 450 nm (Band I) and 360 nm (Band II). The inset shows the structure of flavin with atom 

labels. Experimental data digitized and replotted from ref. 20.  

 

UV-visible absorption spectroscopy was recently used to show that a tyrosine residue 

deprotonated at high pH, yielding a tyrosinate in the active site of the flavin-dependent nitronate 

monooxygenase from Pseudomonas aeruginosa PAO1 (PaNMO).23 Determining the effect of a 

tyrosinate on the flavin absorption spectrum would complement and further advance the 

understanding of the effect of a short-range negative charge on flavin. Such changes in flavin 

absorption maxima have previously been observed upon the binding of negatively charged ligands, 

such as negatively charged phenolic compounds and carboxylic acids.24, 25 However, the studies 

with charged ligands could not dissect the contributions of active site desolvation, hydrogen bond 

and van der Waals interactions between the protein and ligand, and conformational changes that 

might result from the binding process. While the study on PaNMO demonstrated the presence of 

a tyrosinate at high pH, the enzyme contains four tyrosine residues in the active site, which made 

the system too cumbersome for further investigation.   
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Figure 2. The active site of NQO depicting the positions of the FMN cofactor and key active site 

residues (PDB: 2GJL). A 3.0 Å distance from the hydroxyl O atom of Y277 to the C atom of the 

flavin C7 methyl group was determined. The carbon atoms for FMN are shown in yellow while the 

carbon atoms for the protein are shown in green. Nitrogen and oxygen atoms are colored in blue 

and red, respectively.  

 

NADH:quinone oxidoreductase (NQO, EC 1.6.5.9, UniProtKB Q9I4V0) from P. aeruginosa 

PAO1 is an FMN-dependent enzyme that utilizes NADH to catalyze a two-electron reduction of 

quinones.26 The enzyme has been proposed to serve a dual function in the cell by preventing the 

formation of semiquinone radicals, which react with molecular oxygen to promote oxidative stress, 

and regenerating NADH for the catabolism of fatty acids.27-29 Crystal structures of NQO at ≤2.2 Å 

resolution in both the free and NAD+-bound forms showed the enzyme contains a TIM-barrel and 

an extended domain that are connected by two loops.30, 31 In the active site of NQO there is a single 

tyrosine residue (Y277), making NQO a suitable system to study the effect of a single localized 
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active-site negative charge on the flavin absorption spectrum. The hydroxyl O atom of Y277 points 

towards the C7 methyl group of the flavin and is 3.0 Å away from the methyl carbon (Fig. 2).30  

In this computational and biochemical study, molecular dynamics (MD), hybrid quantum 

mechanics / molecular mechanics (QM/MM) simulations, pH-dependent and ionic-strength-

dependent UV-visible absorption spectroscopy, mutagenesis, and steady-state kinetics were used 

to understand the effect of an active site tyrosinate on flavin’s absorption spectrum. As is common 

practice, QM/MM computations were initially performed in a pure water solvent using only a 

minimal number of ions to ensure a neutral model, whereas biochemical experiments were initially 

performed in a solution containing monoatomic salts to keep the protein-cofactor complex stable. 

This study investigates this inconsistency and highlights the role that monoatomic solution ions 

may have on the flavin absorption spectrum in NQO. 

MATERIALS AND METHODS 

Materials. A QIAprep Spin Miniprep Kit was purchased from Qiagen (Valencia, CA). 

Isopropyl-1-thiol-β-D-galactopyranoside (IPTG) was ordered from Promega (Madison, WI). 

Escherichia coli strains DH5α and Rosetta(DE3)pLysS were purchased from Invitrogen Life 

Technologies (Grand Island, NY) and Novagen (Madison, WI), respectively. HiTrapTM chelating 

HP 5 mL affinity column and prepacked PD-10 desalting columns were purchased from GE 

Healthcare (Piscataway, NJ). Riboflavin 5’ phosphate sodium salt was purchased from MP 

Biomedicals LLC (Solon, OH). All other reagents used were of the highest purity commercially 

available. 

Enzyme Preparation. The synthesis and cloning in a pET20b(+) plasmid for NQO variant 

Y277F was prepared by Genescript (Piscataway, NJ). Upon delivery, the mutant gene was 

sequenced by Macrogen Inc. (Rockville, MD). Plasmids were purified using the Qiagen QIAquick 
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Spin Miniprep Kit according to the manufacturer’s protocol. The purified plasmids were 

transformed into chemically competent E. coli strain DH5α and Rosetta(DE3)pLysS cells using 

the heat shock method.32 Both NQO-WT and NQO-Y277F were expressed in E. coli strain 

Rosetta(DE3)pLysS and purified using methods previously described for NQO-WT.26 Purified 

NQO-WT and NQO-Y277F were stored at -20 °C in 20 mM NaPi, pH 8.0, 100 mM NaCl, and 

10% glycerol. The total protein concentration was determined using the Bradford method.33  

UV-Visible Absorption Spectroscopy. UV-visible absorption spectra were recorded using an 

Agilent Technologies model HP 8453 PC diode-array spectrophotometer (Santa Clara, CA) 

equipped with a thermostated water bath. The UV-visible absorption spectra of NQO-WT, NQO-

Y277F, and free-FMN were determined as a function of pH in 10 mM NaPi, 10 mM NaPPi, pH 

8.0, 100 mM NaCl, and 20% glycerol, where enzyme storage buffers were exchanged using a PD-

10 desalting column prior to use. Each 2.5-mL buffered solution was subjected to 1-10 μL serial 

additions of 1 M NaOH using a 10 μL syringe while the solution was stirring. Absorption spectra 

were incrementally taken at 15 °C as pH increased from 8.0 to 11.5. After each addition of base, 

the system was allowed to equilibrate until no changes in the pH value and absorption spectrum 

were observed, which typically required 1-2 min. Resulting spectra were corrected for absorbance 

at 800 nm and the dilution factor by the addition of NaOH. For enzyme solutions, the spectra were 

corrected for concentration using ε461 = 12,400 M-1cm-1 for NQO-WT26 and ε461 = 12,000 M-1cm-1 

for NQO-Y277F (this study). The extinction coefficient of NQO-Y277F was determined under the 

same conditions as NQO-WT by extracting the flavin cofactor through heat denaturation in 20 mM 

KPi, pH 7.0, and 200 mM NaCl at 25 °C.34   

The effect of NaCl on the flavin absorption spectra was determined for NQO-WT, NQO-Y277F, 

and free-FMN. NQO-WT and NQO-Y277F were prepared in a 50 mM piperidine solution at pH 
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11.5 using a PD-10 desalting column, while free-FMN was prepared in 10 mM HEPES at pH 8.0. 

After collecting 1 mL of each solution, an absorption spectrum was immediately taken at 10 °C 

with air blowing towards the cuvette to prevent moisture condensation. Following the initial 

spectrum, NaCl was added to a final concentration of 100 mM, and spectra were taken at 10 min 

intervals up to an hour. Each absorption spectrum took ~5 min to equilibrate following the addition 

of NaCl with the exception of NQO-WT at pH 11.5, which took an hour to equilibrate.  

Steady-State Kinetics. Enzymatic activity was measured using an Agilent Technologies model 

HP 8453 PC diode-array spectrophotometer equipped with a thermostated water bath. The steady-

state kinetic parameters for NQO-WT and NQO-Y277F were measured using the method of initial 

rates with varying concentrations of the substrates NADH and 1,4-benzoquinone.35 Stock solutions 

of 1,4-benzoquinone were prepared in 100% ethanol. The effect of ethanol on enzyme activity was 

minimized by ensuring the final concentration of ethanol in the assay reaction mixture was at 1%. 

The enzymatic activity of NQO-WT and NQO-Y277F was determined in 50 mM piperidine at pH 

11.5 and 25 °C. Additionally, the effect of NaCl on the kinetic parameters of NQO-WT was 

determined in a solution containing 50 mM piperidine, pH 11.5, and 100 mM NaCl at 25 °C. 

Reaction rates for NQO-WT were measured by following NADH consumption at 340 nm using 

ε340 = 6,220 M-1cm-1 with a final enzyme concentration of 100 nM. For NQO-Y277F, the 

consumption of NADH was monitored at 368 nm using ε368 = 2,770 M-1cm-1 with a final enzyme 

concentration of 200 nM. 

Data Analysis. All experimental data were fit to equations using the KaleidaGraph software 

(Synergy Software, Reading, PA). The effect of pH on the UV-visible absorption spectrum of 

NQO-WT, NQO-Y277F, and free-FMN was fit to Eq 1, which describes a curve with one pKa 

value and two limiting values at high pH (A) and low pH (B). The kinetic data determined from 
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initial rates using varying concentrations of NADH and 1,4-benzoquinone was fit to Eq 2, which 

describes a Ping-Pong Bi-Bi steady-state kinetic mechanism with no inhibition by either substrate; 

here, vo represents the initial rate of reaction, e is the concentration of enzyme, kcat is the maximum 

rate of enzyme turnover at saturating concentrations of both NADH and 1,4-benzoquinone, and 

KNADH and KBQ are the Michaelis constants for NADH and 1,4-benzoquinone, respectively.  

 𝑌 = 	!"#×%&
("#$%"&)

%"%&("#$%"&)
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      '(
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=	 ))$*[+!,-][#/]
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Density Functional Theory Model Calculations. Electrostatic spectral tuning maps (ESTMs) 

were prepared for lumiflavin, a minimal flavin model,  to determine how negative point charges 

can modulate each excitation band in the flavin absorption spectrum.18, 36 The maps were prepared 

by placing a negative charge of -0.1e at different positions on the flavin van der Waals surface and 

independently computing the effect of each point charge on the flavin absorption spectrum.18, 36 

Standard ESTMs, shown as E1 and E2, were already computed for lumiflavin at the B3LYP/6-

31+G* level of theory.36 Note that the coloring scheme is inverted with respect to refs. 18 and 36 

since the ESTMs indicate the effect of a negative charge on absorption wavelength as opposed to 

a positive charge as was the case in refs. 18 and 36. This study also reports oscillator strength 

tuning maps, which are computed using the same protocol as described in ref. 36; however, instead 

of plotting the surface maps as a function of the excitation energy, the maps are generated using 

the computed oscillator strength as a function of the external charge position on the van der Waals 

surface of lumiflavin. 
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 QM/MM Calculations. The QM/MM calculations of NQO-WT were performed using the 

Average Solvent Electrostatic Configuration – Free Energy Gradient (ASEC-FEG) protocol. The 

ASEC-FEG approach combines the idea of the Average Solvent Electrostatic Configuration 

model,37, 38 originally developed to study molecular systems in solution, and the Free Energy 

Gradient method proposed by Nagaoka et al.39-41 ASEC-FEG has been extended to proteins by 

including van der Waals average interaction energy42 and has recently been extended to model 

flavoproteins.43 Therefore, the word “Solvent” in our ASEC simulations really encompasses both 

the solvent and protein.  

The ASEC-FEG method and theory have been previously described largely for molecules in 

solution37, 38 and for retinal proteins.42 However, we briefly describe the theory and the 

methodology as applied here to flavoproteins. Overall, the goal of ASEC is to account for sampling 

of the protein and solvent environment without substantially increasing the computational cost of 

QM/MM calculations. 

Within the additive QM/MM scheme, the average of the total QM/MM energy ⟨ETotal⟩ is 

computed using: 

〈𝐸!"#$%〉 = 〈𝐸&'〉 + 〈𝐸''〉 + 〈𝐸()#*+$,#(")〉 (3) 

The angle brackets indicate an average over an ensemble, which may be generated by MD or 

Monte Carlo simulations. The above separation of terms is valid for a system where the QM 

subsystem is not strongly differentially polarized by the different MM configurations. For a 

conformationally rigid QM subsystem, such as the flavin isoalloxazine moiety, the QM energy of 

a representative QM/MM structure is a good approximation to ⟨EQM⟩. How to obtain such a 

representative QM structure is discussed in a few paragraphs. 
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Figure 3. (A) Snapshots from a molecular dynamic simulation of NQO. 100 such snapshots are 

used to generate the ASEC configuration shown in (B). (B) A cross-section of the ASEC 

configuration along the plane of the flavin isoalloxazine ring. The FMN is shown in black. Atoms 

of the protein sampled from 100 configurations are shown as points. 200 Cl− pseudo-ions with 

−0.01e charge (coming from 2 Cl− ions used to neutralize the total NQO protein charge) are shown 

as red spheres. Not all 200 Cl− pseudo-ions appear since this is a cross-section showing only half 

of the system, and since some pseudo-ions are hidden behind the protein. Water molecules up to 

30 Å from the flavin are included in the ASEC QM/MM calculations but are not shown here to 

allow visualization of the rest of the system. (C) The ASEC configuration for a system where 18 

Na+ and 20 Cl− ions were added (1800 Na+ sodium pseudo-ions are shown as blue dots, 2000 Cl− 

pseudo-ions in red). See text for more details. (D) A scheme of the QM/MM frontier region. The 

lumiflavin (shaded region) is treated at the quantum mechanical (QM) level of theory, while the 

ribose-5’-phosphate group and the rest of the protein and solvent are described using a molecular 

mechanics (MM) force field. 
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It is possible to sample the protein environment around the flavin structure by freezing the QM 

atom coordinates and performing an MD simulation of all other atoms (protein and solvent). The 

average interaction energy is then obtained as the average of several QM/MM snapshots. 

Alternatively, since the Einteraction terms are additive, one single QM/MM calculation could be 

performed in an MM environment that is a superposition of several protein configurations (see 

Fig. 3B). Namely, the Lennard Jones potential (ELJ) and electrostatic potential (EElectrostatic) 

experienced by the QM subsystem is an average one, 

〈𝐸()#*+$,#(")〉 = 〈𝐸*%*,#+"-#$#(,〉 + 〈𝐸./〉   (4) 
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where i is an index over n QM atoms, j is an index over m MM atoms, and k is an index over l 

uncorrelated configurations obtained from MD simulations. In this work we use 100 configurations 

selected at regular time intervals from a 500 ns molecular dynamics simulation; The charge and 

van der Waals parameters of these 100 configurations are scaled accordingly, using l=100 in 

equations (5) and (6). Effectively, a mean-field approximation is employed that places the QM 

subsystem in an ASEC MM environment that mimics the thermodynamic equilibrium. The ASEC 

approach leaves the representation of rigid atoms intact while replacing flexible atom point charges 

by a “cloud” of scaled charges and a Lennard Jones potential that is wider and shallower. The 

⟨Einteraction⟩ term for the single ASEC configuration would be numerically identical to the average 

of the 100 QM/MM calculations using individual configurations contributing to the ASEC as long 

as the QM system is polarized in the same way by the individual configurations. Therefore, the 
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ASEC-FEG approach is particularly well suited for capturing an averaged long-range electrostatic 

interaction, as needed for this work. 

The optimization of a “representative” geometry of the QM subsystem for the ⟨EQM⟩ term in 

equation (3) is done self-consistently. Namely, an initial geometry is used to generate an ASEC 

environment following an MD simulation with a frozen QM subsystem, and the QM subsystem is 

then optimized in the field of the frozen ASEC MM environment. The optimized QM structure 

and updated charges, computed using the ElectroStatic Potential Fitted (ESPF) approach,44 are 

used to update the ASEC environment. This process is repeated until geometry convergence (i.e., 

until the energy difference relative to the previous step is less than a threshold of 0.5 kcal/mol). 

The second term in equation (3), ⟨EMM⟩, cancels out in the calculation of vertical excitation 

energies and is therefore not considered. 

 During the QM/MM calculations, the protein is divided into two subsystems: (i) the QM region, 

comprising the lumiflavin shown in Fig. 3D, and (ii) The MM region, which include all other 

atoms in the simulation (the ribose-5′-phosphate group, the protein, the solvent, and solution ions). 

The frontier between the QM and the MM parts is treated using the link atom (LA) approach.45 

The LA position is restrained using the Morokuma scheme.46 The LA separates the lumiflavin, 

which is neutral, from the ribose-5′-phosphate group. The phosphate is predominantly 

deprotonated in the 8-11.5 pH range used in this study, and therefore has a charge of -2 in the 

simulations. The MM atom closest to the LA (C2 in Fig. 3D) has its charge set to zero to avoid 

over-polarizing the QM/MM frontier. 

Prior to MD simulations used to generate ASEC configurations, NQO was solvated in a 70 Å 

cubic water box. MD simulations were carried out using the GROMACS code.47 AMBER99sb,48 

and TIP3P49 force fields were used for the protein and water molecules, respectively. An initial 
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pre-equilibration of the entire system was performed in the NPT ensemble by heating the system 

from 0 to 300 K in 300 ps, followed by 1000 ps of equilibration. Next, MD in the NVT ensemble 

was performed using 5000 ps for thermalization and 500 ns for production under standard ambient 

temperature and pressure. Periodic boundary conditions (PBC) were used to avoid boundary 

effects, and the Particle-mesh Ewald method was used for computing long-range interactions.50 In 

order to neutralize the total positive charge of NQO, Cl− ions were added to the solvent box using 

“genion” in GROMACS. 

MD and ASEC-FEG calculations were performed for both NQO-WT and NQO-WT with a 

deprotonated Y277. For the latter, the parameters for the tyrosinate were obtained from the 

Automated force field Topology Builder (ATB) repository.51 

For geometry optimizations, the QM subsystem is treated at the complete-active-space self-

consistent field (CASSCF) level of theory52 and the ANO-L-VDZP basis set.53 The active space 

used is 16 electrons and 14 orbitals, which includes all the π-electron system excluding one π and 

π* orbital. The ASEC configuration used in the QM calculations comprises all protein and solution 

ions, and also includes solvent atoms within 30 Å from the flavin molecule. This choice for the 

solvent is assumed to be a better compromise than using a cubic system, in order to avoid 

nonsymmetric effects. The QM subsystem is geometry optimized in the field of the ASEC 

configuration. The optimized structure is used to compute the oscillator strength and excitation 

energy of the system. For consistency with the ESTMs which were generated using time-

dependent density functional theory (TD-DFT) with B3LYP exchange, spectral shifts and 

oscillator strengths were computed using TD-B3LYP/aug-cc-pVDZ. Spectral shifts and strengths 

were also computed using the multi-state complete active space second-order perturbation theory 

(MS-CASPT2)54 with the ANO-L-VDZP basis set. Due the dependence of the absolute MS-
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CASPT2 results on choice of active space, state averaging, and use of length vs. velocity gauge55 

for oscillator strength calculations in this system, we focus on the TD-DFT results in this 

manuscript. The MS-CASPT2 calculations lead to the same conclusions as the B3LYP results, 

regardless of the details of the state-averaging and gauge used, and the discussions in this study 

remain true for both sets of calculations. We note that TD-DFT with B3LYP exchange has been 

successfully used to simulate the UV-visible spectra of flavin in good agreement with experiments 

in prior studies.18, 56-59 

All the multiconfigurational QM/MM calculations were computed with the OpenMolcas-

TINKER interface.60, 61 TD-DFT calculations in the presence of ASEC point charges were 

performed in Gaussian 03.62 

To study the effect of solution ions, 18 pairs of Na+ and Cl− ions (1 NaCl per 555 water molecules, 

equivalent to a ca. 100 mM NaCl solution) were added to the solvent box in addition to the Cl− 

ions originally needed to neutralize the system, and molecular dynamics simulations were repeated 

using the same conditions. The resulting ASEC is shown in Fig. 3C. It can already be seen that 

the distribution of solution ions is non-uniform and anisotropic. Whether these solution ions, far 

from the flavin, had an effect on the results of the QM/MM calculations is discussed below. 

RESULTS AND DISCUSSION 

Spectral Tuning Maps. ESTMs and oscillator strength tuning maps were modeled to establish 

how flavin absorption wavelengths (E2 and E1) and oscillator strengths (f2 and f1) are altered by a 

nearby negative charge.18, 36 The oscillator strength is correlated with peak absorption intensity.63 

Tuning maps were prepared by placing a negative charge of -0.1e at each point around the flavin 

van der Waals surface and calculating the corresponding spectral changes. When the negative 

charge was placed near the flavin C7 methyl group, a redshift in the Band II maximum was 
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observed, as indicated by the red color near the C7 methyl group in Fig. 4 E2. An increase in 

oscillator strength associated with Band II was also observed, as suggested by the blue color near 

C7 in Fig. 4 f2. In contrast, Band I experienced little to no redshift (Fig. 4 E1) and a slight decrease 

in oscillator strength (Fig 4 f1) when a negative charge was placed near the C7 methyl group.  

 

 

 

Figure 4. Electrostatic spectral tuning maps (from ref. 18) and oscillator strength tuning maps (this 

work) demonstrate how a negative charge of -0.1e placed at various positions on the flavin van der 

Waals surface affect the absorption wavelengths (E1 and E2) and oscillator strengths (f1 and f2) for 

each of its absorption bands at 450 and 360 nm, respectively. The E1 and E2 map legends indicate 

the magnitude of the shifts relative to the gas-phase reference excitation energy in eV (nm in 

parentheses) caused by the -0.1e charge, while the f1 and f2 map legends indicate the change in the 

oscillator strength relative to the gas-phase reference strength. The approach to compute such maps 

is described in ref. 18, using the B3LYP/6-31+G* method and basis set. The C7 carbon is labeled 

with an asterisk in the E2 map. 
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Excitation energies and oscillator strengths were also computed using tyrosine or tyrosinate 

point charges spatially placed to mimic the Y277–flavin arrangement in NQO (not shown in 

figure).31 When tyrosine charges are replaced with tyrosinate charges, there is a 37% increase in 

f2 and 6 nm red shift in E2 and a 13% decrease in f1 and 14 nm red shift in E1. Thus, the results 

qualitatively agree with the tuning maps presented in Fig. 4 and suggest that deprotonating a 

tyrosine close to the flavin C7 methyl group would alter the flavin absorption spectrum, ceteris 

paribus. 

MD and Hybrid QM/MM Simulations and Computations. The effect of Y277 deprotonation 

on the flavin absorption spectrum in the presence of the entire protein structure was evaluated in 

silico using MD and ASEC-FEG QM/MM simulations on NQO with both protonated and 

unprotonated Y277. To evaluate whether the relative positioning of Y277 and the flavin changes 

over time, MD simulations with tyrosine or tyrosinate at residue 277 were carried out for 500 ns 

using the structure of NQO (PDB: 2GJL) after neutralizing the systems by adding 2 or 1 Cl− ions, 

respectively. The O atom of Y277 remained around 3.2 Å away from the backbone of S288 

irrespective of whether a tyrosine or tyrosinate was considered, likely due hydrogen bonding with 

the S288 backbone N atom.64 The ASEC-FEG configuration averaged 100 MD simulation frames 

to generate the QM/MM systems with tyrosine (Fig. 3B) and tyrosinate. These ASEC 

configurations were then used to compute the TD-B3LYP/aug-cc-pVDZ excitation energies and 

oscillator strengths. The results qualitatively agree with the tuning maps carried out in the absence 

of the surrounding protein (Table 1). Thus, through the use of multiple computational methods 

and models, it is shown that Y277 deprotonation would yield a redshift of both flavin absorption 

bands, an increase in the oscillator strength at Band II, and a decrease in the oscillator strength at 

Band I. 
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Table 1. QM/MM Computed Oscillator Strengths and Excitation Wavelengths for Flavin Peaks 

in NQO 

Y277  
Protonation 

State 

Oscillator 
Strength 
(Band I) 

Oscillator 
Strength 
(Band II) 

Wavelength, 
nm 

(Band I) 

Wavelength, 
nm 

(Band II) 

Protonated 0.087 0.270 428 361 

Unprotonated 0.057 (-35%) 0.322 (+19%) 434 (+6) 369 (+8) 

QM/MM (TD-B3LYP/aug-cc-pVDZ/AMBER) computed oscillator strengths (f1 and f2) and 
excitation wavelengths (E1 and E2) for the flavin absorption peaks are shown. The numbers in 
parentheses indicate the % change in oscillator strength and the change in excitation wavelength 
in nm upon Y277 deprotonation. The QM/MM simulation space contained 2 Cl− ions for the 
protonated model and 1 Cl− ion from the unprotonated to neutralize the protein charges.  

Deprotonating Y277 and the UV-Visible Absorption Spectrum of NQO. To establish 

whether Y277 deprotonates to a tyrosinate at high pH in vitro, the UV-visible absorption spectra 

of NQO-WT and NQO-Y277F were determined between pH 8.0 and 11.5. As shown in Fig. 5A, 

spectral changes were seen in the near-UV region (~300 nm) of the absorption spectrum of NQO-

WT upon increasing pH from 8.0 to 11.5, consistent with a deprotonation of tyrosine.23, 65, 66 

Maximal spectral changes were seen at 295 nm when the UV–visible absorption spectrum at pH 

8.0 was used as a reference; ε295 increased by 3.5 mM-1cm-1 when the pH is increased from 8.0 to 

11.5 (Fig. 5B). When the titration was repeated for NQO-Y277F (Fig. 5C), ε295 increased by 2.3 

mM-1cm-1 (Fig. 5D). A plot of Δε295 as a function of pH yielded pKa values of 10.7 ± 0.1 for NQO-

WT and 10.6 ± 0.1 for NQO-Y277F (Fig. 6A). The difference in Δε295 and the pKa values estimated 

from the titrations with NQO-WT and NQO-Y277F are consistent with Y277 being protonated at 

pH 8.0 and deprotonated in ~90% of the NQO-WT population at pH 11.5. The absorption changes 

typically associated with deprotonation of the flavin N3 atom were not observed with NQO-WT or 

NQO-Y277F (Fig. 5), consistent with the enzyme-bound flavin isoalloxazine remaining neutral at 
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both pH 8.0 and 11.5. In agreement with previous studies, a pKa value of 10.2 ± 0.1 was determined 

for flavin in bulk solvent by plotting the Δε489 values versus pH (Fig. 6B).17, 67, 68 17, 67-71 

 

 

Figure 5. Absorption spectra for (A) NQO-WT, (C) NQO-Y277F, and (E) free-FMN are shown 

as pH increases from 8.0 (blue) to 11.5 (red). Difference absorption spectra for (B) NQO-WT, (D) 

NQO-Y277F, and (F) free-FMN also are shown where the spectra at pH 8.0 was used as a baseline. 

Extinction coefficient values for the enzyme systems were corrected for the protein absorption 

(≥320 nm) by adjusting for flavin binding. The FMN/enzyme stoichiometry is 0.8 for NQO-WT 

and 0.7 for NQO-Y227F. Spectra were recorded in in 10 mM NaPi, 10 mM NaPPi, pH 8.0, 100 

mM NaCl, and 20% glycerol at 15 °C.   
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Figure 6. (A) A plot of Δε295 as a function of pH for NQO-WT (red) and NQO-Y277F (blue) to 

determine the pKa of Y277.  (B) A plot of Δε at 489 nm as a function of pH for free-FMN (orange), 

NQO-WT (red), and NQO-Y277F (blue). Curves were fit to datapoints using Eq. 1. 

Despite the ESTMs and QM/MM computations that predicted large shifts in flavin absorption 

maxima and intensity upon deprotonating Y277, no such changes were experimentally observed 

in the pH titration with NQO-WT (Fig. 5A). In the active site of NQO-WT there are no amino acid 

residues that could neutralize the tyrosinate at high pH, suggesting that other features may be 

responsible for the lack of change in the flavin absorption spectrum. Interestingly, while the UV-

visible absorption spectra for NQO-WT were acquired in a buffered solution with 100 mM NaCl 

(Fig. 5A-B), the QM/MM computations (Table 1) were carried out in a water solvent with 1-2 Cl− 

ions, suggesting that solution ions might be the culprit for the differences between the in vitro and 

in silico results. 

MD and Hybrid QM/MM Simulations and Computations with Added Solution Ions. MD 

and ASEC-FEG QM/MM simulations with NQO-WT in the presence of added Na+ and Cl− ions 

were carried out to understand the effect of ions on the absorption spectrum of flavin. The 100 mM 

NaCl concentration from the biochemical experiment was mimicked in silico by adding 18 extra 

Na+ and Cl- ions to the simulation space and then performing MD and ASEC-FEG QM/MM 
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calculations with both protonated and deprotonated Y277. The resulting ASEC-FEG QM/MM 

calculations showed that, in the presence of added solution ions, deprotonating Y277 yielded 

negligible changes of 1 nm in absorption wavelength and 2% in absorption intensity at both flavin 

peaks (Table 2). Thus, adding solution ions to the ASEC-FEG QM/MM models yielded results 

that agreed with the biochemical experiment of Fig. 5A, consistent with the solution ions masking 

the effect of deprotonating Y277 on the flavin absorption spectrum. The ASEC-FEG QM/MM 

calculations were then repeated after deleting the 18 added Na+ and Cl- ions from the unprotonated 

Y277 model, leaving only 2 Cl− ions to keep the system neutral. In agreement with ESTMs in Fig. 

4 and ASEC-FEG QM/MM calculations in Table 1, calculations with deleted solution ions 

resulted in a redshift of both flavin maxima, an increase in the oscillator strength at Band II, and a 

decrease in the oscillator strength at Band I upon Y277 deprotonation (Table S1). This indicates 

that the solution ions alter the flavin’s absorption spectrum through a long-range electrostatic effect 

and suggests that the presence of the ions is directly responsible for the lack of an observed effect 

on flavin’s absorption spectrum when Y277 was deprotonated. 

Table 2. Computed Oscillator Strengths and Excitation Wavelengths for Flavin Peaks 
in NQO with Added Solution Ions 

Y277  
Protonation 

State 

Oscillator 
Strength 
(Band I) 

Oscillator 
Strength 
(Band II) 

Wavelength, 
nm 

(Band I) 

Wavelength, 
nm 

(Band II) 

Protonated 0.142 0.187 417 340 

Unprotonated 0.145 (+2%) 0.183 (-2%) 418 (+1) 339 (-1) 

QM/MM (TD-B3LYP/aug-cc-pVDZ/AMBER) computed oscillator strengths (f1 
and f2) and excitation wavelengths (E1 and E2) for the flavin absorption bands in the 
presence of 18 added Na+ and Cl− ions. The numbers in parentheses indicate the % 
change in oscillator strength and the change in excitation wavelength in nm upon Y277 
deprotonation.  
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Radial Distribution Functions. From comparing Figs. 3B and 3C, it may come as no surprise 

that solution ions could affect flavin’s absorption spectrum; the distribution of solution ions is not 

uniform, but instead is anisotropic around the flavin particularly near the protein surface. However, 

Fig. 3C shows only 100 snapshots and cannot easily be used to observe small rearrangements in 

the solution ions upon the deprotonation of Y277. To represent the ion distributions using a simple 

metric, radial distribution functions (RDFs) along the full 500 ns MD trajectory were computed 

for both the protonated (black lines Fig. 7A) and unprotonated (black lines Fig. 7B) Y277 models 

with the 18 added Na+ and Cl− ions. Specifically, the differences in the RDFs (ΔRDF, computed 

using the Na+ RDF minus the Cl− RDF) and coordination numbers (ΔCN, computed using the Na+ 

CN minus the Cl− CN) were plotted relative to the flavin center of mass. ΔCNs plotted as a function 

of distance (Fig. 7) represent the total integrated charge of the solution ions in the solvation sphere. 

The bottom panels in Fig. 7 uses colors to indicate the total charge in each 10 Å shell around the 

flavin center of mass. Upon deprotonating Y277 a 0.02e increase in the positive charge density 

was observed ≤10 Å from the flavin center of mass, which suggests Na+ ions rarely enter the active 

site pocket of NQO as a tyrosinate forms (Fig. 7). In contrast, increases of over 0.20e in the positive 

charge density 10-40 Å from the flavin center of mass were observed, indicating either Na+ ions 

moved closer to the protein surface and/or Cl− ions moved away from the protein surface once 

Y277 is deprotonated (Fig. 7). While the model with Y277 in the anionic form contained one fewer 

Cl− ion compared to the model with Y277 in the neutral form, the charge difference is not 

distributed uniformly with distance relative to flavin. The redistribution of oppositely charged ions 

near the protein surface is likely responsible for canceling out the effect of the negative charge 

from unprotonated Y277 on the flavin absorption spectrum; therefore, the redistribution of solution 

ions acts as a long-range electrostatic spectral tuning mechanism.  
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Figure 7. Top: The difference between the radial distribution functions (ΔRDF) of the Na+ and 

Cl− ions calculated for a 500 ns MD simulation of NQO-WT with (A) protonated and (B) 

deprotonated Y277. Simulations were run in the presence (black) and absence (green) of 18 added 

Na+ and Cl− ions. Below the ΔRDFs are plots of the corresponding changes in coordination number 

(ΔCN) as a function of distance for the full 500 ns trajectory (bold line) and for each 100 ns 

window (thin dashed lines). The numbers at the top indicate the total change in ΔCN (i.e., an 

integral of the RDF) for five shells around flavin, each 10 Å thick. The associated plus/minus 

uncertainty is the standard deviation calculated by averaging the result from five 100 ns windows 

(dashed lines). Bottom: The results for the 18 added Na+ and Cl− ions model are shown as the 

integrated RDFs for each shell up to 50 Å (i.e., the change in ΔCN for that shell) plotted on top of 

the protein structure (close to actual scale). The shading for each shell relates to the total charge 

within that spherical shell and should not be interpreted as suggesting an isotropic distribution of 

solution ions.  
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RDFs from MD simulations with only 1-2 Cl− ions (green lines Fig. 7) cannot capture the 

redistribution of ions 10–40 Å from the flavin center of mass upon Y277 deprotonation, since Na+ 

ions are missing. This explains why the 1-2 Cl− ion models predicted that deprotonating Y277 

would have a strong effect on the flavin absorption spectrum. To ensure results of the RDFs are 

not due to a statistical anomaly, the CN calculations for the entire 500 ns trajectory (Fig. 7 bold 

lines) were compared for each 100 ns window within the full trajectory (Fig. 7 thin dashed lines). 

These results consistently indicated that the density of Na+ ions increases near the protein surface 

as Y277 deprotonates. However, the exact distribution of Na+ ions is not fully consistent between 

the 100 ns windows, suggesting that longer MD simulations are required to obtain converged ionic 

distributions between windows.  

 

Effect of Added Solution Ions on the UV-Visible Absorption Spectrum of NQO. Unlike 

QM/MM computations that can simulate Y277 deprotonation in a pure water solvent, the protein–

cofactor complex is unstable in deionized water; thus, to more closely mimic the fictional in silico 

system with 1-2 Cl− ions, piperidine was utilized as a bulky base with NQO-WT at pH 11.5. 

Piperidine, even in its conjugate acid form, is unlikely to occupy the same ionic distribution as 

monoatomic ions such as Na+. The UV-visible absorption spectrum of NQO-WT in the presence 

and absence of 100 mM NaCl was measured in vitro in 50 mM piperidine, at pH 11.5, to establish 

whether the addition of Na+ and Cl− ions would affect flavin’s absorption spectrum in solution 

when Y277 is deprotonated. 

In the absence of added NaCl, the UV-visible absorption spectrum of NQO-WT in aqueous 

piperidine had maxima at 368 and 461 nm (Fig. 8A). Upon the addition of 100 mM NaCl, both 

maxima blue shifted by 8 nm, with a 26% increase in intensity at Band II, and a 14% increase in 
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intensity at Band I (Fig. 8A). When KCl or KBr were used instead of NaCl, similar spectral 

changes were observed with an 8 nm blue shift at both Bands, a ~14% increase in the intensity at 

Band II, and a ~7% increase in intensity at Band I, indicating that the observed effect is not 

exclusive to Na+ and Cl− ions (Fig. S1). Addition of 100 mM NaCl to the NQO-Y277F single 

mutant at pH 11.5 yielded no spectral changes in the flavin bands (Fig. 8B), since there is no 

charge being introduced in the active site of this mutant. Similarly, when 100 mM NaCl was added 

to flavin in bulk solution at pH 8.0, no changes in the flavin bands were observed, suggesting the 

solutions ions do not directly affect flavin when they are isotropically distributed (Fig. 8C). This 

suggests that the observed spectral change for NQO-WT at pH 11.5 upon addition of NaCl is 

related to the arrangement of the solution ions to cancel out the effect of the tyrosinate on flavin’s 

absorption. 

The in silico experiment shown in Table 1 presents the effect of deprotonating Y277 in a solvent 

with minimal counterions. Conversely, in the in vitro experiment, solution ions are added to mask   

the interaction between unprotonated Y277 and the flavin by the addition of NaCl. Thus, the 

qualitatively opposite result is expected when comparing these two experiments. Indeed, the blue 

shift at both flavin Bands and increase in intensity at Band I resulting from the addition of NaCl 

to NQO-WT at pH 11.5 are consistent with the cancelling out the effect of tyrosinate on the flavin 

absorption spectrum anticipated in Table 1. 
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Figure 8. The UV-visible absorption spectra of (A) NQO-WT at pH 11.5, (B) NQO-Y277F at pH 

11.5, and (C) free-FMN at pH 8.0 in the absence (black) and presence (red) of 100 mM NaCl. 

Enzyme spectra were recorded in 50 mM piperidine, while the spectra with free-FMN were 

recorded in 10 mM HEPES at 10 °C. Spectra were recorded 2 min after the addition of NaCl, apart 

from NQO-WT at pH 11.5 which took an hour to equilibrate. Spectra are reported in absorbance 

instead of extinction coefficient values as the extinction coefficient values for all systems were 

previously reported in the presence of salt.    

 

Steady-State Kinetics of NQO in the Presence and Absence of NaCl. To determine if the 

addition of 100 mM NaCl altered the activity of NQO, the steady-state kinetic parameters of NQO-

WT were determined with 1,4-benzoquinone and NADH in the presence and absence of 100 mM 

NaCl at pH 11.5 and 25 °C. The best fit of the kinetic data was obtained with an equation describing 

a Ping-Pong Bi-Bi steady-state kinetic mechanism, in agreement with previous studies on NQO-

WT at pH 7.4.26 As shown in Table 3, the kcat, Km,NADH, Km,BQ, kcat/Km,NADH, and kcat/Km,BQ values 

exhibited a ≤2.5-fold difference between the presence and absence of 100 mM NaCl, consistent 

with the solution ions having a minimal effect on substrate binding and enzyme catalysis. The 

minimal effect of NaCl on enzyme function is consistent with the overall structure of the enzyme 

and topology of the active site residues being minimally affected by the presence of added salt. 
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Similar ≤2.5-fold differences in the steady-state kinetic parameters were observed when NQO-

Y277F was compared to NQO-WT at pH 11.5 in the absence of 100 mM NaCl (Table 3), 

consistent with the replacement of Y277 with phenylalanine having a minimal effect on the 

structure and active site topology of the enzyme. The steady-state kinetics suggest that NQO is 

stable following the deprotonation of Y277 and addition of solution ions, and that the results 

discussed in this work are not due to major induced changes in the protein structure.   

 

 

Table 3. Steady-State Kinetics Parameters of NQO in the Presence and Absence of NaCl  

Kinetic Parametera NQO-WT NQO-WT 
+100 mM NaCl NQO-Y277F 

kcat, s
-1
 13 5.2 (2.5x ↓) b 9 (1.4x ↓) b 

Km,NADH, μM 136 77 (1.8x ↓) 183 (1.3x ↑) 
Km,BQ, μM 17 7.5 (2.3x ↓) 7 (2.4x ↓) 

kcat / Km,NADH, M
-1

s
-1
 94,000 70,000 (1.3x ↓) 50,000 (1.9x ↓) 

kcat / Km,BQ,  M
-1

s
-1
 750,000 720,000 (1.0x ↓) 1,300,000 (1.7x ↑) 

R
2
 0.987 0.992 0.939 

aKinetic parameters were determined in a solution of 50 mM piperidine, pH 11.5, either in the 
presence or absence of 100 mM NaCl at 25 °C. Standards errors were ≤18%. bThe values in 
parentheses represent the change of the kinetic parameter with respect to NQO-WT in the absence 
of 100 mM NaCl, with ↓ representing a decrease and ↑ representing an increase.  
 

 

 

 

 



28 

 

The Importance of Properly Simulating Solution Ions. The importance of solution ion 

placement in QM/MM simulations has previously been described in other systems, such as in 

rhodopsins.72-74 Similarly, the effect of solvent long-range electrostatics has also been emphasized, 

for instance, for the calculation of redox potentials.75-78 The current study also establishes the 

importance of properly modeling solution ions, which is often overlooked, to accurately simulate 

the electrostatic environment of a solvated protein active site. During the construction of QM/MM 

models, it is common practice to simply add a few counter ions to neutralize protein charges and 

keep the system globally neutral (Fig. 9A); however, this methodology could lead to inaccuracies 

when computing the effect of an active site perturbation, such as a mutation or deprotontation, on 

the flavin absorption spectrum, as demonstrated by the disparity in results between Table 1 and 

Fig. 5A. More accurate models used to calculate changes in flavin absorption might include 

multiple positive and negative solution ions in the simulation space (Fig. 9B). While more realistic, 

the calculations with added solution ions likely will depend on the placement of the ions and there 

are no straightforward criteria for determining where to place solution ions in a simulation. 

Additionally, a single solvated QM/MM model is unlikely to capture a thermodynamic ensemble 

that samples the many positions solution ions can take. The ASEC-FEG approach is particularly 

well suited to address this problem; with ASEC-FEG, long-range interactions with individual ions 

are replaced by interactions with many pseudo-ions containing scaled charges (Fig. 9C). For 

example, an ASEC-FEG calculation using 100 MD snapshots would replace a single Na+ ion with 

100 +0.01e point charges, where the positions of the ion originate from a MD simulation, to 

represent the distribution of the Na+ ion surrounding the protein. Due to ergodicity, the potential 

felt by the flavin in the QM subsystem is representative of the average potential experienced by 

many flavin molecules in a thermodynamic ensemble. 
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Figure 9. A schematic representation of computational models for including solution ions. The 

black outline represents the protein surface, while the blue and red gradient within represent 

surface charges. The blue and red spheres represent positively and negatively charged monoatomic 

solution ions, respectively. (A) The commonly used minimal ions model. (B) The extra ions model 

where ions are added to mimic the concentration of salts in biochemical solutions. The frame only 

captures one distribution of ions surrounding the protein. (C) The ASEC model, which averages 

the interaction potential between the QM subsystem and the solution ions. 

 

CONCLUSIONS 

The active site of NQO contains a tyrosine residue whose hydroxyl group is 3.0 Å away from 

and points towards the C7 methyl group of the flavin, The tyrosine deprotonated to form a 

tyrosinate in ~90% of the enzyme population at pH 11.5. The effect of a negatively charged 

tyrosinate on the flavin absorption spectrum in NQO was investigated computationally and 

biochemically to further establish how a protein environment can spectrally tune the absorption 

spectrum of a chromophore. Several factors contribute to spectral tuning, such as the electrostatic 

microenvironment surrounding the chromophore and the conformations of nearby polar or charged 

amino acids. In this study an often-overlooked factor in spectral tuning was investigated, the long-

range electrostatics of solution ions. 
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Initial QM/MM computations performed in a water solvent containing 1-2 Cl− ions to neutralize 

the protein charges indicated that deprotonating Y277 would alter the flavin absorption spectrum; 

however, no changes in the UV-visible absorption spectrum of NQO were observed when Y277 

deprotonated in vitro at pH 11.5. The main disparity between the computational and biochemical 

experiments is the presence of solution ions in vitro, as 100 mM NaCl was added to NQO in 

solution; thus, the QM/MM computations were adjusted to simulate the electrostatic environment 

surrounding NQO more accurately by adding 18 Na+ and Cl− ions to the simulations space. When 

ASEC-FEG QM/MM computations were carried out in the presence of added solution ions, the 

results were consistent with the biochemical study, yielding no change in the flavin peaks upon 

deprotonating Y277. Analyzing the distribution of the Na+ and Cl− ions from the MD and ASEC-

FEG simulations established that the solution ions rearranged to increase the positive charge 

density surrounding the protein surface as Y277 deprotonated. Additionally, the UV-visible 

absorption spectrum of NQO was investigated in 50 mM piperidine at pH 11.5 to more closely 

mimic the computations with 1-2 Cl− ions, where, upon the addition of 100 mM NaCl, spectral 

changes were observed that were consistent with the initial ESTMs and ASEC-FEG QM/MM 

calculations.  

Solution ions are commonly included in MD and QM/MM simulations to stabilize protein 

charges; however, the distribution of multiple solution ions from many configurations result in a 

distribution with a potentially important long-range electrostatic effect that may be missed in 

QM/MM computations containing minimal counterions or in the absence of sampling. The current 

study finds that the absorption spectrum of flavin is sensitive to long-range electrostatic 

interactions stemming from solution ions. It is possible, if not likely, that such electrostatic 

interactions with non-uniformly distributed solution ions affect other biophysical properties in 
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other solvated proteins as well. Debye and Hückel have demonstrated that the mean mutual 

distance between solution ions modulates the energy and properties of an ionic solution.79 The 

rearrangement of ions observed here in response to the appearance of an embedded charge within 

the protein binding site is reminiscent of the “ionic atmosphere” in the Debye-Hückel theory. Just 

as in Debye and Hückel’s theory, this ionic distribution and redistribution in response to a 

perturbation should have an effect on the energies and properties of the protein and its cofactor(s). 

The results in the current study are a reminder not the overlook the importance of solution ions 

when developing experiments and theories that evaluate protein biophysical properties.   
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Supporting information 

QM/MM computed changes in flavin oscillator strengths and excitation wavelengths from 

protonated Y277 with 18 added Na+ and Cl- ions to unprotonated Y277 with the added solution 

ions removed from the simulation space (Table S1). The UV-visible absorption spectrum for 

NQO-WT in 50 mM piperidine, pH 11.5, in the presence and absence of 100 mM KCl or KBr 

(Fig. S1). 
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