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ABSTRACT: The production of nitric oxide by the nitric
oxide synthase (NOS) enzyme depends on the interdomain
electron transfer (IET) between the flavin mononucleotide
(FMN) and heme domains. Although the rate of this IET has
been measured by laser flash photolysis (LFP) for various
NOS proteins, no rigorous analysis of the relevant kinetic
equations was performed so far. In this work, we provide an
analytical solution of the kinetic equations underlying the LFP
approach. The derived expressions reveal that the bulk IET
rate is significantly affected by the conformational dynamics

IET in NOS: the role of conformational dynamics
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that determines the formation and dissociation rates of the docking complex between the FMN and heme domains. We show
that in order to informatively study the electron transfer across the NOS enzyme, LFP should be used in combination with other
spectroscopic methods that could directly probe the docking equilibrium and the conformational change rate constants. The
implications of the obtained analytical expressions for the interpretation of the LFP results from various native and modified
NOS proteins are discussed. The mathematical formulas derived in this work should also be applicable for interpreting the IET

kinetics in other modular redox enzymes.

B INTRODUCTION

Mammalian nitric oxide synthase (NOS) enzyme catalyzes the
five-electron oxidation of L-arginine (L-Arg) to NO and citrulline,
utilizing NADPH and O, as cosubstrates.* Structurally, NOS is
a homodimeric protein, each monomer of which consists of a C-
terminal electron-supplying reductase domain and an N-terminal
catalytic heme-containing oxygenase domain (the terms “oxy-
genase domain” and “heme domain” are interchangeable). The
reductase domain consists of a ferredoxin—NADP reductase
(FNR) (sub)domain, which contains binding sites for NADPH
(the electron source) and flavin adenine dinucleotide (FAD),
and a flavin mononucleotide (FMN) (sub)domain. The FMN
domain is connected to the FNR and heme domains by flexible
linkers, which allow it to shuttle between these terminal domains
to deliver the NADPH-derived electrons to the heme active site”’
where the NO production takes place.

The interdomain electron transfer (IET) processes represent
key steps in NOS catalysis."”> They are regulated by calmodulin
(CaM), which binds to the CaM-binding region of the linker
joining the FMN and heme domains. Although the CaM binding
to NOS has little to no effect on the thermodynamics of redox
processes,’ " it facilitates the IET from the FAD hydroquinone
to FMN semiquinone (FMNH®) within the reductase domain"'’
and enables the IET from the FMN hydroquinone (FMth) to
the catalytic heme iron in the heme domain.” This indicates that
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the NOS regulation by CaM is accomplished dynamically
through controlling conformational changes required for
effective IET."' ™"

As a direct way to measure the bulk FMN—heme IET rate in
NOS, alaser flash photolysis (LFP) approach has been applied to
wild type (wt) and mutant NOS enzymes of different isoforms
and domain composition (constructs) over the last decade.'*™**
So far, rigorous analysis of the LFP data using the relevant kinetic
equations has not been carried out. In particular, it was not
mathematically clear how the contributions of the intrinsic IET
rate constants and those describing the conformational dynamics
determine the observed (bulk) IET rate. In this work, we put the
analysis of LFP experimental results on a solid mathematical
ground by providing an analytical solution of the kinetic
equations in terms of the IET rate constants and presenting
approximate practical expressions that reveal the important
relationship between the bulk IET rate and the conformational
dynamics in NOS. In comparison with an earlier broadly related
work on the IET in tethered proteins by Kawatsu and Beratan,”’
our treatment is focused on the NOS system and the LFP
approach and includes the reversible IET and the gradual return
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of the system to the pre-IET state. The use of the obtained
expressions for the interpretation of the LFP results is discussed.

B RESULTS AND DISCUSSION

1. Structural Interconversions in NOS. The IET process in
the CaM-bound full-length NOS is a composite result of the

enzyme )céygél&ng through several conformational states (see

Intermediate state

I

& J

Figure 1. Conformational states of CaM-bound NOS. In the input state,
the FMN domain is docked to the FAD- and NADPH-binding FNR
domain, where it receives an electron to be transported to the heme
domain. In the intermediate state, the FMN domain is not docked to
other domains and is either transporting an electron toward the heme
domain or returns to the FNR domain for a new electron. In the output
state, the FMN domain is docked to the heme domain. In this state, the
intersubunit FMN—heme IET event takes place. In this work, the input
and intermediate states are combined into the undocked (with respect
to the FMN—heme docking) state, U, while the output state is referred
to as the docked state, D.

(i) The input state, where the FMN domain is docked to the
FNR domain containing the binding sites for FAD and
NADPH. In this state, the NADPH-derived electron is
transferred into FMN through FAD.

(ii) The intermediate (free) state, where the FMN domain is
undocked from both the FNR and heme domains. This is
the state of a large-scale motion between the two docking
positions and is characterized by a broad dynamic
conformational distribution.

(iii) The output state, where the FMN domain is docked to the
heme domain. This is the state where the FMN—heme

IET takes place and the electron is transferred out of the
FMN domain.

Since the FMN—heme IET event takes place in the FMN—
heme docked state (the output state in Figure 1), for the
purposes of this work, we can single this state out and refer to it
simply as the docked state (denoted by D, see Figure 1). The
input and intermediate states will be combined into a single
undocked (with respect to the FMN—heme domain docking)
state and denoted by U.

2. [ET Kinetics in a Laser Flash Photolysis Experiment.
We will specifically formulate the FMN—heme IET kinetics
problem in the context of the LFP experiment. In this
experiment, NOS is initially in the IET-inactive [Fe(IIl)][FMN]
state (I in Figure 2). The IET-ready state, R, is prepared by an
appropriate period (seconds) of illumination of the sample with
white light. At the R state, the heme center is ferrous, with the
CO ligand bound to the Fe(II) ion, while the FMN center is
partially reduced to FMN semiquinone, FMNH®. The IET is not
possible, however, because of the presence of CO ligand at the
heme center. The IET-active state, A, is achieved by a short (2—3
ns) laser pulse at 446 nm, which releases the CO ligand from the
heme center. The laser-induced CO dissociation results in a drop
of the midpoint potential of the heme and converts a good
electron acceptor (the Fe(II)—CO complex) into an electron
donor (the CO-free Fe(II) species) favoring the electron transfer
(ET) from Fe(II) to FMNH®. As a result of the heme—FMN
IET, the active state is converted to the final [Fe(III) ][FMN,]
state, F. A competing process of CO rebinding also converts the
active state back to the ready state. Thus, the I, R, A, and F states
differ mainly in the redox states of the heme iron and FMN
centers, although the difference between A and R is in the CO-
binding state of the ferrous heme center.

In Figure 2, U and D represent the FMN—heme undocked and
docked states, respectively; kpy and kyp are, respectively, the D
— Uand U — D conformational interconversion constants; kgr¢
and kgry, are, respectively, the forward and backward intrinsic ET
rates. In addition, the sum of kg r¢and kg, will be denoted as kgy.
The A — R conversion caused by the CO rebinding to the heme
is shown by a dashed arrow. The corresponding rate constant is
denoted by k,p. In addition to the formal kinetic description, the
following important physical details about the conformational
and intrinsic ET rate constants and the docked state should be
noted:

(i) kyp represents the diffusion-controlled frequency of
productive collisions between the FMN and heme domains,
where “productive” means the collisions that lead to the
formation of the docked state. As such, it depends on viscosity,
the presence or absence of the FNR domain in the studied NOS
protein (full-length enzyme vs bidomain oxygenase-FMN
construct, ie., the oxyFMN construct), and CaM-dependent
conformational flexibility limitations, as well as other factors,
including the ionic interactions between the charged surface
residues of the FMN and heme domains.

(i) kpy represents the inverse lifetime of the docking complex.
This lifetime is mostly determined by the FMN—heme domain
specific interactions, but it can also be affected by the presence or
absence of the FNR domain in the studied NOS enzyme. In
addition, the docking interaction between CaM and the heme
domain facilitates the formation of the FMN—heme domain
docking complex™ and is expected to decrease kpy.

(i) Most likely, the docking conformation itself exhibits a
certain structural disorder (extremely minor compared to the
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Figure 2. NOS redox states and relevant IET and conformational
change kinetics in the context of the LFP experiment.

broad structural distribution of the undocked state), with
constant interconversions between the docked substates.”> The
position changes in this process of “conformational sampling” are
relatively small and may not be clearly distinguishable in an
experiment (i.e., the experiment will only detect that the domains
are in close contact, with the interdomain distance and relative
orientation being distributed in narrow limits of just a few
angstroms and degrees). The efficient interdomain electron
tunneling only happens within a narrow range of possible
docking conformations, and thus the time spent on conforma-
tional sampling contributes to the intrinsic IET rate constants,
kgre and kgry, and can make them orders of magnitude smaller
than the ideal IET rate constants estimated using the protein ET
theory (see, for example, refs 26 and 27).

(iv) Like any diffusion process, the conformational sampling in
the docked state is mass-dependent. The FNR domain
represents an additional mass connected to the FMN domain
by a linker, and therefore it may hinder the conformational
sampling and result in slower intrinsic IET rates in a full-length
NOS as compared with the bidomain oxyFMN construct.
Because of the linker, the effect should be smaller than for a rigid
connection, but it cannot be excluded entirely.

In the LFP experiment the FMN—heme IET is monitored by
following the change in the optical absorption at specific
wavelengths where Fe(II) or FEMNH® dominates the spectrum.’
In nNOS and iNOS, the Fe(II) oxidation was observed at 460
and 465 nm, respectively.'””° The consumption of FMNH® was
monitored at 580—600 nm.”"** As both the ready and active
states contain the FMN and heme species, the total absorbance at
the selected wavelength 4, A;, can in general be expressed as

A; = g [A] + &[R] (1)

where &, and &g are the molar extinction coefficients in the active
and ready states, respectively.

/
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Figure 3. LFP trace obtained for the S562 mutant of human iNOS
oxyFMN. This trace is shown as an example to explain the typical
features of the kinetic data obtained in an LFP experiment. The
experimental details are described in the original work."

A typical A,(t) trace detected in an LFP experiment is shown
in Figure 3. During the initial stage (the IET phase) of the
processes, [R] is close to zero and practically does not change,
and the observed absorbance decrease is solely due to the
depopulation of the active state caused by the A — F forward ET.
As [A] decreases and [F] increases, the F — A backward ET
starts competing with the forward ET, which eventually leads to
an equilibration of the active and final state populations. The
observed absorbance change in the IET phase is usually
monoexponential, and the bulk IET rate constant is denoted
kigr. The total absorbance change in this process is referred to as
the IET amplitude.

At a longer time scale, the slow CO rebinding process starts
gradually converting the A state back to the R state. The
decreasing A state population is replenished from the F state
“while supplies last”. At the end, the system completely converts
back to the ready state. This increase of [R] is evidenced by the
increase of A, to the pre-IET state (see Figure 3). The rate
constant describing the CO rebinding process determined from
this part of the kinetics is denoted kco. The main goal of this
work is to establish the relationship between the observed rate
constants (kjzr and kco) and the intrinsic rate constants
indicated in Figure 2.

When the IET is initiated by a laser pulse, the system is in a
conformational equilibrium, with populations of the docked and
undocked states being:

[D]o = kUD[NOS]/(kUD + kDU)5
[U], = kpy[NOS]/(kyp + kpy) ()

where [NOS] is the total NOS concentration. The initial
populations of the ready and final states are [R], = 0 (the system
in the laser excited region is fully converted to the active state by
the laser pulse) and [F], = 0. These initial populations, along
with all necessary starting time derivatives that are readily
calculated from the kinetic equations (see below), are used to
calculate the pre-exponential factors in the solutions of the
kinetic equations.

The kinetic equations describing the processes indicated by
arrows in Figure 2 are
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(U] = (kUD + kyg)[U] + kpy[D]

[D] = kypl[U] = (kpy + ke + kap)[D] + kg [De]
[De] = kgre[D] = (kgr, + kpy)[Dg] + kyp[Ug]
[Ug] = —kup[Ug] + kpy[De]

[

R] = kg ([U] + [D])
3)

In these equations, the docked and undocked conformations in
the final state are denoted by Dy and Uy, respectively, to
distinguish them from the corresponding conformations in the
active state (see Figure 2). Note that the CO rebinding is
described as pseudo-first-order, although actually it is a
bimolecular process with the rate determined by k;,,,[NOS] X
[CO], where ki, is a bimolecular rate constant. This
simplification is valid because the CO concentration (mM
level) is much larger than that of NOS (10—20 zM), and thus kyg
in eqs 3 represents the product: ks = k;,,[CO].

Given the large number of kinetic equations, the simplicity of
the experimental LFP trace (Figure 3) appears striking. For
example, the IET phase of the kinetics is expected to be described
by up to four exponential functions, but only one is generally
observed. As shown below, the reason for this simplicity is the
fact that only one exponential function is slow enough to be
resolved and/or has large enough amplitude to be reliably
detected against the noise level. In this situation, the LFP
experiment can only yield a certain combination of the intrinsic
rate constants, which corresponds to the observed bulk IET rate.
As a result, although the experimental LFP traces can be
simulated by solving eqs 3 numerically, the kinetic parameters
obtained will not be unique. The analytical solution of eqs 3 will
provide a practical expression that can be used for good initial
estimates of the intrinsic rate constants, including the range of
their variation, which would potentially fit the experimental LFP
kinetics. It will also help better understand the kinetic
information obtainable in a typical LFP experiment.

The analytical solution of the full set of the equations involves
finding roots of the fourth order polynomial (actually a fifth order
polynomial, one of the roots of which is zero). While this is
possible (e.g.,, through a combination of resolvent cubic and
Cardano methods), such a solution will not be useful for simple
practical estimates because of its bulkiness and either the use of
trigonometric functions or multiple cubic and square roots. We
will therefore provide an approximate solution employing the
fact that in practice the CO rebinding rate is usually much slower
than the IET rate (see, e.g, Figure 3). We will approach the
problem in two stages, first considering the interconversion
between the A and F states without the CO rebinding (kg = 0)
and then accounting for the slow CO rebinding, while
maintaining an approximate equilibrium between the U and D
conformations within the active and final states.

3. IET without CO Rebinding: kg = 0. We will first
consider the kinetics without the CO rebinding. Solving eqs 3
with kyg = 0 gives three nonzero rate constants:

k.= kyp + k k—k5+ kj k
< — *uDp DU/ +—2 4 p’
k k?
ko=—=—, =k
2 4 P (4)

where k; = kyp + kpy + ke, k, = kgrkyp, and kgr = kgre + ke
The subscripts “s” and “p” in k; and k, stand for “sum” and
“product”, respectively. The subscript “c” in k. stands for
“conformational” and refers to the fact that k. is the rate constant
responsible for establishing the U < D conformational
equilibrium.

The active and final state populations are

[A] = A, exp(—k,t) + A_ exp(—k_t) + A;
[F] = [NOS] — [A] (5)

where:

k k
A, = —1 (% - :—‘)[NOS]

ky = k_ ET
A = & k_+ — kUD [NOS]
ky — k_\ kg k
k
A, = 2 [NOS]
kgt (6)

There is no exponent with k_in eq S (i.e,, its amplitude equals
zero) because this rate constant is responsible for maintaining the
U < D conformational equilibrium, which exists at the start and
is conserved in the IET reactions: [U] + [Ug] and [D] + [Dg] are
expressed only through each other using the kyp and kpy
conformational rate constants.

Let us consider the rates and amplitudes of the contributing
exponential functions in more detail. One can readily estimate:
kS _ kup kby

S

k, kg

k k k
+ £ 4o 4 DU 4 DU
kUDkET kUD ET UD

k k
=2(1 + ryp) + ((1 + rgp) 2 + ﬂ)
kET kUD

> 4(1 + ryp)
)

where ryp = [U],/[D], = kpy/kyp- The final inequality in eq 7 is
obtained by considering the sum in parentheses, which attains its
minimum at kgr/kyp = 1 + rgp. The pulsed EPR* and
fluorescence lifetime’’ >’ measurements show that in the CaM-
bound NOS, ryp > 2 (ie., [D], ~ 35% or less, depending on the
NOS isoform, mutation, and presence or absence of the FNR
domain; see Table 1), which immediately results in k/ ky > 12.
The square root in eq 4 can therefore be expanded with the
accuracy to the terms linear in k,/ k? to give:
k 3 k,

~ kg —

P
A (8)
which shows that k, > k_ (k,/k_ ~ ksz/kp > 12).

The exponential term corresponding to k, describes the fast
IET from (mostly) the docked state existing at the time of the
laser pulse. This term has a small amplitude: since k, >> k_ and
kyp < () kpy, it follows that for the general case, kpry/ (k, — k_)
< 1, and kyp/k, & kyp/kpy > k_/ker ~ kyp/(ktkgr), which
results in A, ~ (kyp/kpy)[NOS] < (<) A_. The k, term may
also be exceedingly fast to be detectable in a routine LFP
experiment.

The largest pre-exponent corresponds to the k_ term, which
describes the IET from (mostly) the state A population that is in
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Table 1. Bulk IET Rate Constants and the Ratios of
Undocked/Docked State Populations (ryp) in NOS Proteins”

. ke
NOS protein (s7) ref D ref
wt murine iNOS oxyFMN 850 22 2.6 32
wt full-length murine iNOS 35 19 >1" 3
wt human iNOS oxyFMN 343 16,19 =°
wt full-length human iNOS 35 19 -
ES46N human iNOS oxyFMN 139 14 -
$562 K human iNOS oxyFMN 192 15 -
C563R human iNOS oxyFMN 340 I -
R536E human iNOS oxyFMN 13.6 15 -
human iNOS oxyFMN + NCaM 93 18 -
wt rat nNOS oxyFMN; no CaM 22 21 >1" 29
wt rat nNOS oxyFMN with bound CaM 262 21 S.S 29
wt full-length rat nNOS 43 20,28 29 31
4.7 33
AR-deletion mutant of full-length rat 44 20 -
nNOS
wt full-length bovine eNOS 4.3 17 -

“The IET rate constants shown are the averages over the ranges given
in the references. ®>>1” indicates that no equilibrium docked state
population was reliably detected ([D], ~ 0). ““—” indicates that the
value is not determined/reported.

the undocked conformation at the time of the laser pulse.
Obviously, to engage in the ET process, these molecules should
first achieve the docked conformation. The active state
population kinetics is thus approximately monoexponential,
and k_ corresponds to the effective IET rate constant, kg,
obtained in LFP measurements (see Figure 3). Equating ki
with k_ one can write

[A] ~ [NOSJ(@ 4 Kt exp(—kmt))

ET ET

©)

where kipp = k_:

k k? kerkup
kpr=——— —ky ¥ ———————
2 4 ke + kyp + kpy (10)

Equation 10 represents a compilation of the expressions for k_ in
eqs 4 and 8 and is given for convenience of future reference.

As an example, Figure 4 shows the calculated active state
population for kpy = 10 ms™, kyp = 3.33 ms™ (ryp = 3) and
three different intrinsic IET rates corresponding to kg >> kpy,
ker = kpy, and kg << kpy (panels a, b, and , respectively). To
maximize the change in [A], the calculations were performed for
kgrp, = 0. Assuming kg, > 0 while keeping kgt the same would
only result in a decreased amplitude of the overall time-
dependent part of [A](t) because k,, k_, and A, /A_ only depend
on kg (see egs 4 and 5).

The black trace in each panel of Figure 4 represents an exact
solution of eqs 3 calculated using eqs 5 and 6. The green trace
represents a monoexponential approximation given by eq 9, with
kigr calculated using the exact expression in eq 10. The red trace
again represents a monoexponential approximation given by eq 9
but with ke calculated using the approximate expression in eq
10. Thus, the comparison between the black and green traces
shows the accuracy of a monoexponential approximation. The
comparison between the green and red traces tests the accuracy
of the approximate formula for kg in eq 10.

0.0
02
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0.8
1.0

0.00 0.05 0.10 0.I5 0.20 025
0.0
044
0.6
1.0

In([AV[A])

0.0 0.5

0.0
04
0.6
-0.8 4
1.0

¢ (ms)

Figure 4. Calculated kinetics of the active state population in an LFP
experiment for kg = 0 (no CO rebinding). Calculation parameters: kpy
=10 ms™; kyp = 3.33 ms™Y; kgp= 100, 10, and 1 ms™" in panels a, b, and
¢, respectively; kg, = 0. Black trace in each panel is calculated using the
exact expressions given by eqs 5 and 6. Green trace is a monoexponential
kinetic given by eq 9, calculated using the exact expression for kit in eq
10. Red trace is a monoexponential kinetic given by eq 9, calculated
using the approximate expression for kyzr in eq 10.

One can see that after the initial fast decay (with the relative
amplitude of ~kyp/kpy in panel a and progressively smaller in
panels b and c), the monoexponential model provides a good
description of the IET kinetic. The exact and approximate kpgy
values obtained from eq 10 are very close to each other. The
largest difference between them is observed for Figure 4b, and it
only amounts to about 7%.

The calculations shown in Figure 4 were performed for ryp =
3. The increase in ryp improves both the monoexponential
character of the overall kinetics and the agreement between the
exact and approximate estimates of kjpp. The decrease in ryp
obviously has the opposite eftect, but even for ryp = 1 the largest
difference between the exact and approximate ki estimates is
only 15%, and although the contribution of the fast exponent to
the exact kinetics calculated using eq S increases (~40% for kg
> kyp), the trace is still monoexponential for over 90% of the
observable timebase. The examples of the calculations for ryp =
10 and ryp = 1 are given in Supporting Information.

4. Accounting for the CO Rebinding: kyz # 0. In the
presence of CO rebinding, the analytical solution of the full
kinetic problem becomes problematic even in terms of obtaining
the approximate expressions. The situation is dramatically
simplified, however, by the fact that the rate of CO rebinding
process is usualbf much slower than the observed IET rate (see,
e.g., Figure 3)."7%* Since kygr < kyp < () kyp + kpy (see eq
10), the A and F states during the CO rebinding process
approximately maintain their U <> D conformational equilibria.
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One can thus formulate the problem in terms of the
interconversions between the active, ready, and final states,
without breaking them down into the docked and undocked
conformations:

[R] = kug[A]
[A] = —(kyg + Kap)[A] + kgy[F]
[F] = kyp[A] — kgs[F] (11)

where k,p and kg are the rate constants forthe A—» Fand F — A
transitions (accomplished by IET), respectively. Since the A and
F states are close to their internal conformational equilibria, these
rate constants are obviously equal to

kup kup
= Xkgri;  kpa =
kup + kpy

X kg,
kUD + kDU

kAF
(12)

(as obtained from, e.g., kyg[A] = kg{D]). The solution of eqs 11
gives two nonzero rate constants:

kCOs kéOs
kcos = 5 T4 e kcops
k — kCOs _ kéOs _ k
) \ 4 cor (13)

where ke, = kag + kg + kag and kco, = kagkea (“s” and “p” in the
subscripts stand for “sum” and “product”). Since kyp < (kyp,
ki), and thus (kco,)® 3> ko, one obtains:

k
kco+ ® kcos = kar + ﬁ;
k ~ kCOP _ kARkETb
co- ~ =
kcos  kar(1 + rgp) + kgp (14)

The larger rate constant, kcg,, is responsible for maintaining
the equilibrium between the A and F states, which the slow A —
R process described by k¢q_ tries to disbalance. The amplitude of
the exponent corresponding to k¢, in the solutions for [A], [R],
and [F] is proportional to kyp/kgy (< 1).

The larger pre-exponent corresponds to the kco_ term, which
describes the slow repopulation of the R state and the
corresponding depopulation of the A and F states due to the
CO rebinding process. The CO rebinding kinetics is thus
approximately monoexponential, and kco_ corresponds to the
apparent CO rebinding rate constant, kcq, obtained in the LFP
measurements (see Figure 3). Equating k¢ with kco_, one can
write

[R] ~ [NOS](1 — exp(—kcot));

[A] ~ [NOS]ETE exp(—kcot)
kgt (15)

and [F] = [NOS] — [A] — [R]. In these expressions, k¢ = kot

~ karkgry
kar(1 + rup) + kgr
(16)
Equation 16 represents a compilation of the expressions for kco_
in eqs 13 and 14 and is given for convenience of future reference.
It follows from eqs 15 and 16 that the slow conversion of the
NOS population to the ready state is only possible with kg, > 0.

kco = - — Kcop

If kgry, = 0, then also kg =0, and [R] & 0, as obtained from eq 15.
In this case, however, eq 15 becomes insufficient, and one has to
explicitly consider the rapid term described by k¢q.. Since for the
rapid term the internal conformational equilibrium condition
becomes invalid (because then kqq, = kcos > kup + kpy), the
problem has to be solved with the explicit account of the
conformational interconversions in the active state (for kg, =0,
the internal conformational dynamics of the final state is not
important). The rigorous analysis of the situation with kg, = 0
(see Supporting Information) shows that in this case the
population transferred to the ready state is very small (~k,p/
k) because the slow CO rebinding competes with a much
faster IET process. This small population transfer from the active
to the ready state occurs with the characteristic rate constant k,p
+ kgp & kgp (where ki is given by eq 10), ie., with the same
rate as the observed IET process. The slow component, k¢, is
obviously not observed in this case.

As an example, Figure 5 shows a comparison between the total
population of A and R states obtained by a numerical solution of
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Figure S. Calculated kinetics of the total population of the active and
ready states in an LFP experiment for ky > 0 (with CO rebinding).
Calculation parameters: kpy = 10 ms™; kyp = 3 ms™; kgre = kgpp, = S
ms™; kg = 0.03, 0.3, and 1 ms™" in panels a, b, and ¢, respectively. Black
trace in each panel represents a numerical solution of eqs 3 for [A] + [R].
Green trace is a monoexponential kinetics for [A] + [R] given by eqs 15,
calculated using the exact (for the equilibrium model) expression for k¢q
in eq 16. Red trace is a monoexponential kinetics for [A] + [R] given by
eqs 15, calculated using the approximate expression for ko in eq 16.

eqs 3 with the approximate [A] + [R] values estimated using eqs
1S (see Supporting Information for the numerical solution
details). The calculations correspond to kpy = 10 ms™; kyp = 3
ms™; kgre= kg, = S ms ™) kag = 0.03, 0.3,and 1 ms™" in panels a,
b, and c, respectively. The black trace in each panel represents a
numerical solution of eqs 3. The green trace represents a
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monoexponential approximation given by eqs 15, with kco
calculated using the exact (for the internal equilibrium model)
expression in eq 16. The red trace again represents a
monoexponential approximation given by eqs 15 but with ko
calculated using the approximate expression in eq 16. Thus, the
comparison between the black and green traces shows the
accuracy of the internal equilibrium model described by egs 11.
The comparison with the red trace tests the accuracy of the
approximate formula for kg given by the second part of eq 16.

With increasing kg, as expected, the exact analytical solution
using the equilibrium model becomes progressively further from
the numerical solution of eqs 3: in panels a, b, and ¢, the slope of
the green trace overestimates the asymptotic slope of the black
trace by 0.4%, 4%, and 15%, respectively. As explained below, this
overestimation of k¢ is mostly caused by the assumption of the
internal conformational equilibrium in the F state. Interestingly,
since the linear expansion of the square root in eq 16
underestimates the resulting rate constant, the approximate
expression for kcq is actually closer to the numerical solution
than the exact one, the errors for panels a, b, and ¢ being 0.3%,
1.4%, and 1.1%, respectively.

Since the active state converts back to the ready state with the
rate constant k,z from both conformations, U and D, the
conformational equilibrium in the active state is not very
important for the validity of the equilibrium model (i.e., the first
equation in eqs 11 is valid regardless of the internal equilibrium in
the A state). On the other hand, the final state connects to the
ready state through the ET from the docked conformation, Dy, to
the active state. This one-ended connection makes maintaining
the conformational equilibrium in the final state especially
important for the validity of the equilibrium model. In practical
terms, this means that the decrease in [Dg] caused by the CO
rebinding process should be timely compensated for by the net
population transfer from the undocked state, Ug. Therefore, one
can expect the equilibrium approximation to overestimate kcq
(by assuming instant conformational equilibration in the F state)
and to become progressively poorer for kyp comparable with or
smaller than k. Indeed, the calculation similar to that in Figure
5c but with kyp = 1 ms™" results in the relative errors of the
“exact” and “approximate” expressions of 45% and 24%,
respectively. The condition kyp = kp thus represents an
approximate applicability limit for the equilibrium model. In our
discussion of the experimental data below we will show that this
limit is practically never reached, and the equilibrium model in
most cases is adequate for describing the CO rebinding process.

5. Using kgr and kqq for Practical Estimates. There are
essentially three parameters that are measured in an LFP
experiment: kigr (eq 10), AA,, which is the change in A; due to
the IET, and k¢q (eq 16). The intrinsic CO rebinding rate, kyp,
can be measured separately for the NOS heme domain (NOSoxy
construct) using the same CO concentration as the actual IET
measurements. One can compare this rate with kg to establish if
the equilibrium approximation (eqs 11) is adequate for
describing the CO rebinding process in the actual experiments.
For all of the NOS proteins listed in Table 1, with the exception
of wt rat nNOS oxyFMN without CaM>' and bovine eNOS,"”
kigr is over 30 s™', while the measured kuy values are about 10
s™1.2V% Since kygy < kyp (see eq 10), kyp/kag > 3. For such kyp/
ks ratios, the approximate formula in eq 16 predicts the CO
rebinding kinetics with the accuracy of ~1% or better (see, e.g.,
the calculation in Figure Sc, which corresponds to kyp/kag = 3),
and thus the equilibrium model in the overwhelming majority of
cases is appropriate for the description of the CO rebinding

process. Should the validity of the equilibrium model for some
sample become questionable, the LFP experiment can be
repeated at a lower CO concentration. Since kyz & [CO]J, the
decrease in [CO] can establish the conditions appropriate for the
equilibrium model applicability.

Using the approximate expression in eq 16 and the
experimental values of k,g and kcp, one can estimate the ratio
of kg, and kg (and from there, kgpy,/kpre):

ke, keo

_ kco(l + ryp) - kc_o
kg kar ket kar (17)

The relative accuracy of the approximate equality in eq 17 is
obviously equal to kg (1+ryp)/kgr. We will show below, when
we discuss ki, that this approximation is sufficiently accurate for
all practical purposes.

As an example, a comparison between kup and k¢ constants
obtained in the same sets of experiments under identical
conditions shows that kap/kco is close to 2 (10 s™'/5.6 s™* for
NOSoxy/oxyFMN constructs of murine iNOS** or 10.6 s™'/3.8
s7! for rat nNOS™"). It thus follows from eq 17 that kg, & kg
which is in agreement with the expectations based on the fact that
Fe(III) /Fe(II) and FMNH®/FMN,,, are nearly isopotential.**
One has to note, however, that caution should be exercised when
correlating the intrinsic ET rates, kgre and kgpy,, with the redox
potentials because these rates are also probably affected to alarge
degree by the conformational sampling (the adjustment of the
domain alignment in the docking complex). Unfortunately, at
this point, it is not possible to fully address this problem because
the exact information about the absolute ET rates is not available
(see below).

The “IET kinetic amplitude”, AA), can also give information
about the ratio of the forward and backward ET constants:

Ay, = g([A], - [Al.)
eA@ [NOS]
kg

= g—A[Nos]
1+ kgry/kgre (18)

where [A], and [A],, are the active state concentrations at t = 0
and t — oo (or more practically, the time when [A] and [F]
approximately equilibrate before the onset of the CO rebinding
process), respectively. The accuracy of such estimates using AA,
however, would be significantly lower because they require
accurate knowledge of [NOS] and ¢,.

Let us now consider the observed IET rate constant, kgr. If the
intrinsic ET rate is much faster than the rates of conformational
interconversions (kg > kyp, kpy), then eq 10 simplifies to kjp
~ kyp. In this case, the observed IET rate constant is obviously
determined by the rate of formation of the docked state, kyp. If
kgr is comparable with the docked state dissociation rate (kgp ~
kpy > (>>) kyp), then kjpr becomes sensitive to kpy: kipr =~
kgrkup/ (kgrtkpy). For still smaller kgy (kgr < kyp < (<) kpy),
this trend continues, and the observed IET rate becomes highly
sensitive to kpy: kgr =X kgrkyp/kpy. Similar approximate
expressions were obtained for a bimolecular ET in the pseudo-
first-order limit, when the acceptor concentration was considered
much greater than that of the donor.”?

To determine the intrinsic ET rate(s), one can rewrite the
approximate equality in eq 11 as
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_ kIET(kUD + kDU)

ker = > (1 + ryp)kgy

kup — kgt (19)

The conformational rate constants, kpy and kyp, are not
known separately, and only their ratio, ryp, has been measured
(in the form of [U],/[D], population ratio, see eq 2) for some of
the NOS preparations by pulsed EPR and fluorescence lifetime
measurements; see Table 1. Therefore, at this stage, one can only
estimate the range of possible kg values corresponding to the
value of kit measured in an experiment.

As follows from eq 10, kgt < kyp, but kigp — kyp for kgr — .
Conversely, assuming kr = kyp results in kg = oo, which
represents the upper limit of possible kg values. The lower limit
is obtained by assuming kjer << kyp, in which case the minimal
kgr is given by the last expression in eq 19. To estimate the
specific value of kg, an absolute measurement of the
conformational rate constants is necessary. One has to note,
however, that since kg is mostly determined by the conforma-
tional sampling rather than the tunneling limit, it should be
comparable with the conformational change rate constants. The
lower bound of kg given by eq. 19 should thus be close (within
an order of magnitude) to the actual kg value.

Equation 19 and the experimental data in Table 1 can be used
for validating the approximate expression in eq 17. As mentioned
above, the relative error of this expression is kag(1+ryp)/kgr <
kar/kigT, where the inequality follows from eq 19. For many full-
length NOS enzymes in Table 1 (with the exception of bovine
eNOS), kiy is within the range of 35—45 s™!. Using ky ~ 10
s71,7*? one can estimate the potential error of the approximate
expression in eq 17 to be about 25% or smaller. Similar analysis
can be performed for the bidomain oxyFMN constructs, where
the kjpy rate constants range between 262 s~ (wt rat nNOS
oxyFMN"") and 850 s™! (wt murine iNOS oxyFMN**). The
potential error of the approximate eq 17 in this case is smaller
than 5%.

Some examples of using eq 10 for preliminary interpretation of
experimental kjgp values summarized in Table 1 are discussed
below.

(i) The bulk IET rates can be used to estimate the minimal
intrinsic kg rate constants using eq 19 and the experimental ryp
values. The inspection of Table 1 shows, however, that while
there is a substantial number of kjzr entries, the ryp, values have
only been measured for a limited number of samples. Moreover,
even the available ryp values most likely contain significant
inaccuracies (partly resulting from difficulties in the interpreta-
tion/assignment of the fluorescence components with different
lifetimes), as can be deduced from the fact that some of them are
mutually contradictory. For example, for nNOS oxyFMN
without bound CaM, [D], ~ 0 was measured by pulsed EPR,*
but at the same time, the [D], values of ~12%* and 19%°" were
estimated by FMN fluorescence lifetime measurements for the
full-length nNOS without CaM (where the [D], values should be
smaller than for the oxyFMN construct). As another example,
different ryp values for the full-length rat nNOS with bound CaM
resulted from two fluorescence lifetime measurements®"** (see
Table 1).

It is thus obvious that the conformational equilibrium
measurements lag significantly behind the IET rate measure-
ments both in number and, potentially, in accuracy, and at
present can only be considered with great caution. For
comparative considerations, we will therefore only use the ryp
values obtained by the same technique in the same set of
measurements (there is currently only one example of such,

given by the full-length murine iNOS and the corresponding
oxyFMN construct™”).

For the minimal kg estimates, we can use the overall minimal
rup = 2.6 listed in Table 1. Although this value is for the oxyFMN
construct, the minimal available ryp, for a full-length enzyme is
not much greater (ryp = 2.9 for the full-length rat nNOS*").
Thus, from kipr = 850 s~! in murine iNOS oxyFMN, the minimal
kgr = 3060 s™! can be estimated. Similarly, the minimal kg of
about 940 s™! can be estimated from kjpp = 262 s~' for the
oxyFMN construct of rat nNOS. If, however, ryp =& S.5
determined for this enzyme by pulsed EPR* is used, then the
minimal intrinsic ET rate becomes kgp & 1700 s, significantly
closer to that estimated for iINOS oxyFMN.

For the full-length enzymes (excluding bovine eNOS), the
bulk IET rates are within the range of 35—45 s~!, which results in
minimal kgp ~ 135—175 s7! (for ryp = 2.9°") or about twice
greater using ryp = 4.7.%® These estimated minimal kg values are
much smaller than those for the oxyFMN constructs, but it is not
clear if such a cross-experiment comparison of minimal kg values
would be meaningful at present, given the potential ryp accuracy
problems discussed above.

For the wt full-length bovine eNOS, the bulk IET rate is low
(only 4.3 + 157"). Based on the fluorescence lifetime data for the
wt eNOS,” ryp is estimated to be 4.0. The minimal kg value for
the wt bovine eNOS is thus 22 + 5 s~*. For comparison, ryp = 8.6
+ 2.9 and 6 + 2 can be obtained from the fluorescence decay and
single-molecule fluorescence trajectory data for the S1179D
mutant of bovine eNOS.*" The larger ryp found for the mutant
eNOS contradicts the expectation that ryp should be significantly
smaller than in the wt because the phosphomimetic mutation
doubles the synthase activity and has a stabilizing effect on the
FMN—-heme docking complex.*>*” This again suggests that the
available ryp values are rather qualitative and might contain
significant inaccuracies. Therefore, it is not clear if the slow bulk
IET rate in eNOS is due to the decrease in kgp or an increase in
rup and kpy, or both. Nonetheless, the minimal kgp value for
eNOS is obviously much smaller than those of nANOS and iNOS.

(i) As mentioned above, the kyy values for the full-length
enzymes are significantly smaller than that observed for the
oxyFMN construct: 355" vs. 850 s in murine iNOS, 35 s™" vs.
343 57! in human iNOS, and 43 s vs. 262 s ! in CaM-bound rat
nNOS. Since in a full-length enzyme the FMN domain spends
part of the time docked to the FNR domain (see Figure 1), the
rate of formation of the FMN—heme docked state in a full-length
protein is slower than in the corresponding oxyFMN construct.
This results in decrease of kg, which is proportional to kyp. The
rup data for murine iNOS (full-length vs. oxyFMN) that were
obtained in the same set of fluorescence lifetime experiments>
support these considerations. In addition, it is plausible that
either kpy or kg, or both, are also affected by the presence or
absence of the FNR domain in the studied protein. The complete
understanding of the changes will only be possible when the
direct experimental data on the conformational rate constants
become available.

(iti) The IET rate in the oxyFMN construct of rat nNOS
without CaM is an order of magnitude slower than in the enzyme
with CaM (see Table 1). This can qualitatively be rationalized by
considering the fact that the bound CaM facilitates the
FMN—-heme domain docking (through its own docking to the
heme domain),” and without CaM either kg, becomes very
small or kp; becomes very large, or both.

(iv) The experiments with human iNOS oxyFMN mutated at
the FMN - heme domain linker (S562K, CS63R, and R536E
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mutations, see Table 1) have resulted in a decrease of k1 for two
of the mutants, S562K and RS36E, with the effect for RS36E
being especially dramatic (~25-fold decrease of kizr). The most
likely reason for the observed IET rate changes is the decrease of
kyp. Such a strong effect of the RS36E mutation is conceivable
because the CaM-binding region of the FMN - heme domain
linker together with CaM forms a hinge and pivots on the
R536(NOS)/E47(CaM) pair.*®

(v) The diffusion controlled kyp depends on the solvent
viscosity. Unless kyp, 3> (kpy, kgr), kgt o kyp, and it is expected
that kg should become smaller as viscosity increases. Indeed, an
approximately linear correlation between the viscosity and 1/kjgy
was observed.'

(vi) The ES46N mutation of human iNOS oxyFMN has
resulted in a 2.5-fold decrease of kjgr, and a comparable (~2-
fold) increase in ryp was observed.'* The conserved E546
residue is located on the FMN domain surface and is involved in
the FMN - heme domain docking interface. The observed
decrease in kg in this case is most likely related to the increase in

kpy-

Bl CONCLUSIONS

In this work, we have provided an analytical solution of kinetic
equations describing the NOS LFP experiments. The exact and
approximate formulas expressing the observed bulk IET and CO
rebinding rates through the intrinsic rate constants will be useful
for interpreting the LFP data from various native and modified
NOS enzymes. The analysis of these expressions has revealed
that in order to fully interpret the LEP results in terms of the
intrinsic ET rates, direct experimental data on the docking
equilibrium and conformational change rate constants are
necessary. The equilibrium data can be obtained by pulsed
EPR? and/or fluorescence lifetime>! measurements, while the
absolute conformational rate constants may be measurable usin
single-molecule fluorescence resonance energy transfer.’”*”** A
combined approach consisting of all these measurements and
numerical simulations of the IET kinetics using either a
numerical solution of the kinetic equations or their exact
solution without the CO rebinding obtained in this work will
allow one to achieve a detailed understanding of the role of
various structural and dynamic factors in determining the NOS
IET and NO production efficiency. In particular, it would be
interesting to conduct this kind of study in parallel for the three
NOS isoforms and correlate the intrinsic rate constants with the
FMN---heme distances in the FMN/heme docking complexes.41
Such a work will significantly advance our understanding of the
structural determinants underlying the significantly different IET
rates.

The mathematical expressions derived in this work will also be
applicable, with minor modifications, for interpreting the IET
kinetics in other modular enzymes whose function depends on
conformational mobility, e.g., sulfite oxidase™ or the Rieske
protein of the cytochrome bcl complex.”” This work should
inspire further systematic measurements of the conformational
change rates and conformational equilibria, and investigations of
their effect on the electron transfer efficiency in modular

enzymes.
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