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ABSTRACT

Nitric oxide synthase (NOS) is a homodimeric flavohemoprotein responsible for catalyzing the
oxidation of L-arginine (L-Arg) to citrulline and nitric oxide. Electrons are supplied for the reaction
via interdomain electron transfer between an N-terminal heme-containing oxygenase domain and
a FMN-containing (sub)domain of a C-terminal reductase domain. Extensive attention has focused
on elucidating how conformational dynamics regulate electron transfer between the domains. Here
we investigate the impact of interdomain FMN-heme interaction on the heme active site dynamics
of human inducible NOS (iNOS). Steady state linear and time-resolved two-dimensional infrared
(2D IR) spectroscopy was applied to a CO ligand at the heme within the oxygenase domain for
full length and truncated or mutated constructs of iNOS. Whereas the linear spectra of the CO
ligand were identical among the constructs, 2D IR spectroscopy revealed variation in the frequency
dynamics. The constructs that can form the docked state due to the presence of both the FMN and
oxygenase domains showed slower dynamics than the oxygenase domain alone. Introduction of
the mutation (E546N) predicted to perturb electrostatic interactions between the domains resulted
in measured dynamics intermediate between those for the full length and individual oxygenase
domain, consistent with perturbation to the docked/undocked equilibrium. These results indicate
that docking of the FMN to the oxygenase domains not only brings the FMN cofactor within
electron transfer distance of the heme domain, it also modulates the dynamics sensed by the heme

ligand within the active site in a way expected to promote efficient electron and proton transfer.
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Introduction

Production of the ubiquitous signaling molecule nitric oxide (NO) by NO synthase (NOS)
underlies diverse physiological responses such as vasodilation and neurotransmission.!-? Extensive
attention has been directed toward elucidating the mechanism of NOS catalysis and regulation.’-
Conformational changes control NOS turnover by bringing together distinct domains of the
enzyme and enabling electrons to shuttle successively between them.5® Here we report evidence
that docking of domains not only brings cofactors within sufficient proximity for electron transfer
(ET) but also alters the dynamics within the catalytic heme domain in a way that would promote
inter-domain electron transfer (IET).

NOS generates NO through oxidation of the guanidyl side chain of L-arginine (L-Arg) with
uptake of molecular oxygen, consumption of NADPH, and release of citrulline. Each subunit of
the homodimeric enzyme has two domains (Figure la).> An N-terminal oxygenase domain
(NOSoxy), the site of L-Arg oxidation, contains a heme prosthetic group and a 6R-5,6,7,8-
tetrahydrobiopterin (H4B) cofactor. A C-terminal reductase domain is composed of FMN and
FAD/NADPH binding subdomains. The oxygenase and reductase domains are connected by a
linker that binds calmodulin (CaM). This overall architecture is shared by the three mammalian
NOS isoforms: endothelial NOS (eNOS), neuronal NOS (nNOS), and inducible NOS (iNOS). The
linker of iNOS, however, tightly binds CaM at a basal level of Ca?*, while binding of CaM to the
linker of nNOS and eNOS occurs upon increase in intracellular [Ca®'].

The complex series of steps underlying NO production within the oxygenase domain
requires uptake of three electrons. The electrons enter the reaction from NADPH by reduction of
the FAD subdomain. The electrons are then transported from FAD to FMN cofactors between

subdomains within the reductase domain. The next step, the transfer of electrons from the
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reductase domain to the oxygenase domain, governs overall production of NO.” A conformational
change of the enzyme dissociates the FMN subdomain from the FAD domain and docks it with
the oxygenase domain of the other NOS monomer.% ° Upon association of the domains, the FMN
subdomain supplies electrons for NO production within the oxygenase domain. The
conformational change involves large rearrangement in the molecular architecture of the enzyme.
An extended “input” state, intermediate states, and a compact “output” state in which the FMN
domain is in contact with the oxygenase domain have been observed for full-length NOS proteins
by cryo-electron microscopy (cryo-EM).!® Binding of CaM to the linker region of NOS induces
the conformational change from the input state to the output state, so it acts as a "molecular switch"
that enables electron flow from NADPH, through the FAD and FMN cofactors, to the heme within
the oxygenase domain.!" 1> In the presence of CaM, off-pathway electron transfer is minimized;
activation of NOS by CaM binding can rapidly trigger NO production.

Upon association of the FMN and oxygenase domains, a path for efficient electron transfer
from the FMN cofactor to the heme center is presumably established. While the crystal structures
of only the individual oxygenase and reductase domains have been solved, the docking interface
between the FMN and heme domains within the NOS output state has been mapped by hydrogen
deuterium exchange mass spectrometry to the surface area surrounding the FMN cofactor.!? The
interface is maintained primarily by electrostatic interactions between the negatively charged
surface of the FMN domain and a positively charged patch on the oxygenase domain. Charge
neutralization and reversal mutations along the FMN subdomain of the reductase domain or the
heme domain for nNOS significantly slow heme reduction.'*!'® One of the involved residues is a
conserved glutamic acid (E762 in rat nNOS, E546 in human iNOS) located near the FMN cofactor

in the FMN subdomain. When the residue is mutated in iNOS (E546N), the FMN-heme IET is
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noticeably diminished due to a larger entropic activation barrier compared to the wild type.'
Pulsed EPR data indicate that the charge neutralization mutation decreases the frequency of contact
between the FMN and heme domains.'® ?° In agreement, a charge reversal mutation at another
surface residue in murine iNOS (E546R) leads to perturbation of the interaction between the FMN
and heme domains.'?

While evidence increasingly supports that association of the FMN and heme domains is
required for establishing a productive pathway for the FMN-heme IET, little is known about
whether and how the complexation otherwise impacts the oxygenase domain and its functionality
for subsequent chemistry at the heme center. Toward investigating this question, herein we have
employed CO ligated to the ferrous heme as a probe of the active site of the oxygenase domain.
CO-ligated NOS acts as a stable mimic of the dioxygen (O2) bound heme intermediate.?! Heme-
ligated CO is well developed as a probe of hemoprotein active sites via linear and two-dimensional
infrared (IR) spectroscopy.?>2* The vibrational frequency of CO is sensitive to hydrogen bonding
and the local electric field, providing a reporter of the interactions felt within an enzyme active
site. When ligated to the heme center of NOS, in the presence of the L-Arg substrate, the CO
participates in H-bonding with the L-Arg side chain and an active site water molecule (Figure
1b).2!-25 We thus anticipate the CO vibrational frequency to be highly sensitive to any changes in
these specific H-bonding interactions.

To some extent, interaction with the polarization field from all parts of the protein and
solvent affects the CO vibration. Furthermore, an enzyme active site exists as an ensemble of
conformational states, among which the CO ligand experiences a distribution of environments.
The heterogeneity of the interactions of the CO can be captured by FT IR spectroscopy through

inhomogeneous line-broadening of the vibrational absorbance. 2D IR spectroscopy enables more
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rigorous measure of the frequency inhomogeneity and, moreover, the underlying dynamics.
Knowing the dynamics among the states that underlie the inhomogeneity provides insight into the
molecular origins of the heterogeneity.

To assess the impact of docking the FMN domain on the active site of the oxygenase
domain, we compared full-length human iNOS (iNOSrL) to a truncated construct consisting of
only the oxygenase domain (iNOSoxy), which lacks the FMN domain and thereby cannot form the
output state. We also characterized a bi-domain oxygenase/FMN construct (oxyFMN) containing
only the FMN subdomain (i.e., the FAD/NADPH subdomain is absent), along with the CaM-
binding linker and the oxygenase domain. This construct removes possible interaction between the
FAD and FMN domains to promote association of the FMN and heme domains. The oxyFMN
construct is an established model of the output state of NOS. The cryo-EM density of this construct
can be fitted without any alteration of the cryo-EM density of the holoprotein, showing that the
structure of the docked complex is similar for the oxyFMN and full-length NOS proteins.'? Finally,
to assess the consequences of a properly aligned FMN domain with the oxygenase domain in the
wild type (wt) proteins, we characterized E5S46N oxyFMN (iNOSEs46N), which perturbs FMN to
oxygenase domain docking.!” ¢ CaM exists in the purified oxyFMN and full-length iNOS
proteins.

We have found that, although the vibration of CO ligands to heme proteins are in general
exquisitely sensitive to interaction with their environment, the FT IR absorption spectra of the CO
ligand of the iNOS constructs are nearly identical. Despite this observation, 2D IR spectroscopy
of the CO ligand surprisingly reveals that docking of the FMN domain alters the dynamics sensed
within the oxygenase domain. The inhomogeneous distribution of vibrational frequencies of the

CO ligand arises from states that interconvert more slowly in the constructs in which association
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of the FMN and heme domains is possible. These results argue docking of the FMN domain not
only brings the FMN cofactor within ET distance of the heme domain, it also modulates the
dynamics sensed by the heme ligand within the active site. To our knowledge, this is the first
detailed spectroscopic investigation of the modulation of NOS protein active site local dynamics

by interdomain interactions.

Materials and Methods

Expression and purification of the human iNOS proteins were performed as described.!®> 26 Each
protein sample was loaded between two CaF> windows separated by a 76 um spacer. Visible
spectra (Agilent Cary 300 Spectrometer) and FT IR spectra (Agilent Cary 670 FT-IR spectrometer)
of all samples were recorded to ensure binding of CO. Details regarding procedure of protein
identification by mass spectrometry, Fe(I[)-CO sample preparation, FT-IR spectral acquisition,
and subsequent processing are provided in the Supporting Information. 2D IR spectroscopy was
conducted in the traditional BOXCARS geometry as previously described; see Supporting
Information for a complete description.?’-?° The center line slope (CLS) analysis of the Tw-
dependent 2D IR spectra along with fitting to the linear spectra was used to determine FFCFs
parameters.” 3! Experiments were performed in triplicate with independently prepared samples,

except for the full length protein, for which we were only able to obtain duplicate data.

Results
The FT IR spectra of the CO-ligated iNOS constructs are nearly indistinguishable (Figure
2). Both the center frequencies and linewidths vary only slightly (~0.1 cm™); see Table 1. All

spectra show a Gaussian band corresponding to the CO stretching mode at 1904 cm™! with a full-
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width-at-half maximum of ~8.4 ¢m™!, which is in good agreement with prior FT IR spectroscopy
of full length iNOS.2! Thus, the FT IR spectra do not distinguish any differences in the environment
of the CO ligand among the constructs. These results suggest that the H-bonding interactions
between the ligated CO and L-Arg substrate are not strongly affected by docking of the reductase
domain.

To gain deeper insight into the ensembles, we applied 2D IR spectroscopy to the CO-
ligated constructs (Figure 3). The 2D IR spectra correlate vibrational frequencies excited before
(horizontal axis) and detected after (vertical axis) a waiting time (7w).*> When 2D spectra are
acquired with very short 7w, before the protein has time to move, the frequencies of the CO within
the ensemble initially excited and later detected are the same, leading to 2D absorbance peaked
along the diagonal and a diagonally elongated line-shape. The diagonal elongation provides a
measure of the inhomogeneous broadening of the band arising from heterogeneity among the
ensemble distribution. As 7w is increased, the dynamics among the inhomogeneous distribution
result in evolution of the 2D IR spectral line-shape. After the CO ligand samples available states,
the final frequencies become different from the initial frequencies, leading to growth of off-
diagonal 2D amplitude and less elongated 2D lineshape. Thus, the lineshape evolution directly
follows the frequency dynamics and, accordingly, the dynamics among the underlying states.

The Tw-dependent changes in the 2D IR spectral lineshapes for the CO-ligated iNOS
constructs were analyzed via a standard metric for band elongation, the CLS.3%3! The CLS for 2D
spectra taken with a 7w of zero can vary from 1 to 0, reflecting the extent of inhomogeneous
broadening. The 7w-dependent CLS decays (Figure 4a) are used in combination with fitting to the
linear spectra to obtain frequency-frequency correlation functions (FFCFs) that describe the CO

lineshape broadening and frequency dynamics (Table 1). Briefly, the CLS decay is assumed to
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reflect the normalized inhomogeneous contribution to the FFCF. The initial value of the CLS decay
provides the relative contributions of homogeneous and inhomogeneous broadening. Line-
broadening due to homogeneous dynamics that are fast on the IR timescale (i.e., At << 1) are
described by a homogeneous linewidth (/). The time dependence of the CLS delay reveals the
dynamics among the inhomogeneous distribution. The inhomogeneous dynamics for the CO
ligand of the iNOS constructs were modeled by two timescales: frequency deviation (Ar) due to
states sampled on a fast (4-10 ps) timescale, T, and frequency deviation (As) from states sampled
on timescales longer than the experimental window (~20 ps), which manifest as an offset.

First consider the 2D IR data for iNOSoxy, the construct consisting of only the oxygenase
domain. The 2D IR spectrum at 7w of 0.25 ps is highly elongated along the diagonal; at 7w of 10
ps the 2D lineshape becomes less diagonally elongated due to growth in off-diagonal amplitude
from exchange between the underlying states. The CLS decay that follows the lineshape evolution
is shown in Figure 4a. The FFCF derived from the data indicates about equal inhomogeneous
frequency deviation is sampled on the rapid (Ar=2.1 cm™!) and slower (As=2.2 cm™!) timescales
(Table 1). Thus, the heterogeneity of environments of the CO ligand in the individual oxygenase
domain arises from about equal contributions of rapidly and slowly interconverting states.

Despite similar linear FT IR spectra of the CO ligand among the constructs (Figure 2), 2D
IR spectroscopy reveals distinct dynamics (Figure 3). In comparison to the 2D IR data for iNOSoxy,
the evolution of the 2D line shape is slower for full-length iNOSFL in which the oxygenase domain
can dock with the FMN domain. Although the initial elongation of the 2D lineshapes for the
constructs is about the same, the CLS decay for iNOSFL shows an initial decay over a ~3 ps
timescale, then remains constant at a relatively large offset. The difference in the extent of spectral

evolution between the constructs can be seen clearly by comparison of the 2D band shapes and
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CLS for T\ of 10 ps (Figure 3). At this 7w, the CLS reflecting the extent of diagonal elongation for
iINOSEL is noticeably lower than iNOSoxy. Corresponding with the slower CLS decay, the FFCF
for iNOSrL indicates that the inhomogeneous dynamics overall are slower (Table 1). Whereas for
iNOSoxy the inhomogeneous frequency deviation is equally sampled on rapid and slow timescales,
for iNOSFL nearly twice as much is sampled on the slower (As=2.8 cm™!) than rapid (Ar=1.4 cm!)
timescale (Table 1). Thus, in comparison to the individual oxygenase domain, the heterogeneity
of states reported by the CO ligand in the full-length enzyme interconvert more slowly.

2D IR spectroscopy of iNOS oxyFNM, the construct containing only the FMN and heme
domains, shows identical results as iNOSkL. The CLS decays overlay within error (Figure 4a). As
for iNOSFL, the FFCF for iNOS oxyFMN indicates about twice as much inhomogeneous frequency
deviation sampled on the slower (As=2.8 cm™") than the rapid (Ar=1.4 cm™") timescale (Table 1).

Introduction of the E5S46N mutation perturbs the dynamics of iNOS. The 2D lineshape for
iINOSEs46N at the shortest 7w is more elongated than the other constructs. This results in the larger
initial value of the CLS decay. The FFCF indicates that the contribution from homogeneous
broadening, which results from very fast (i.e., At << 1) fluctuations, is lower for the mutant than
the other wt constructs. A second significant effect of the mutation is the change in the CLS decay,
reflecting impact to the inhomogeneous dynamics. In comparison to wt oxyFMN, the CLS for the
E546N mutant decays much more rapidly. The FFCF parameters for iNOSEs46n, including
frequency deviation amplitudes and timescale, are intermediate between those for iNOSrL and
iNOSoxy (Table 1). Of note is that the LC-MS/MS data (Figures S1-S2) have confirmed that
intactness of the wild type and E546N mutant iNOS oxyFMN proteins and the E—N mutation,

showing that the observed difference in 2D IR is not due to protein truncation.

10
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Given the intermediate FFCF parameters obtained for iNOSgs46N, we considered whether
the 2D data could be modeled assuming a superposition of states reflective of the iNOSoxy and
INOSFL/INOS oxyFMN constructs. To model the two components, 2D IR data can be fit to the
weighted sum of the FFCFs for the components.®* To account for the higher initial CLS observed
for iINOSEgs4an (Figure 4a), indicative of less homogeneous broadening, we subtracted the
difference in the initial CLS value from iNOSrL and iNOSoxy. The inhomogeneous dynamics
reflected by the shifted CLS decay for iNOSEs46n was then fit to a superposition of contributions
from the FFCF for the iNOSrL and iNOSoxy states (Figure 4b). This analysis yields that iNOSEs4sn

populates 10-20% of the wt iNOSFL/INOS oxyFMN and 80-90% of the iNOSoxy states.

Discussion

We analyzed how the docking of the FMN domain impacts the active site within the
oxygenase domain. CO ligated to the heme within the oxygenase domain of iNOS, a stable model
for the physiological O2 complex, served as a vibrational probe of the active site. To characterize
iNOS in the conformational states adopted during enzymatic turnover, analysis was directed at full
length, truncated, and the E546N mutant of iNOS. FT IR spectra of the CO ligand in these
constructs are nearly identical, showing a single Gaussian absorbance at 1904 c¢m! with a full-
width-at-half-maximum of 8.4 + 0.1 cm™!. The observation of a narrow band at this frequency in
the L-Arg bound state of both full length and the truncated iNOS is in agreement with prior FT IR
and resonance Raman (rR) spectroscopy.?!> 34 3% The consistent center frequency and line width
across iINOS constructs indicates that formation of the output state does not substantially perturb
the average or heterogeneity of interactions of the CO with environment of the oxygenase active

site.

11
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Vibrational spectroscopy of CO ligands is a well-established approach to characterize the
hemeprotein environments.?> 24 3¢ Hydrogen bonding or electrostatic interactions of the ligand
with the protein environment modulate back-bonding from the z* orbital of CO to the heme Fe d
orbitals, altering the vibrational frequency.?> 2> For example, the frequency of CO ligated in
myoglobin depends on hydrogen bonding to a histidine residue (H64). The frequency downshifts
by 8 cm™! for a homolog with a stronger glutamine donor, whereas the frequency upshifts when a
hydrophobic residue replaces H64.22 When CO is ligated to iNOS, the vibrational frequency of
1904 cm™! is notably very low in comparison to the frequencies observed in the absence of the L-
Arg substrate (~1930 and 1950 cm™'),?! as well as among hemeproteins in general (~1900-1980
cm1).2337 The low frequency of 1904 cm! is attributed to H-bonding interactions with both the L-
Arg substrate and an active site water molecule. A similarly low frequency of 1908 cm! is found
for the CO ligated to nematode hemoglobin, where two hydrogen bond donors, a distal Gln and
Tyr residue, are directed at the CO ligand.*® The hydrogen bonding interactions among CO, L-Arg,
and an active site water are observed in the crystal structures of the nNOS isoform (Figure 1b) and
also supported by temperature-dependent shift in the vibrational frequency of ligated CO in
iNOS.2!' In addition, prior IR spectroscopy indicates that the network of H-bonding among the
CO, L-Arg, and water is cooperative.’® Higher frequencies that indicate weaker hydrogen bonding
of the CO ligand are observed when the L-Arg substrate is replaced by analogs with side chains
that provide stronger hydrogen bond donors, thus arguing that competing interaction of the analogs
with active site water reduces hydrogen bonding to the CO ligand. Despite the delicate hydrogen
bonding interactions within the iNOS active site, the CO vibration was insensitive to removal of
the FMN domain (Figure 2). The insensitivity suggests that the balance of H-bonding interactions

among the CO, L-Arg, and water molecule are not affected by the interdomain FMN-heme

12
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docking. These results, along with the rR data,'” indicate that the docking of the FMN domain to
the heme domain does not notably affect the average electronic and structural properties of the
ground state of the heme active center. However, it is possible that docking affects the ensemble
but does not generate a net change to the CO frequency distribution to be detectable by the linear
IR absorbance. This clearly demonstrates the additional insight provided by 2D IR methods that
allow for a more rigorous analysis of the linewidth and frequency dynamics.

While the linear spectroscopic methods are insensitive to interdomain docking, 2D IR
spectroscopy does reveal clear changes in the dynamics of the heterogeneity sensed by the CO
ligand within the oxygenase domain upon docking of the FMN domain (Figure 4a, Table 1). The
total frequency variance (A?) due to inhomogeneous broadening is slightly greater in the constructs
(INOSrL and wt oxyFMN) capable of forming the properly docked FMN/heme state. This
observation indicates that the CO ligand experiences greater heterogeneity in the docked state. A
more substantial difference among the constructs was found in the frequency dynamics.
Specifically, comparison of the FFCFs of iNOSrL and wt oxyFMN to iNOSoxy show a decrease in
frequency deviation amplitude associated with states sampled on a few picoseconds and an
increase in those sampled on long (> 20 ps) timescales. Thus, docking of the FMN domain
increases the population of states with greater energy barriers to interconversion, because either
the energy barriers become higher or a subset with greater or lower barriers are favored or
disfavored, respectively, in the output state.

The FFCF for iNOSoxy construct reflects the ensemble when all the population adopts the
undocked input state. Since none of the constructs adopts exclusively the docked output state, no
information is available about the FFCF to rigorously deconvolute the populations of docked and

undocked states in the constructs. However, if the assumption is made that the frequency variance

13
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associated with rapid motions (Ar) for the iNOSrL and oxyFMN constructs is solely reflective of
the undocked state, the population of the docked state is estimated to be 55% (since the variances
A? of inhomogeneous broadening are additive). In the case that the FFCF of the docked state
includes rapid inhomogeneous dynamics, the estimate for the docked state would be higher. In
comparison, relaxation-induced dipolar modulation enhancement (RIDME) spectroscopy
estimates population of 15% for the docked state for the CaM-bound nNOS oxyFMN construct.*
The discrepancy in the estimates could arise from the differences between the isoforms studied or
the redox states of the proteins. In addition, the studies analyzed different aspects of the enzyme
structure. The pulsed EPR experiments are sensitive to approach of the heme in the oxygenase
domain and spin labels introduced into CaM, while the 2D IR spectroscopy is sensitive to
perturbation of the CO ligand within the oxygenase domain.

Truncation of the FAD/NADPH subdomain of the reductase domain results in no change
to the dynamics reported by 2D IR spectroscopy of the CO ligand in the oxyFMN construct,
compared to the full-length protein (Table 1). This result is rather surprising, as it would indicate
that the equilibrium between the input state in which the FMN domain interacts with the
FAD/NADPH domain and the free undocked state of the FMN domain may not influence the
equilibrium of its docking with the oxygenase domain. On the other hand, comparison of the full
length and oxyFMN iNOS proteins by flavin fluorescence lifetime finds only ~2 % docked output
state in the full length and a large increase in the population to 25-30% in the oxyFMN.*' The
population of the docked state estimated by fluorescence is particularly much lower. Of note is
that the 90 ps component associated with the input state is very close to the lifetime detection limit
of the single-photon counting fluorescence lifetime spectrometer, and the estimation of population

by fluorescence lifetime should be complemented by other techniques. The fluorescence lifetime
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measurements are sensitive to states with close proximity of the FMN cofactor and the heme
center, since the signals depend on interaction of the FMN cofactor with the paramagnetic ferric
heme center. If the FMN domain contacts the oxygenase domain, but the FMN cofactor does not
closely approach the heme center, the population will not be detected as a docked state in the
fluorescence lifetime and EPR measurements. However, since the FMN and oxygenase domains
are still in contact, the docking effect on 2D IR may still be present. This possibility reduces the
expected difference between oxyFMN and full-length proteins in the 2D IR measurements.
Alternatively, it is possible that the FFCFs determined by 2D IR are not sufficiently sensitive to
detect the small population shift caused by the existence of the FAD/NADPH domain. We also
point out the difference in the redox states of the samples in the experiments. Both the fluorescence
lifetime and pulsed EPR measurements cited above analyzed as-isolated ferric protein, while the
current study examines ferrous protein. Molecular dynamics simulations indicated that the FMN-
heme docking is redox state dependent,*? and it is possible that the different oxidation state of NOS
samples affects the conformational equilibrium.

In contrast to removal of the FAD/NADPH domain, mutation of the charged residue E546
leads to substantial perturbation to the dynamics measured by 2D IR spectroscopy. Located at the
edge of the FMN domain of human iNOS, E546 is a conserved surface residue that guides the
interaction with the oxygenase domain.!” ¥ The CO frequency dynamics for iNOSEssen decay at a
rate intermediate between the full-length protein and the individual oxygenase domain. This
observation is consistent with the interpretation that the mutation shifts the equilibrium toward the
undocked state. Modeling the 2D IR data for iNOSEs4en as a superposition of the states of iNOSFL
and iNOSoxy estimates that iNOSEgs4en populates 10-20% full-length and 80-90% NOSoxy-like

states, indicating that the mutation shifts the ensemble toward the undocked state (Figure 4b). This
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result is anticipated since the E546 residue facilitates the FMN-heme docking by electrostatic
interactions. Such putative perturbation by this mutation is based on prior studies by pulsed EPR
spectroscopy and the increased entropic barrier to ET based on temperature-dependent kinetics.!®
Our work herein reveals that the mutation also decreases the homogeneous broadening (Table 1),
indicating that a rapid fluctuation is suppressed. Since the mutation is on the FMN domain and the
CO ligand is in the oxygenase domain, the decreased homogeneous broadening of the CO must
arise from perturbation to the docked state. The removal of fluctuations of the charged side chain
of E546 itself explains the decreased homogeneous broadening, however another possibility is that
rapid fluctuations are suppressed within the oxygenase domain closer to the CO ligand. In either
case, the results indicate that perturbation of interactions at the interface of the domains is
transmitted to the active site within the oxygenase domain.

The few picoseconds timescale of the suppressed motions in the constructs capable of
FMN-oxygenase domain docking implicates rapid fluctuations. To some extent, the CO vibration
reflects its interaction with all parts of the proteins and solvent. Considering the sensitivity of the
CO frequency to H-bonding, fluctuations in the strong, short-range interactions of the CO and the
water and/or L-Arg substrate would substantially influence the CO frequency dynamics. However,
the observation that docking does not affect the steady state linear IR spectrum suggests that the
hydrogen bonding interactions are not greatly perturbed. An alternate explanation is a change in
the water or coupled water dynamics at the protein surface. Theoretical consideration of spectral
diffusion by analysis of MD simulations of CO ligated to myoglobin finds that rapid fluctuations
of surface water and coupled solvent-protein motion cause rapid fluctuations in the electric field
sensed at the CO within the heme pocket.**#* The individual interactions with the CO are weaker,

but there are many of them. The observation of slower dynamics in the constructs capable of
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forming the output state is consistent with displacement of rapidly fluctuating water solvent at the
surface of the oxygenase domain. Perturbation of the mobile water layer by addition of trehalose
or fructose similarly leads to slower spectral dynamics for CO ligated by hemoglobin, myoglobin,
H64V myoglobin, and M61A cytochrome C552.4 4> CO vibrations of metal carbonyl side chain
probes similarly report faster spectral dynamics when attached at surface-exposed than buried
locations and sensitivity to the addition of viscogens and crowding agents,*® 4’ supporting that
rapid water and solvent-coupled vibrations contribute to the spectral dynamics. Irrespective of the
molecular origins, our observation that formation of the output state of oxyFMN and iNOSgL
proteins results in slower dynamics sensed by the CO ligand indicates that docking of the FMN
domain leads to changes transmitted from the surface into the active site of the oxygenase domain.
Future analysis of the contributions of fluctuations of the L-Arg, active site water, surface water,
and coupled protein motions to the electric field at the CO can better illuminate the molecular
origins of the spectral diffusion of the CO ligand of iNOS.

The question arises whether the slower motions of the docked oxygenase domain detected
by 2D IR spectroscopy have functional consequences. Docking not only brings redox centers in
proximity but can also lead to the release of the solvent and formation of close protein-protein
contacts. The desolvation should reduce the number of through space hops by eliminating electron
transfer between water molecules and introduce Van der Waals interactions among the cofactors
and protein side chains that would promote ET between them.*¥-3! Such changes are consistent
with the slower dynamics measured for the constructs capable of forming the docked state, and we
speculate could promote efficient tunneling pathways. The model of the docked state and prior
functional studies for iNOS suggest that ET from the FMN domain to the heme in the oxygenase

domain is mediated by a conserved Trp residue (Trp366 in iNOS).!? The carbonyl backbone of
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Trp366 forms a H-bond with the L-Arg substrate, while the aromatic sidechain stacks with the
heme group.” Stronger Van der Waals interactions from tight packing of Trp366 with the
oxygenase heme cofactor, L-Arg substrate, and the FMN domain would enhance coupling through
the ET pathway.

Another possible consequence of the slower fluctuations associated with the slower
inhomogeneous dynamics measured for the iNOS constructs capable of forming the docked output
state is a decrease in the reorganization energy of ET. While 2D IR spectroscopy is not able to
capture the timescale of the slow component of the dynamics, if the timescale of motion becomes
slower than the ET reaction, the contribution of the motion to reorganization energy would be
eliminated.>*3>->* Such minimization of reorganization energy through protein-protein interactions
provides a possible mechanism to increase specificity in biological ET. Due to the critical function
of NOS for production of the signaling molecule NO, the additional control of ET through domain

association would serve to optimize signaling fidelity by minimizing undesired side reactions.

Conclusion

In this work, we used CO ligated to the heme center of the oxygenase domain to probe the
active site in iNOS constructs with varying ability to form a docked, output state. The ability to
form the docked state had no effect on the average electrostatic or hydrogen bonding interactions
of the CO, as evident from the identical linear FT IR spectra among the constructs. 2D IR
spectroscopy, however, revealed that the fluctuations sensed by the CO ligand are impacted by
docking. Slower dynamics associated with greater rigidity in the docked state could facilitate ET

pathways or reduce reorganization energy. Significantly, the study reveals how docking
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interactions at the oxygenase surface are transmitted to changes in the fluctuations sensed at the

active site with potential implications to catalysis.
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35 Figure 1. (a) Schematic representation of the full-length NOS protein depicting its oxygenase and
37 reductase domains, and CaM-binding region that connects the two domains. The FMN (yellow)
39 and FAD/NADPH subdomains (blue) in the reductase domain are illustrated. The NOS constructs
42 used in this work are also depicted. (b) The heme active site in the Fe(I[)-CO complex of L-Arg
44 bound rat nNOS oxygenase domain (pdb ID 2G6M). The hydrogen bonds around the CO ligand
46 are shown in dashes. Rat nNOS Trp587, the equivalent residue of murine iNOS Trp366, forms a
hydrogen bond with the bound L-Arg substrate via its backbone carbonyl oxygen atom. The heme

51 active site structures among the NOS isoforms are highly conserved.
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Figure 2. FTIR spectra of the CO ligand of iNOS constructs oxyFMN (black), NOSrL (red),

NOSoxy (green), and iNOSEs4sn (blue).
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Figure 3. Example 7Tw-dependent 2D IR spectra of oxyFMN, NOSFL, NOSoxy, and E546N iNOS.
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Figure 4. (a) Tw-dependent CLS decay curves (points) and fit (line) of each iNOS protein. Error

bars represent standard error from triplicate measurements. (b) Shifted CLS data for iNOSgs46n

(blue points), fit to exponential function (blue line), and fit to superposition of FFCFs determined

for oxyFMN and NOSoxy constructs (dashed magenta line).

Table 1. FFCF parameters from 2D IR spectroscopy and line widths of FT IR spectra for the iNOS

constructs.

I (cm™) Air(em™?)  T1(ps)  As(cm) TA? fwhm* (cm™)
NOSoxy 3.5+0.0 2.1+0.2 10 22+0.2 9.3 8.5+0.0
oxyFMN 25+04 1.4+0.1 3 2.8+0.1 9.8 8.4+0.0
NOSFL 25+0.1 1.4+£0.1 5 2.8+0.1 9.8 8.4+0.1
NOSEs46n 1.9+0.1 1.8 £0.1 7 2.5+0.1 9.5 83+0.0

“full-width-at-half-maximum of linear FT IR spectrum
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