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Abstract

Current biochemical studies of nitric oxide synthase enzymes (NOSs) are conducted in diluted 

solutions. However, the intracellular milieu where the proteins perform their biological functions 

is crowded with macromolecules. The crowding effect on the electron transfer kinetics of 

multidomain proteins is much less understood. Herein, we investigated the effect of 

macromolecular crowding on the FMN ‒ heme intraprotein interdomain electron transfer (IET), 

an obligatory step in NOS catalysis. A noticeable increase in the IET rate in the bi-domain 

oxygenase/FMN (oxyFMN) and the holoprotein of human inducible NOS (iNOS) was observed 

upon addition of Ficoll 70 in a non-saturatable manner. Additionally, the magnitude of IET 

enhancement for the holoenzyme is much higher than that that of the oxyFMN construct. 

Importantly, the enhancing extent is similar for the iNOS oxyFMN protein with added Ficoll 70 

and Dextran 70, showing that specific interactions do not exist between the NOS protein and the 

crowder. The crowding effect is also evident under different ionic strength. Moreover, the 

population of the docked FMN-heme state is significantly increased upon adding Ficoll 70. The 

steady-state cytochrome c reduction by the holoenzyme is noticeably enhanced by the crowder, 

while the ferricyanide reduction is unchanged. The NO production activity of the iNOS 

holoenzyme is stimulated by Ficoll 70. The effect of macromolecular crowding on the kinetics can 

be rationalized based on excluded volume effect, with an entropic origin. The results indicate that 

the macromolecular crowding influences the NOS electron transfer through multiple pathways.
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1. Introduction

Nitric oxide (NO) is a key signaling small molecule in the cardiovascular system and it 

exerts other functions in the neuron and immune systems.1, 2 NO synthases (NOSs) catalyze 

oxidation of L-Arginine (L-Arg) to NO. Eukaryotic NOS is a modular heme-flavoprotein. 

Each subunit of the homodimeric NOS has two domains: a C-terminal reductase domain 

with binding sites for NADPH (the electron source), FAD, and FMN, and an N-terminal 

heme-containing dimeric oxygenase domain (Figure 1A).3, 4 The L-Arg substrate and a 

6R-5,6,7,8-tetrahydrobiopterin (H4B) cofactor bind near the catalytic heme center.5 The 

reductase and oxygenase (heme) domain are joined by a calmodulin (CaM)-binding linker. 

There are three mammalian NOS isoforms: neuronal, endothelial, and inducible NOS 

(nNOS, eNOS, and iNOS, respectively). In iNOS, CaM binds to the CaM-binding linker at 

basal Ca2+ concentration, whereas in eNOS and nNOS, the CaM binding requires an 

increase of calcium concentration.3, 6

The CaM-activated NO synthesis requires NOS to undergo significant conformational 

changes, in which the FMN domain moves back and forth between the “input” (electron-

accepting) state and the “output” (electron-donating) state to deliver electrons across the 

enzyme (Figure 1B).7 Such tethered shuttle mechanism also functions in the ancestral 

electron transfer protein systems (e.g., diflavin oxidoreductase8), while the unique 

characteristic of the NOS protein is the contribution of CaM. CaM activates NOS by two 

mechanisms. First, CaM binding releases the FMN domain from the input state.9 The NO 

synthesis at the heme site further requires a CaM-dependent heme-FMN domain docking to 

form the output state.10 The CaM-dependent output state enables the FMN − heme 

interdomain electron transfer (IET),11 allowing O2 activation and subsequent NO synthesis 

at the heme site. A CO photolysis approach was developed by us for direct measurement of 

kinetics of the FMN – heme IET between the catalytically relevant heme Fe and FMN 

centers in the NOS proteins.12

The previous biochemical studies of NOS proteins including ours were conducted in dilute 

conditions in vitro. However, the intracellular milieu, in which the enzymes perform their 

biological functions in vivo, is packed with macromolecules such as polysaccharides and 

ribosomes. The macromolecules in the cytoplasm exist in the concentration range of 80 − 
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400 mg/ml and occupy 5 – 40 % of total aqua-based volume.13 A substantial fraction of the 

cellular space is physically occupied by the macromolecules and thus unavailable to other 

molecules, resulting in repulsive interactions and structural hurdles to the free movements of 

other molecules. The biochemical profiles of the proteins inside cells are thus different from 

those determined by in vitro experiments with dilute samples.14 In the cellular crowded 

conditions, nonspecific interactions can affect biomolecules’ behavior. For example, the 

effect of macromolecular crowding on protein behavior is substantial for those that 

experience conformational changes, and macromolecular crowding can considerably shift 

the equilibria between protein conformations and affect its function.15 It is thus interesting 

to study the effect of macromolecular crowding on structure and function of biomolecules16 

including proteins17–19 and DNA.20 However, the crowding effect is much less understood 

in the context of kinetics facet of enzymatic reactions, and only few reports on effect of 

crowding on protein electron transfer are available in the literature, most of which are for 

inter-protein electron transfer complexes.21, 22 The intraprotein FMN − heme IET in NOS 

requires conformational cycling between open and docked conformational states (Figure 

1B).23 The NOS’s large conformational changes inspire our examination of its sensitivity to 

macromolecular crowding. To determine the effect of crowding on the intraprotein FMN − 

heme IET kinetics in the NOS proteins, herein we utilized inert synthetic polymer crowding 

molecules, Ficoll 70 and Dextran 70, to imitate the crowding conditions. Ficoll 70 and 

Dextran 70 are common crowding agents used to mimic the crowded cellular environment 

because these neutral inert polysaccharides lack attractive interactions for proteins, and 

resemble more closely the proteins seen in a biological medium.24 Moreover, they are 

colorless and do not interfere with spectroscopic measurements of the electron transfer and 

enzymatic activities. Importantly, macromolecular crowding is dependent upon the 

hydrodynamic radius of the macromolecular crowder and the protein of interest, and the 

most operative conditions are those in which the macromolecular crowder and the protein 

are of similar size.25, 26 Ficoll 70 has comparable diameter as the NOS proteins: Ficoll 70 

has a radius of ~ 5.5 nm,27 and the radius of NOS systems ranges between 4.2 and 8.6 nm.
9, 28, 29 The radius of Dextran 70 is ~ 6.5 nm,30 which is also similar to the size of the NOS 

molecule.

In this work, we have determined and compared the macromolecular crowding effects on the 

FMN − heme IET rates of a truncated bi-domain oxygenase/FMN (oxyFMN) construct and 

the full-length protein of human iNOS (UniProtKB P35228). The oxyFMN construct 

comprises of only the oxygenase domain and the FMN domain, together with the CaM 

binding region (Figure 1A). This is done to preclude the FAD-FMN interdomain interactions 

and to promote the interdomain FMN-heme interactions.31 Biochemical results demonstrate 

that the oxyFMN construct is a valid model of the NOS output state.32–34 Indeed, the 

oxyFMN model35 can be fitted into the docked FMN/heme module without any alteration 

into the electron microscopy density of the holoprotein,36 showing that the docked 

interdomain FMN-heme complex structure is identical in the full-length NOS and truncated 

oxyFMN proteins. To determine whether specific interactions exist between the protein and 

the crowder, we also compared the IET rates with added Ficoll 70 and Dextran 70 that give 

the same solution viscosity. Steady-state cytochrome (cyt.) c reduction by the iNOS 

holoenzyme in the presence of the crowder was further measured to probe the electron 
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transport through the entire reductase unit. The kinetics results, along with the fluorescence 

lifetime data, demonstrate that the macromolecular crowder enhances the FMN – heme IET 

by excluded volume effect, its origin being entropic.

2. Materials and Methods

2.1. Overexpression and purification of human iNOS oxyFMN and iNOS holoenzyme

The human iNOS oxyFMN or holoprotein plasmid was co-transfected with the CaM 

expression vector (p209) into E. coli BL21 (DE3) competent cells.37 Expression and 

purification of the human iNOS holoprotein were performed as described.38 The cloning and 

purification of the iNOS oxyFMN protein were conducted using the previous procedure.39

2.2. Laser flash photolysis

Laser flash photolysis experiments were conducted at 21 °C on an Edinburgh LP920 laser 

flash photolysis spectrometer, as previously described.40 Briefly, sample contained ~ 20 μM 

deazariboflavin (dRF) and 5 mM semicarbazide in a pH 7.6 buffer (40 mM bis-Tris propane, 

400 mM NaCl, 1 mM Ca2+, 2 mM L-Arg, 20 μM H4Band 10% glycerol). The crowder 

(Ficoll 70 or Dextran 70) was added to the solution when necessary. The dRF solution 

without the protein in a cuvette was vigorously deaerated by a CO/Ar (v/v 1:3) mixed gas 

for ~ 90 minutes. The surface of introduced protein aliquot was then purged by the gas to 

remove traces of O2 before it was mixed into the dRF solution. The sample was illuminated 

for 3 – 4 minutes by white light to obtain the [Fe(II)−CO][FMNH•] form. The protein 

sample was subsequently flashed with 446 nm laser excitation to initiate the FMN ‒ heme 

IET, which can be monitored by the decrease of absorption of FMNH· and Fe(II) at 580 nm 

and 465 nm, respectively.41 The CO photolysis experiments were conducted at least twice 

for one sample. The averaged kinetic traces were analyzed by OriginPro 2019 (OriginLab, 

MA).

2.3. Fluorescence lifetime measurement

Time-resolved fluorescence intensity decays were recorded on a Mini-tau filter-based 

fluorescence lifetime spectrometer (Edinburgh, U.K.). The time-correlated single photon 

counting technique was used.42 The excitation at 450 nm was obtained using an EPL-450 

pulsed diode laser (Edinburgh, U.K.) with a 2 MHz repetition rate. The emission was 

detected at 530 nm with a polarizer oriented at 54.7° with respect to the linearly polarized 

excitation light. This magic-angle placement is to avoid the effects of rotational diffusion on 

the intensity decays. The fluorescence lifetime measurements of human iNOS oxyFMN 

were performed at a final concentration of 2 μM in a pH 7.6 buffer (40 mM bis-Tris propane, 

400 mM NaCl, 1 mM Ca2+, 2 mM L-Arg, 20 μM H4B, 1 mM dithiothreitol, 10% glycerol) 

with added crowder when needed. The instrument response was collected on a scattering 

Ludox solution.

The fluorescence intensity decays were analyzed by the fluorescence analysis software 

FAST (Edinburgh, U.K.) using a multiexponential model where the intensity is supposed to 

decay as the sum of individual single exponential decays. The goodness-of-fit can be judged 

by the value of χ2.
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2.4. Steady-state NOS enzymatic activity assays

Steady-state rate of NO production by the human iNOS holoenzyme was determined in a pH 

7.4 buffer (50 mM Tris, 100 mM NaCl, 5 μM H4B, and 200 μM CaCl2).43 The sample 

solution contained 100 μM L-Arg, 100 μM NADPH, and 8 μM oxyhemoglobin. As needed, 

the crowder was added into the assay buffer. Reaction was initiated by adding 20 nM final 

concentration of human iNOS holoprotein, and the rate of NO synthesis was measured at 

401 nm, using an extinction coefficient of 60 mM−1 cm−1.43

Cyt. c reduction by the iNOS holoenzyme was determined in a pH 7.5 buffer (50 mM Tris, 

100 mM NaCl, 200 μM CaCl2) with added crowder. Assay mixtures contained 1.5 nM 

human iNOS holoprotein and 40 μM horse heart cyt. c (Sigma-Aldrich, MO). The reduction 

reaction was started by adding 100 μM NADPH, and the rate of cyt. c reduction was 

measured at 550 nm, using an extinction coefficient of 21 mM−1 cm−1.43 Ferricyanide 

reduction assay was performed in the same manner except that the potassium ferricyanide 

concentration was 1 mM and the extinction coefficient is 1.02 mM−1 cm−1 at 420 nm.44 A 

semi-micro cuvette was used to give higher transmittance and better signal at 420 nm.

3. Results and Discussions

3.1. The FMN – heme IET kinetics of human iNOS oxyFMN with added macromolecular 
crowder

The FMN −heme IET kinetics of human iNOS oxyFMN were first measured by laser flash 

photolysis with added 0 − 14 % (w/v) Ficoll 70. The partial specific volume of Ficoll 70 is 

0.69,45 which can be used to calculate its fractional volume occupancy at a given 

concentration.46 For example, 14% (w/v) Ficoll 70 gives a fractional volume occupancy of ~ 

0.1, which is relevant to crowded intracellular environment with a volume occupancy of 0.05 

− 0.4. Higher Ficoll 70 concentration impeded the IET kinetics measurements since the 

sample became too viscous to be well deaerated, a requirement for the laser flash photolysis 

experiments.23

A typical kinetic trace with added 14% Ficoll 70 is shown in Figure 2. The absorption at 580 

nm of the partially reduced human iNOS oxyFMN decays rapidly below the pre-flash 

baseline with a rate constant of 401 ± 10 s−1 (red solid line, Figure 2). This depletion of 

FMNH· absorbance is attributable to the FMN – heme IET (Eq. 1, where FMNhq stands for 

FMN hydroquinone).38

FeII FMNH⋅ FeIII FMNhq (1)

The decay is followed by a slow recovery toward baseline (see the green solid line in Figure 

2), which is due to the CO re-binding to Fe(II).38 Importantly, the rate constant of the rapid 

decay, ket, is independent of the signal amplitude, i.e. concentration of the partially reduced 

NOS protein, affirming an intra-protein process. Moreover, the IET rate is independent of 

the signal amplitude at the other crowder concentrations, showing that the decay is due to an 

intramolecular process with added Ficoll 70 in the concentration range. The observed rate 

constants ket are listed in Table 1. The FMN−heme IET is noticeably enhanced by Ficoll 70 

Li et al. Page 5

Biochemistry. Author manuscript; available in PMC 2020 October 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



in a non-saturating manner (Figure 3). This behavior is a characteristic of crowding via 

volume exclusion.24

Mounting evidence demonstrates that conformational change limits the FMN − heme IET in 

NOS proteins, and the FMN domain explores the conformational space to dock productively 

onto the heme domain.36, 47 The volume occupied by Ficoll 70 is unavailable to the iNOS 

protein module because of the mutual impenetrability of the macromolecules. As a result, 

the macromolecular crowding agent can affect the FMN − heme IET process that depends 

on available volume. Upon increasing Ficoll 70 concentration, the number of means to place 

the FMN domain is gradually limited because the available volume is progressively 

constrained to the portion of space from which the FMN domain is not excluded. 

Consequently, randomness of the particle (i.e., the FMN domain) distribution in the solution 

is decreased, which leads to a reduction in the entropy of the more crowded solution. 

Restrictions on the conformational space available to the docking FMN domain and 

reduction of the randomness of the FMN domain motions augment the intraprotein electron 

transfer process. In other words, in response to adding of the crowding macromolecules, the 

NOS system will adapt to diminish the overall crowding by enhancing the docking of the 

FMN domain onto the heme domain, thereby reducing the total excluded volume.

Besides the excluded volume effect, the solution viscosity is inevitably increased by addition 

of Ficoll 70. For example, solution viscosity was increased to 2.7 cP with added 7% Ficoll 

70. Our previous work showed that the FMN – heme IET rate value of an iNOS oxyFMN 

was decreased with added sucrose,39 the monomeric form of Ficoll 70. Addition of sucrose 

only increases the solution viscosity, but should not give macromolecular crowding effect 

because its hydrodynamic diameter in water (1.00 – 1.12 nm)48 is much smaller than the size 

of NOS protein noted in the Introduction section. We here observed that the IET rates of 

human iNOS oxyFMN were noticeably increased with added Ficoll 70 (Table 1), which 

brings forth both crowding and viscosity effects, while the rate was decreased by ~ 50 % 

when only viscosity effect is involved by adding sucrose (to give the same viscosity of 2.7 

cP).39 This indicates that excluded volume has a more substantial effect on the FMN – heme 

IET kinetics than solution viscosity. The positive crowding effect of the Ficoll 70 obviously 

overrides the negative effect by solution viscosity, resulting in the observed increase in the 

IET rate (Figure 3).

In living cells, proteins are crowded by macromolecules in various shapes.49 It is thus 

necessary to examine the crowding effect using crowders with different shapes. This is also 

useful to determine whether specific interactions exist between the protein and the crowder. 

Ficoll 70 is compact and less flexible, while Dextran 70, a polymer of D-glucopyranose, is a 

linear polysaccharide and behaves as a quasirandom coil.27, 50–52 To determine whether the 

observed crowding effect depends on the specific crowing agent, the IET rate of human 

iNOS oxyFMN in the presence of Dextran 70 was measured under the concentration that 

gives the same solution viscosity as that of Ficoll 70 because of the abovementioned solution 

viscosity effect. The values of the IET rate constants obtained with added Dextran 70 (Table 

2) are the same as that of Ficoll 70, within experimental error, for both the solution viscosity 

values (2.7 and 5.0 cP). These results with two distinctly different crowders (in shape and 

chemical properties) clearly demonstrate that the crowding effect on the FMN – heme IET 
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rate is not dependent on the shape and other properties of the crowders and that specific 

interactions do not exist between the iNOS protein and the crowders. The crowding agent 

does not interact with the NOS protein under test, except via nonspecific steric repulsion 

(i.e., excluded volume effect).

3.2. The FMN – heme IET kinetics of human iNOS holoprotein as a function of crowding

We further measured the IET kinetics of iNOS holoprotein to determine whether the 

crowding effect is protein-specific, and to compare the effects on two iNOS proteins with 

different sizes. Adding Ficoll 70 increases the IET rate of the holoprotein in a non-

saturatable manner (Figure 3), which is similar to oxyFMN. On the other hand, the 

magnitude of IET enhancement for the human iNOS holoenzyme (25 % − 76%) is much 

higher than that of the iNOS oxyFMN construct (10 % − 25 %) (Figure 3 and Table 1). Such 

difference can be rationalized by the fact that the excluded volume is substantially increased 

when the protein size is larger.53 We calculated the excluded volume of human iNOS 

oxyFMN and iNOS holoenzyme using the Voss Volume Voxelator54 and normalized the 

numbers to the volume of the first solvent shell.55 The human iNOS holoenzyme has a larger 

excluded volume than human iNOS oxyFMN (Figure S1). Note that Ficoll 70 has a radius of 

gyration of ~ 55 Å,27 at which the difference in the excluded volume for the two iNOS 

proteins is obvious. Therefore, the larger crowding effect on the iNOS holoenzyme is due to 

its larger excluded volume, compared to the bi-domain oxyFMN construct. Since the size of 

the iNOS holoenzyme molecule is larger than the iNOS oxyFMN, the available volume is 

substantially smaller for the holoenzyme, thereby facilitating the FMN domain to sample the 

conformational space in a more controlled manner.

It is of note that alike the NOS holoenzyme, the oxyFMN construct is purified as a 

homodimer,32 which is expected because both proteins contain the dimeric heme domain. In 

the NOS holoenzyme, the FMN domain docks onto the heme domain in the other subunit to 

enable the intersubunit FMN – heme IET.56 The oxyFMN construct is also a dimer and the 

FMN/heme interdomain alignment is identical in these two iNOS proteins, as shown in the 

recent literature.36 The dimeric nature of oxyFMN is important because macromolecular 

crowding affects dimeric protein to a different extent from its monomeric form: the excluded 

volume around a protein dimer is ~ twice the excluded volume of its monomer.57 The 

observed enhancing effect on the FMN − heme IET is thus not caused by the difference in 

the oligomeric state of the oxyFMN and full-length iNOSs. It is the obligatory 

conformational change that is the basis for the observed macromolecular crowding effect on 

the IET kinetics.

Our recent results showed that the IET rate can be affected by ionic strength and the optimal 

IET rate value was obtained at I = 200 mM.58 To determine whether ionic strength 

influences the IET rate under crowding conditions, the IET rates of human iNOS 

holoenzyme at I = 200 and 400 mM were measured in the presence of 14 % (w/v) Ficoll 70. 

Compared to I = 400 mM, the IET rate was increased at I = 200 mM with added Ficoll 70 

(Table 3). On the other hand, the magnitude of the IET enhancement by Ficoll 70 for the 

human iNOS holoenzyme at I = 200 mM is 1.76, which is similar to that obtained at I = 400 

mM (1.88). Although ionic strength still influences the IET kinetics under crowding 
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conditions, there is no synergy between macromolecular crowding and ionic strength in 

affecting the FMN – heme IET process.

3.3. Fluorescence lifetimes of human iNOS oxyFMN as a function of crowding

Flavin fluorescence is a sensitive probe of conformational change in NOSs, and specific 

phases observed in the multi-exponential fluorescence lifetime decay can be assigned to 

certain NOS conformational states.59 To probe the effect of crowding on the protein 

conformations, the flavin fluorescence lifetime of human iNOS oxyFMN was measured. The 

raw time-resolved NOS flavin fluorescence intensity data (Figure 4) can be fitted with a 

multi-exponential function. The lifetime data for the iNOS oxyFMN protein with added 0 ‒ 
14% (w/v) Ficoll 70 are listed in Table 4. The relative amplitude (A1) of the short 

fluorescence lifetime (τ1) state is significantly increased from 10 % to 31 % by adding the 

crowder, along with a decrease in the relative amplitude (A2) of the long fluorescence 

lifetime (τ2) state. This can also be clearly illustrated by a comparison of the raw decay for 0 

% and 14 % Ficoll 70 (Figure 5). In the literature, the τ1 and τ2 states are assigned to the 

NOS output and free/open states, respectively.59 It is generally accepted that the crowder 

decreases the available volume of protein, resulting in the hard-core steric repulsions and a 

shift of the conformational equilibrium toward formation of a more compact protein state.60 

The presence of crowder has been proposed to bias the compact state relative to more open 

state of other proteins.61–63 In the iNOS oxyFMN protein under volume-occupied 

conditions, excluded volume effect favors the formation of the more compact docked FMN/

heme state over the free/open states, resulting in higher output state population, as observed 

from the fluorescence lifetime measurements. Shifting the conformational equilibrium may 

not be the only pathway in enhancing the IET, though.

Note that τ1 and τ2 values with added Ficoll 70 do not correspond to those in the absence of 

Ficoll 70 (Table 4). The geometries of these conformational states may be altered in the 

crowded environment. The FMN domain docked at the heme domain is believed to go 

through short-range motions to productively dock onto the heme domain.58 This short-range 

exploration for the optimal docking position (i.e., conformational sampling) results in 

productive docking of the FMN domain with the heme domain. Quenching of the FMN 

fluorescence by the ferriheme in the docked state gives its short fluorescence lifetime τ1.59 

Crowding narrows the available volume and restricts the degrees of motion of the FMN 

domain for the conformational sampling, and thus likely causes the decrease in τ1 through 

facilitating more productive FMN-heme docking with higher FMN fluorescence quenching. 

On the other hand, the increase in τ2 value indicates the increasing sampling from open state 

conformations, which will also facilitate the formation of the docked output state.

In the iNOS holoenzyme, the crowding similarly limits the range of motions of the tethered 

FMN domain (Figure 1B) and may shift the equilibrium towards both the input and output 

(docked) states of the NOS holoprotein, at the expense of the free/undocked states, in 

proportion to the decrease of the available volume. Consequently, the effective distance 

between the FAD/NADPH and heme domains (i.e., the FMN domain shuttling distance) will 

decrease, and it will take less time to transport the electron from the NADPH/FAD domain 

to the heme domain. If there is no NADPH/FAD domain (as in the oxyFMN construct), the 
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range of the FMN domain motion is still decreasing. The rate of conformational 

rearrangements in both the iNOS proteins will therefore increase, which will lead to the 

observed increase in the bulk IET rate.64 It is of note that crowding does not necessarily 

stabilize the output state over the input state because both the docked states are more 

compact than the free/open states and both involve in conformational sampling of the 

proximal FMN domain at the heme or FAD domain. The conformational sampling in a more 

controlled manner may also contribute to the enhanced IET by the crowder. The detailed 

mechanism merits further investigations.

3.4. Steady-state cyt. c and ferricyanide reduction activities as a function of crowding

Steady-state cyt. c reduction is a measure of electron transport through the entire reductase 

unit of NOS because cyt. c is reduced exclusively by the FMN cofactor.65 We found that the 

cyt. c reduction rate was noticeably increased by addition of Ficoll 70 or Dextran 70 (Table 

5), showing that the iNOS holoenzyme supports greater electron flux through its FMN 

domain to cyt. c in the presence of the crowder. These results are in line with the increase in 

the NO production activities by the crowder (see below). Moreover, the magnitudes of 

increase are similar for Ficoll 70 and Dextran 70 at the concentrations that give the same 

viscosity (Table 5). Therefore, the enhancing effect is independent of the chemical essence 

of the crowder and no specific interactions appear to exist between the crowder and the 

proteins (cyt. c and NOS). This has also been observed for the FMN − heme IET process 

(Table 2).

The reduction of cyt. c is a bimolecular process, which is different from the intramolecular 

FMN − heme IET where a tethered FMN domain is in motion. Conceivably, the bimolecular 

reaction in a crowded environment can be influenced by (i) the retardation of diffusion due 

to crowding, and (ii) a crowding-facilitated association of the two molecules (which is an 

entropic effect).25, 66 Since increased cyt. c reduction is observed here, it is more likely that 

crowding increases the reduction rate by favoring more effective association of cyt. c with 

the FMN domain. The cyt. c reduction results further support our model that the enhanced 

kinetics by macromolecular crowding is based on the excluded volume effect, with an 

entropic origin.

Cyt. c can receive electron from the FMN cofactor only when the FMN domain is 

dissociated from the reductase complex. This is because the FMN domain in the input state 

is shielded and inaccessible to its electron acceptor.9 Besides the abovementioned pathway 

in the biomolecular process, a greater degree of FMN deshielding under crowded 

environment may increase the steady-state cyt. c reduction activity. There is an inverse 

correlation between the FMN shielding degree and the steady-state cyt. c reduction rates for 

the nNOS reductase constructs, particularly in the absence of CaM.67 However, such a 

model where electron transfer to cyt. c is mainly controlled by conformational gating of the 

FMN domain of nNOS may not be applicable to iNOS, in which CaM is always bound and 

the autoinhibitory insert within the nNOS FMN domain does not exist in iNOS (the 

autoinhibitory insert in nNOS affects the conformational equilibrium of the reductase 

domain68). Even in the CaM-bound nNOS, other steps may become rate-limiting the steady-

state cyt. c reduction under circumstance where a greater degree of FMN deshielding cannot 
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further increase the steady-state activity beyond what is already achieved by CaM binding.69 

Moreover, the crowding is reasonably proposed to favor the formation of the docked states 

including the input state at the expense of the deshielding/open states (see above). Therefore, 

the FMN deshielding is unlikely to participate in the observed enhancement of the steady-

state cyt. c reduction in the presence of the crowder.

Because of its comparable size (relative to the NOS heme domain) and specific interaction 

with the FMN domain, cyt. c is a worthy model for NOS electron transfer (the nNOS 

reductase domain is homologous to P450 reductase that forms a specific inter-protein 

complex with cyt. c70). On the other hand, ferricyanide is small, and primarily receives the 

NADPH-derived electron from the FAD cofactor in NOS.71 Moreover, the FAD reduction by 

NADPH do not require a large-scale conformational change.9 Therefore, ferricyanide 

reduction is a good ‘negative’ control for studying the crowding effect on the NOS flavin-

mediated electron transfer. Indeed, neither Ficoll 70 nor Dextran 70 changed the ferricyanide 

reduction activity of the holoenzyme, within the experimental error (Table 6). Note that the 

unchanged FAD reduction rate can still support the faster turnover in the presence of the 

crowder (see below). The FAD reduction by NADPH is insensitive to excluded volume, as 

expected.

During electron transport across the NOS domains, besides the IETs in the input state and 

output state and the related domain docking and conformational samplings,58 the FMN 

domain swings between the FAD and heme domains (Figure 1B). The conformational cycle 

involves (i) release of the FMN domain from the docked FMN/FAD state, (ii) passage of the 

free states to those near the heme domain, (iii) release of the FMN domain from its docked 

FMN/heme state after the FMN – heme IET, and (iv) passage of the free states to those near 

the FAD domain. In iNOS and CaM-bound eNOS and nNOS, the cyt. c reduction is order(s) 

of magnitude faster than the NOS heme reduction.35, 72 Release of the FMN (sub)domain 

from the rest of the reductase domain (step i) is thus not rate limiting delivery of the 

NADPH-derived electrons to the heme active site. The output state is transient, and the free/

open states predominate in the conformational equilibrium.39, 73 These indicate that after the 

FMN − heme electron transfer, it is rather effortless for the FMN domain to dissociate from 

the heme domain (step iii) to return to its former input state to pick up a second electron 

from FAD. Salerno et al. proposed that the slowest step in NOS turnover is instead traverse 

of the FMN (sub)domain through a conformational bottleneck that ties the free states near 

the input state with other free states near the output state (steps ii and iv).59 The 

macromolecular crowding will very likely narrow the available space for the free states such 

that the passage of the conformational bottleneck will be accelerated, resulting in more 

efficient electron flow across the NOS domains.

It is interesting to investigate the structural and dynamic properties of NOSs in the presence 

of crowding agents. The FMN − heme IET studied here is an essential step in NOS catalysis 

because the electron delivery to the heme center is required for the O2 binding and activation 

and the subsequent substrate oxidation to NO.74 There are three IET steps in the process of 

NO production, in which the heme iron in redox states (i) L-Arg-Fe(III)-H4B, (ii) NOHA-

Fe(III)-H4B+, and (iii) NOHA-Fe(III)-H4B, are reduced by FMNhq.75, 76 The heme 

reduction does not appear to directly involve the H4B cofactor,12 and bound L-Arg and 
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NOHA both give high spin Fe(III) species. Therefore, the kinetics of step (i) studied here 

should be applicable to the other two steps. Emerging evidence suggests that the FMN − 

heme IET associated conformational change is in fact rate-limiting the NOS catalysis.77 

There are three essential aspects of conformation control of NOSs: structural (constraints on 

the conformational space available to the docking modules), dynamic (the interconversions 

between the conformations), and energetic (docking energies and their effect on the lifetimes 

of the docked complexes). The crowding effect may affect more than one aspect of the 

conformational dynamics in NOS. It is unclear what are the main causes, and more dynamic 

and energetic results will be crucial to understand the crowding effect. Detailed 

spectroscopic, mass spectrometric and computational studies will provide much needed 

information on macromolecular crowding in regulation of this important family of 

multidomain redox enzymes.

3.5. NO production activity of human iNOS holoenzyme as a function of crowding

To determine whether macromolecular crowding affects the NOS function, we measured the 

NO production activities of the holoenzyme with added crowder (Table S1). The NO 

production rates of human iNOS holoenzyme are continuously increased upon adding Ficoll 

70 (Figure 6). For example, the NO production rate was increased by 53% with added 14% 

(w/v) Ficoll 70. One would expect that the interaction of the small size L-Arg substrate with 

the NOS enzyme should not be changed much by the excluded volume. It is of note that, 

however, when the enzymatic catalysis involves conformational changes (which is the case 

for the NOS enzyme), macromolecular crowding can influence the enzymatic activity. For 

example, macromolecular crowding shifts the conformational equilibrium of a human 

translation initiation factors from an inactive open state towards a closed active 

conformation, resulting in enhanced ATPase activity of the multidomain protein.78 Besides 

the conformational equilibrium, it is tempting to speculate that the other effect of 

macromolecular crowding is increased rate of interconversion between the free/open and 

docked states, as discussed above. It is also of note that the interplay of rates of three NOS 

heme-related processes (NO dissociation from the Fe(III)–NO complex, oxidation of the 

Fe(II)–NO complex, and heme reduction) governs the steady-state NO production activity.79 

Although it is unclear how exactly the NO production is enhanced by the macromolecular 

crowder, the enzymatic activity results clearly demonstrate that the crowding effect is 

functionally relevant. This work should inspire additional detailed studies of NOS 

enzymology in the presence of crowding reagent, which is closer to cellular environment 

than the common practice of testing NOSs in diluted solutions.

In conclusion, a noticeable increase in the FMN – heme IET rate value of both human iNOS 

oxyFMN and holoenzyme proteins were observed upon addition of the macromolecular 

crowder. The effect is independent of the shape and chemical essence of the specific 

crowder. The magnitude of IET enhancement for the human holoenzyme is much higher 

than that of iNOS oxyFMN, which can be explained by the larger excluded volume of the 

holoenzyme. The electron transfer kinetics, fluorescence lifetime and steady-state enzymatic 

activity results together demonstrate that the FMN ‒ heme IET can be significantly 

enhanced by excluded volume effect, its origin being entropic. The macromolecular crowder 

narrows the available volume for the FMN domain motions, which include the long-range 
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shuttling motion between the FAD and heme domains and the short-range sampling motions 

near these domains. As such, we propose that the macromolecular crowding affects the NOS 

electron transfer through multiple pathways such as (i) shifting the conformational 

equilibrium toward more compact docked states, (ii) facilitating conformational sampling 

near its electron transfer partner (the heme domain, the FAD domain, or cyt. c), and (iii) 

increasing the rates of conformational rearrangements. Such mechanism should be 

applicable to electron transfer in other multidomain redox proteins.
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Abbreviations

NOS nitric oxide synthase

iNOS inducible NOS

CaM calmodulin

oxyFMN bi-domain oxygenase/FMN construct in which only the 

FMN and heme domains are present, along with the CaM 

binding region

L-Arg L-Arginine

H4B, 6R-5,6,7,8 -tetrahydrobiopterin

IET interdomain electron transfer

dRF deazariboflavin

FMNH• FMN semiquinone

cyt. c cytochrome c

FMNhq FMN hydroquinone
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Figure 1. 
A. Domain organization of full-length and bi-domain oxyFMN iNOS proteins. The grey bar 

indicates the dimer interface in the heme-containing oxygenase domain. The oxyFMN and 

holo iNOS proteins used in this study are purified as dimers. B. Tether shuttle model for the 

NOS electron transport pathway. The FMN domain swings between the input and output 

states through the free/open states to transport the NADPH-derived electrons across the NOS 

domains.
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Figure 2. 
Transient absorbance at 580 nm obtained for the [Fe(II)–CO][FMNH•] form of human iNOS 

oxyFMN flashed by 446 nm laser; 14% (w/v) Ficoll 70 was present. The graph is a 

combined plot of two traces at 0 – 0.036 s and 0 – 1.8 s on a logarithmic time scale. Solid 

lines correspond to the best single-exponential fit to the data.
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Figure 3. 
Plot of normalized values of the FMN – heme IET rates in human iNOS oxyFMN and iNOS 

holoenzyme with added Ficoll 70.
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Figure 4. 
Plot of time-resolved fluorescence intensity decay of human iNOS oxyFMN with added14% 

(w/v) Ficoll 70. The fluorescence raw data are shown in dots, the multiexponential fit is a 

blue line, and the instrument response (IR) is shown in red.
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Figure 5. 
Comparison of raw fluorescence intensity decay of human iNOS oxyFMN without and with 

added 14 % (w/v) Ficoll 70; the instrument response is shown in red. Qualitatively, the 

decay with added 14 % Ficoll 70 possesses higher amplitude of fast decay τ1 species than 

that of 0 % Ficoll.
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Figure 6. 
Plot of the NO production activity of human iNOS holoenzyme with added Ficoll 70.
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Table 1.

The FMN ‒ heme IET rate (s−1) of human iNOS oxyFMN and human iNOS holoenzyme with added Ficoll 70

Ficoll 70 (w/v %) iNOS oxyFMN iNOS holoenzyme

0 321 ± 8 34 ± 2

3 344 ± 13 42 ± 2

7 370 ± 11 48 ± 2

11 386 ± 12 54 ± 2

14 401 ± 10 60 ± 2
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Table 2.

The FMN ‒ heme IET rates of human iNOS oxyFMN protein with added Ficoll 70 or Dextran 70 under the 

same viscosity conditions

[Crowder] (w/v) η (cP) ket (s−1)

0% 1.40 321 ± 8

7% Ficoll 70 2.7 370 ± 11

4.6% Dextran 70 2.7 351 ± 9

14% Ficoll 70 5.0 401 ± 10

7.5% Dextran 70 5.0 398 ± 9
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Table 3.

The FMN ‒ heme IET rate ket (s−1) of human iNOS holoenzyme with added Ficoll 70 under different ionic 

strength

[Ficoll 70] (w/v %) Ionic strength (mM) ket (s−1)

0 400 34 ± 2

0 200 40 ± 3

14 400 60 ± 2

14 200 75 ± 2
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Table 4.

Fluorescence lifetime data of human iNOS oxyFMN with added Ficoll 70

Ficoll 70 (w/v %) τ1 (ns) A1 % τ2 (ns) A2 % χ2

0 1.767 ± 0.031 9.30 ± 0.541 3.775 ± 0.0006 90.70 ± 0.542 1.188

3 1.613 ± 0.019 15.17 ± 0.231 3.860 ± 0.0005 84.83 ± 0.232 1.224

7 1.593 ± 0.013 22.29 ± 0.184 3.977 ± 0.0004 77.71 ± 0.184 1.240

11 1.500 ± 0.012 28.81 ± 0.141 4.054 ± 0.0004 71.19 ± 0.141 1.326

14 1.486 ± 0.011 31.43 ± 0.104 4.151 ± 0.0004 68.57 ± 0.106 1.314
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Table 5.

Cyt. c reduction rates of iNOS holoenzyme in the presence of crowder.
a

[Crowder] (w/v) Cyt. c reduction (min−1)

0 % 1403 ± 49

3% Ficoll 70 1510 ± 38

7% Ficoll 70
b 1668 ± 70

11% Ficoll 70 1795 ± 108

14% Ficoll 70
c 1928 ± 130

4.6% Dextran 70
b 1680 ± 88

7.5% Dextran 70
c 1947 ± 122

a
Rates are the average of at least three assays. The final concentration of human iNOS holoenzyme is 1.5 nM.

b
The solution viscosity with the added 7 % Ficoll 70 or 4.6 % Dextran 70 is the same (2.7 cP).

c
The solution viscosity with the added 14 % Ficoll 70 or 7.5% Dextran 70 is the same (5.0 cP).
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Table 6.

Ferricyanide reduction rates of iNOS holoenzyme in the presence of crowder.
a

[Crowder] (w/v) Ferricyanide reduction (min−1)

0 % 23486 ± 1321

3% Ficoll 70 24172 ± 394

7% Ficoll 70 22930 ± 754

11% Ficoll 70 23682 ± 1097

14% Ficoll 70 23921 ± 1364

4.6% Dextran 70 24270 ± 589

7.5% Dextran 70 23769 ± 983

a
Rates are the average of at least three assays. The final concentration of human iNOS holoenzyme is 1.5 nM.
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