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Abstract Heme-thiolate enzymes, notably cytochromes P450 and nitric oxide synthases,
use dioxygen to oxygenate substrates. Photoactive metal-diimine molecular wires that
are capable of effecting rapid redox state changes at buried active sites have been de-
veloped to generate intermediates in the catalytic cycles of these enzymes. Wires that
feature a photoactive head group tethered to an active-site ligand bind P450CAM and
inducible nitric oxide synthase (iNOS) primarily by hydrophobic interactions. The wire-
binding specificity of each enzyme is critically dependent on the structural flexibility of
the protein. P450CAM:wire conjugates can adopt open or partially open conformations,
thereby accommodating a wide range of wires, whereas only long wires with smaller
[Re(CO)3(bpy)Im]* head groups are able to bind tightly in the rigid active-site chan-
nel of iNOS. Dansyl-terminated molecular wires function as highly sensitive and isoform
specific fluorescent sensors for P450CAM.

Keywords Molecular Wires - Cytochromes P450 - Nitric Oxide Synthase -
Photochemistry - Electron Transfer
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178 S.M. Contakes et al.

CPR cytochrome P450 reductase

EB ethylbenzene

eNOS endothelial nitric oxide synthase
ET electron transfer

FAD flavin adenosine dinucleotide
FET fluorescence energy transfer
FMN flavin mononucleotide

iNOS inducible nitric oxide synthase

iNOS,x, oxygenase domain of inducible NOS
NADPH nicotinamide adenosine dinucleotide hydride
NHE normal hydrogen electrode

nNOS neuronal nitric oxide synthase
NOS nitric oxide synthase
P450 cytochrome P450

P450BM3 cytochrome P450 from Bacillus megaterium
P450CAM cytochrome P450 from Pseudomonas putida

pdx putidaredoxin
tm tetramethyl
1

Probing Enzymes with Molecular Wires

The definitive characterization of catalytically relevant metalloenzyme redox
states is a major challenge in bioinorganic chemistry research, as many redox-
active intermediates are formed after the rate-determining steps in catalytic
cycles. High-valent compound I and II ferryl species, such as those postulated
to effect substrate oxidation in cytochrome P450 and nitric oxide synthase
(NOS) reaction cycles, are particularly prominent examples. Both P450 and
NOS employ a cysteine-coordinated heme oxygenase domain to activate oxy-
gen through multiple electron transfer (ET) processes: in class I P450CAM
systems, a terminal oxygenase domain receives its electrons from NADPH via
a FAD containing cytochrome P450 reductase (CPR) domain; in class II drug
metabolizing P450 [1, 2] systems, the NADPH reducing equivalents are deliv-
ered to an unusual diflavin (FAD and FMN) containing CPR module fused
onto its oxygenase domain [3,4]. NOS isoforms employ fused diflavin con-
taining domains similar to those of the class II P450s [4].

Although ferryl intermediates of horseradish peroxidase and microperoxi-
dase-8 have been produced in reactions with photogenerated [Ru(bpy)3 13 [5],
analogous experiments with P450s were unsuccessful, presumably due to the
inefficiency of electron transfer from the buried heme active site through the
protein backbone [6]. Photoactive molecular wires (sometimes referred to
as metal-diimine wires, sensitizer-tethered substrates, or electron tunneling
wires) were developed to circumvent this problem by providing a direct ET
pathway between [Ru(bpy) 3]°* and the heme. These molecular wires, which
combine the excellent photophysical properties of metal-diimine complexes
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with the facile electron tunneling properties of molecular chains, can be
used to generate reactive redox states associated with buried enzyme ac-
tive sites: a case in point is work in which we successfully generated several
novel cytochrome P450 redox states using flash-quench methods [6]. Our in-
vestigations also have revealed key factors that contribute to the binding of
molecular wires to several different metalloenzymes, including cytochrome
P450CAM [7-11], inducible nitric oxide synthase [12, 13], Arthrobacter globi-
formis amine oxidase [14, 15], myeloperoxidase [16], and lipoxygenase [17];
and crystallographic analyses of enzyme:wire conjugates have shed light
on conformational changes associated with substrate binding and product
egress [7-9]. Importantly, we have demonstrated that molecular wires can
function as enzyme inhibitors [15], fluorescent sensors [10, 11], and electro-
chemical sensors [14].

Molecular wires consist of a ligand with affinity for a buried active site
tethered to a head group that binds at the active-site channel surface (Fig. 1).
The head group is optimized for the desired functionality: electron tunneling
wires employ Ru!! or Re! diimine complexes; certain other fluorescent sen-
sors use dyes such as dansyl [10, 11] or fluorescein [16], and electrochemical
wire sensors contain thiol or pyrene groups that can be attached to electrode
surfaces [14]. The tether, which connects the ligand and head groups and re-
sides in the substrate access channel, provides an electron tunneling pathway
for injection or abstraction of electrons to and from the active site. The head
group, tether, and ligand can be optimized to bind the enzyme of interest.
In favorable cases, studies of enzyme:wire complexes reveal the factors that
govern substrate specificity for a given enzyme.

We turn our attention now to cytochromes P450 and inducible nitric oxide
synthase, where certain key features of wire:protein interactions have been
elucidated.

Head Group

Tether

Substrate ]
or =
Ligand

Fig.1 Electron tunneling wires consist of a substrate or ligand tethered to a redox-active
head group
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2
Molecular Wires for Cytochromes P450

The heme-thiolate cytochromes P450 (P450) catalyze regio- and stereospe-
cific reactions under physiological conditions [18-20], including the hydrox-
ylation of hydrocarbons (Equation Eq. 1), alkene epoxidation, heteroatom
(N,S) oxidation, dealkylation, and (anaerobic) dehalogenation [21].

R-H+ NAD(P)H + H" + O, — R—OH + NAD(P)* + H,0 (1)

In vivo activities include hormone biosynthesis, xenobiotic elimination, drug
(de-)activation, and carcinogenesis [22], while potential in vitro applications
range from chemical synthesis [23] to biosensing [24].

Central to P450 catalysis is electron transfer. The catalytic cycle (Scheme 1)
involves two one-electron reductions: catalysis is initiated with the first, while
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the overall rate is limited by the second. Much effort has been expended
to investigate the factors that govern ET to and from P450 heme centers in
order to understand the catalytic mechanism and ultimately harness P450
oxidation chemistry for in vitro applications. The ability to access and char-
acterize compound I is central to the understanding of P450 function. While
several heroic attempts have been made to observe such high-valent species
in the catalytic cycle [25-28], none has led to definitive characterization of
compound I.

We developed molecular wires with the goal of generating P450-1 and II
by direct photooxidation of the P450 heme. Although our work with electron
tunneling wires has demonstrated the feasibility of photochemically induc-
ing P450 redox reactions, definitive characterization of catalytically relevant
intermediates has yet to be realized [29]. Nevertheless, our work has illumi-
nated several features of P450 catalysis. P450 wire binding profiles illustrate
the factors that govern substrate binding in the active site and its channel.
Crystallographic studies of P450:wire complexes reveal novel open conforma-
tions that provide insight into the role of low-lying conformational states in
P450's ability to oxygenate a wide range of substrates under conditions that
require exclusion of water from the active-site channel. Wires also have been
developed for use as highly selective isoform-specific fluorescent sensors for
P450CAM.

2.1
Binding

The molecular wires developed for use with P450 isoforms are shown in
Fig. 2. The structures, binding affinities, and ET properties of P450-wire
conjugates vary widely, depending on the nature of the tethers and termi-
nal groups, although all employ neutral or positively charged head groups
(Table 1).

All of the molecular wires in Fig. 2 are isoform specific: they reversibly
bind P450CAM to form conjugates with micromolar to nanomolar dissocia-
tion constants; but they do not bind P450BM3 [30]. This selectivity parallels
the substrate profiles of the two enzymes: while P450CAM shows maximal ac-
tivity with adamantyl-like substrates, P450BM3 prefers long chain fatty acids.
P450BM3 has an arginine (Arg?’) at the mouth of the putative substrate access
channel, which has been proposed to stabilize the carboxylate group of bound
fatty acid substrates [31]. Since positively charged head groups interact unfa-
vorably with this Arg residue, we have designed wires with negatively charged
sensitizers to probe P450BM3 [32].

All of our P450CAM molecular wires bind in the active-site channel, as
established by the Ru—Fe heme distances (< 22.1 A) determined by flu-
orescence energy transfer (FET), crystallographic analyses, and competi-
tion experiments with the natural substrate (camphor). Imidazole-terminated
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Fig.3 Dependence of K4 on tether length for P450: [Ru — C, — EB]?* complexes

metal-diimine wires directly ligate the heme Fe, as evidenced by a shift in
the Soret peak from 416 to 420 nm [6, 33]. Notably, the spectral shift indi-
cates that water is not fully displaced from the active site [34-36], a result
that differs from the complete heme ligation observed with imidazole, sug-
gesting that there is greater accessibility of water to the heme in the open
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P450:wire complex (Sect. 2.2) [35]. Perhaps not surprisingly, full ligation
of the heme can be achieved for ferrous P450, for which water is a poor
ligand [35].

Wires terminated by hydrophobic substrates are incapable of coordinating
the heme directly. When these wires bind P450CAM, water may or may not
be displaced from the active site. Alkyl-tethered wires with ethylbenzene sub-
strates do not produce significant changes in heme ligation or spin state on
binding [35], whereas alkyl and perfluorobiphenyl-tethered adamantyl wires
cause partial displacement of coordinated water from the active site [34-36].

The dissociation constants for P450CAM:wire complexes depend on the
nature of the substrate, tether, and head group (Table 1); they reflect the neu-
tral hydrophobic character of the P450CAM active-site channel. The highest
binding constants are observed for wires containing hydrophobic substrates
such as adamantyl and ethylbenzene. Interestingly, wires terminated with
imidazole groups ligate the heme but bind ca. 4-20 times more weakly; for
example, [Ru — Fobpy]?* binds more tightly than [Ru — Fgbpy — Im]?*, sug-
gesting that the imidazole actually destabilizes the P450:wire complex, con-
sistent with an energetic penalty associated with desolvation of imidazole
on binding in the hydrophobic active site [35] Evidence also indicates that
there is greater accessibility of water to the active site in the open P450 con-
formation of the P450CAM:wire complex [9], as P450CAM displays 100-fold
discrimination between 1-phenyl imidazole (K4 = 0.4 pM) and 4-phenyl im-
idazole (K4 = 40 pM) [37, 38]. Hydrophobic linker and head groups promote
tight binding, as can be seen by the lower dissociation constants in P450:wire
complexes containing perfluorobiphenyl linkers and the 10-fold decrease in
K4 observed for [tmRu — Fgbpy — Im]?* vs. [Ru— Fgbpy — Im]%*. The tether
length also is a factor (Fig. 3): K4 values exhibit a slight tether length de-
pendence in wires where the tether is long enough to permit access of the
substrate group to the heme, whereas wires with shorter tethers bind much
more weakly or not at all.

The A and A enantiomers of wires with metal tris-chelate head groups
interact differently with the chiral P450CAM active-site channel. Experi-
ments with enantiopure A- and A-[Ru-Cgy— Ad]Cl, wires indicate that
the lambda enantiomer binds ~ 1.5-2 times more tightly even though
the Ru—Fe distances are indistinguishable [39]. The small difference in
Kgs for the two enantiomers suggests that hydrophobic interactions with
the adamantyl substrate are more important than induced fit of the head
group at the mouth of the active-site channel. The slight preferential bind-
ing of A-[Ru—Cg—Ad]Cl, may be due to more favorable hydrophobic
m-stacking interactions between the bpy groups and Phe!®* and Tyr?,
a proposal consistent with the P450CAM:[Ru — Cy — Ad]** crystal structure
(Sect. 2.2) [39].
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2.2
Probing Open States

Crystal structures have been reported for conjugates between P450CAM
and [Ru—Co—Ad]?** [11], [Ru-Fgbpy — Ad]** [8], D-4-Ad [9], and D-§-
Ad [9, 10]. Several of the P450CAM:wire structures are shown in Fig. 4 along
with that of P450CAM: camphor [9, 33]. In the camphor complex (Fig. 4a),
P450CAM possesses a native closed structure in which there is no clear path
to the buried heme. In the P450:wire conjugates, the adamantyl substrate
groups are bound in the active site and occupy similar positions to that ob-
served in the P450:adamantane complex [40]. The tether/head group traces
a path to the enzyme surface and forces P450CAM into an open conformation
witha ca. 11 A wideand 22 A deep channel [8, 9]. In the P450CAM open con-
formation, the F and G helices are displaced ca. 1 helical turn across the I
helix so that the F/G domain moves away from the P450CAM f-sheet domain
(Fig. 5) [8,9]. The F/G loop and certain other residues along the E, F, and G
helices function as hinges to facilitate this movement (Fig. 6) [9], while long
side chains on the F, G, and I helices allow hydrogen bonding contacts be-
tween the F/G domain and the I helix [8]. The H helix and the N-terminus
of the I helix move with the G helix so as to further maintain interhelical
contacts.

Fig.4 Cutaway views of the crystallographically determined structures of P450CAM wire
complexes: (a) Comparison of the closed P450CAM conformation in its complex with
camphor (top) and the open conformation adopted in its complex with D-8-Ad (bottom)
(reproduced by permission from [9]). (b) Structure of the P450CAM: [Ru— Cy — Ad]?*
complex compared with (¢) a model of the P450CAM: [tmRu — Fgbpy — Im]?* complex.
Reproduced by permission from [33]
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Fig.5 Comparison between the structure of P450CAM bound to A [Ru — Cg — Ad]?* and
B adamantane illustrating the displacement of the F/G subdomain across the I helix
that occurs on formation of the P450CAM: [Ru — Cy — Ad]?* complex. C Structure of the
P450CAM: [Ru — Cg — Ad]** complex showing contacts between the E, G, I, and H helices.
Reproduced with permission from [8]

Molecular wires with shorter tethers or more sterically demanding head
groups are accommodated mainly by opening of the F/G subdomain,
not by changes in substrate coordination at the active site. The extreme
open conformation occurs in conjugates with [Ru—Co—Ad]?* [11] and
[Ru— Fgbpy — Ad]** [8], which possess bulky [Ru(bpy)s;]?>* head groups.
Binding of the smaller D-4-Ad and D-8-Ad wires produces increasingly
smaller conformational changes that involve the disruption of fewer interhe-
lix interactions (Fig. 6) [9]. In particular, salt bridges and hydrogen bonding
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D-4-Ad

Fig.6 Molecular structures of the P450CAM: D-8-Ad (top) and P450CAM: D-4-Ad (bot-
tom) complexes showing the specific domains that are significantly displaced on wire
binding (blue) by rotational motion about hinge residues (red) that undergo large (¢/v)
changes. The axis of the rotational motion is shown as a black arrow. Reproduced with
permission from [9]

interactions between the F and I and B’ and G helices are disrupted in the
more open D-4-Ad complex, while only interactions between the F and I
helices are broken in the D-8-Ad complex [9]. The overall effect of D-8-
Ad binding is a more localized retraction of the F helix from the closed
position, whereas D-4-Ad causes an additional retraction of the G helix. Es-
sentially, these interactions permit the F/G subdomain to act as an adjustable
clamp to hold the wire in place while excluding excess water from the active
site [8].

The conformational movements associated with formation of open struc-
tures affect the positions of several catalytically important residues in the
active site. The I helix bulge, which controls the water structure about the
heme, and the catalytically relevant Asp?®! and Thr?*? residues are displaced
into positions similar to those observed on dioxygen binding (Fig. 7) [9]. In
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P450cam closed P450cam-0,

D251

K178

N255

P450cam open P450BM-3

Fig.7 Comparison of the active-site structures of native (closed) PA50CAM, P450CAM: O,
open P450CAM, and P450BM3. Reproduced with permission from [8]

particular, Asp®!, which has been implicated in proton delivery to the active

site, becomes hydrated on formation of the open conformation.

It is likely that these open conformations correspond to the structures of
transient intermediates that are formed when substrates enter or products
leave the active site [9]. The F/G loop occupies similar positions in other
P450 isoforms, including substrate-free P450BM3 and P450NOR [41-43], and
it is disordered in the crystal structures of P450terp and P4502C5 [44, 45].
The transient existence of open intermediates is supported by photo-
acoustic calorimetry [46,47], cooperative substrate hydroxylation [48] and
mutagenesis studies, [49] as well as computer simulations [50-52] with a var-
iety of P450 isoforms.

Interestingly, P450:wire conjugates in the open conformation show cata-
lytic activity. When P450:[Ru — Cog — Ad]** was treated with NADH in the
presence of Pdx and Pdx reductase, the reductant was consumed at a rate of
8 +2 mol/min/pumol P450, whereas product assays showed 10% formation of
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the hydroxylated wire, [Ru—Cy — Ad — OH]?* [35]. Control experiments with
2-adamantylacetamide revealed a turnover rate of ~ 90 20 mol min~! jumol
P45071. The lower rate observed for P450:[Ru — Co — Ad]** could be a con-
sequence of conformational changes near Asp*>! and Thr?>? associated with
[Ru— Co — Ad]?* binding.

The crystallographic structures of wire:P450CAM complexes further un-
derscore the importance of hydrophobic contacts for wire binding. The most
striking results have been obtained for the complex with [Ru — Fgbpy — Ad]**
which possesses an electron-poor octafluorobiphenyl tether that is capable
of forming strong parallel and perpendicular m-stacking interactions with
electron-rich aromatic residues along the enzyme channel. As shown in Fig. 8,
close contacts are made with Tyr?’, Phe!®®, Thr®, and Tyr%. Of these, Phe!®
is parallel to one of the octaﬁu0r0b1pheny1 rings with a 3.4 A face-to-face
distance, while Phe®” and Tyr” are perpendicular to the biphenyl ring [8].

The results with alkyl-tethered wires further illuminate the wire:P450CAM
interactions that can be exploited in inhibitor design. In these complexes,
the hydrocarbon tether contacts hydrophobic residues along the active-
site channel, 11e’*>, Phe!®?, Phe?’, and Tyr®®, many of which also are in-
volved in binding the biphenyl moiety of [Ru — Fgbpy — Ad]** [8]. The flex-
ible hydrocarbon tether permits the adamantyl moiety to adopt a favorable
conformation in the active-site pocket, making extensive hydrophobic con-
tacts with Leu?*, Thr!%!, 11e>, Val?®>, Thr®*?, and Gly**3. Complexes with
hydrocarbon-tethered wires also make hydrogen bonding contacts between
the adamantyl amide carbonyl and Tyr®® that are analogous to those ob-
served between Tyr’® and the camphor ketone in the native enzyme [53].
In the [Ru—-Co—Ad]** [11] and [Ru- Fgbpy—Ad]?* [8] structures, the

.
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Fig.8 Structure of [Ru— Fgbpy — Ad]?* bound to P450CAM showing interaction of the
[Ru(bpy)s;]%* head group and octafluorobiphenyl tether with aromatic residues lining the
active-site channel
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[Ru(bpy) 3]** head groups of the A and A enantiomers occupy different
positions, making hydrophobic contacts with Tyr?® and Pro!®’. These inter-
actions at the mouth of the active-site channel contribute to substrate binding
and serve to anchor the head group in place. Indeed, the hydrocarbon tether
in the [Ru— Fgbpy — Ad]** complex is not fully extended and FET measure-
ments (Table 1) indicate that the Ru-heme distance does not vary with tether
length in other alkyl-tethered P450CAM:wire complexes.

Consistent with the above findings, multiple binding modes have been ob-
served in the external portion of the D-8-Ad wire bound to P450CAM. The
dansyl group is found in different conformations on the surface of the protein
in two separate crystals of D-8-Ad bound to P450CAM, whereas the inner por-
tions of the wire are bound identically (Fig. 9). Interestingly, the interactions
of the dansyl groups with the protein are very similar in each of these confor-
mations, owing to the rather symmetric disposition of Pro® on the B helix
and Pro'¥ in the F/G loop.

Even after extensive structural characterization, one aspect of P450CAM
binding to D-8-Ad remains puzzling. Addition of either D-8-Ad or D-4-Ad
to P450CAM causes a partial spin-state shift (as judged by changes in the
heme Soret absorbance) and efficient quenching of dansyl fluorescence (FET
to the heme) [10]. Titration of camphor into samples of either complex causes
a spin-state shift, consistent with binding of camphor at the enzyme ac-
tive site. However, while camphor addition to the P450CAM:D-4-Ad complex

Fig.9 Crystal structures of two separate crystals of P450CAM bound to D-8-Ad at 1.45 A
(left) and 2.2 A (right) resolution. In the higher resolution structure the dansyl group is
found to make an interaction with Pro187 in the F/G loop while in the other crystal the
dansyl is packed in a similar way against Pro89 of the B’ helix
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Fig.10 Comparison of the refined protein backbone ribbons for P450CAM complexed
with D-8-Ad (cyan), D-4-Ad (green), and D-8-Ad with camphor (blue)

causes a recovery of fluorescence, indicating camphor induced release of the
wire, no fluorescence recovery is observed when camphor is added to the
P450CAM:D-8-Ad complex. This finding suggests that camphor binding to
the protein does not lead to displacement of the D-8-Ad wire.

The 1.9 A crystal structure of P450CAM in the presence of both D-8-Ad
and camphor reveals that the F/G region is in a more open conformation than
either D-8-Ad or D-4-Ad alone (Fig. 10). In addition, a segment of the B’ helix
is more disordered than in the absence of camphor and significant movement
is seen in the I helix. Further, the wire electron density occupies the approxi-
mate location observed in the camphor-free P450CAM: wire structure, but it
is not as well resolved. Unfortunately, because of the possible presence of D-
8-Ad and/or camphor in the substrate channel, the camphor position in this
structure could not be unambiguously defined, although solution measure-
ments suggest that camphor binds at the active site, but does not completely
displace the D-8-Ad wire from the channel. Apparently, P4A50CAM can simul-
taneously bind wire and camphor by further opening of the flexible active-site
channel.

23
Sensing

The photophysical and selective binding properties of molecular wires have
been exploited to develop highly sensitive and selective fluorescent probes
of active sites (Fig. 11). Initial work using alkyl-tethered [Ru(bpy)3]2+—based
wires established the feasibility of selectively detecting P450CAM at sub-
micromolar concentrations by monitoring the decrease in emission life-
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Fig.11 Principle of FET detection with P450: wires showing the “light to dark” method
for enzyme detection and “dark to light” method for inhibitor screening

time on binding [11]. These assays were found to be highly specific for
P450CAM: no change in wire lifetime was observed for other heme proteins,
including yeast cytochrome c, horse skeletal muscle myoglobin, bovine li-
pase, cytochrome bs, bovine liver catalase, recombinant yeast cytochrome ¢
peroxidase, and horseradish peroxidase [11]. Based on these results, wires
consisting of a dansyl fluorophore tethered to an adamantyl substrate via
an o,w-diaminoalkane tether were developed as highly sensitive optical
probes for inhibitor screening [10]. These wires bind P450CAM tightly (K4 ~
0.02-0.83 uM) and exhibit greatly decreased fluorescence in the presence of
P450CAM which, in the case of D-4-Ad, can be restored by competition with
other substrates, such as camphor (Fig. 12).

Luminescence competition assay

2 yM D-4-Ad
+1eq.
P450cam
0.5 eq. cam
2.0 eg. cam
4.0 eq. cam
16 eq. cam
64 eq. cam

fluorescence (arb.)
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Fig.12 Fluorescence spectra of D-4-Ad showing the loss of emission on addition of one
equivalent of P450CAM and recovery of emission on addition of camphor



Conjugates of Heme-Thiolate Enzymes with Photoactive Metal-Diimine Wires 195

3
Molecular Wires for Inducible Nitric Oxide Synthase

NOS is an important signaling enzyme that synthesizes L-citrulline and ni-
tric oxide (NO) from L-arginine and O, via two turnovers in a P450-like
catalytic cycle (Scheme 2). NOS participates in physiological processes such
as neurotransmission, vasodilation, and immune response [54, 55]. Improper
regulation of NO production can lead to diseases such as septic shock, heart
disease, arthritis, and diabetes.

Three isoforms of NOS are produced in mammalian cells: neuronal
(nNOS), endothelial (eNOS), and inducible (iNOS) [55]. All NOS isoforms
exist as homodimers with a C-terminal FMN-FAD fused reductase domain,
an N-terminal oxygenase domain, and a calmodulin binding sequence at
the interface of the two domains. The NOS catalytic mechanism is compli-
cated and requires O,, NADPH, FMN, FAD, Ca?*, calmodulin, tetrahydro-
biopterin (BHy), and heme to effect the five-electron oxidation of L-arginine
to L-citrulline and NO. Consumed in this process are 1.5 equivalents of
NADPH and 2 equivalents of O,.

The differences in structures and redox partners between the two classes
of P450 and NOS enzymes give rise to differences in reduction potentials and
electron transfer mechanisms. The fusion of the oxygenase domain to its di-
flavin reductase domain facilitates ET (of relevance here is that P450 BM3 has
the highest mono-oxygenase activity of all P450s [56]).

We have employed molecular wire complexes to probe the ET mechanisms
of iNOS. Although we have yet to definitively characterize an iNOS:wire con-

ArgOH H,0
‘ '\_'ZO ArgOH

Arg
Arg F‘eS‘ Fe3*
S NO + cit s‘ {
[
|‘=e

Fe®*  FMNH :
? ArgO Fe3* FMNH,
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OH, N OH, s y
F‘ez4 Fez
-
2H- s 2H+. \
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F‘e“ ‘
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First turnover Second turnover

Scheme 2 Proposed NOS catalytic cycle
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jugate by X-ray diffraction, our work has elucidated the factors that govern
substrate binding in the iNOS active-site channel and on the enzyme surface.
Furthermore, comparison of these results with those obtained with P450CAM
has shed light on the energetics of wire-enzyme complexation.

3.1
Binding

Given the mechanistic similarities between P450 and NOS, our initial work
with iNOS focused on molecular wires that are structurally similar to those
employed with P450CAM [12, 57]. In addition, most experiments involved the
oxygenase domain of inducible NOS (iNOScyy), with N-terminal truncations
at amino acid residue 65 (NOS A65) and residue 114 (NOS A114). Structural
differences between the two truncated iNOS species play an important role
in wire inhibition and binding: NOS A114 exists mainly in monomeric form,
whereas NOS A65 exists in equilibrium between monomeric and dimeric
states and forms tight dimers in the presence of L-arginine and tetrahydro-
biopterin (BH4) [58]. The NOS monomer has an exposed active site, while
NOS dimer has a more constricted access channel.

Molecular wires with [Ru(bpy)3]2Jr head groups that bind A65 and A114
iNOS,yy are shown in Fig. 13. Most of these wires are extremely hydropho-

Ru-phen-F,bp Ru-Fzbp-IM

Ru-F bp

Fig.13 Ruthenium wires that bind iNOSyy
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bic, owing in part to a decafluorobiphenyl tether. The hydrophobicity of
these complexes is further increased by addition of adamantyl groups to the
decafluorobiphenyl ring and/or the use of 4,4',5,5 -tetramethylbipyridine co-
ligands at the ruthenium center.

Wire binding to iNOS was quantified in work involving both time-
resolved and steady-state emission experiments. The results confirm that
iNOS:wire conjugates have nanomolar or low micromolar dissociation con-
stants (Table 2) and that the wire binding interactions are not significantly
affected by co-binding of L-arginine and BHy. In each truncated form (A65
and A114 iNOS.yy), there is substantial energy transfer quenching of the
Ru(II) MLCT excited state. FET kinetics indicate that the wires bind the pro-
tein such that the head group is positioned within ca. 18-21 A of the heme
active site. Our analyses of the absorption spectra of iNOS:wire conjugates
suggest that the steric bulk of the substrate group and the tether length
govern the mode of wire binding. Interestingly, only the weakest binding wire,
[Ru — Fgbp — Im]*, which ligates the heme Fe, displaces L-arginine from the
active site.

Based on modeling work, it is not likely that [Ru — Fobp]?* and [Ru — phen —
Fobp]?* will fit in the active-site channel of A65, owing to the bulk of the
[Ru(bpy)3]2Jr head group (Fig. 14b) [13,36,59]. Examination of the FET-
determined distances suggests that these wires bind either to the iNOS sur-
face or the mouth of active-site channel but are too short to reach the deeply
buried active site. Modeling indicates that [Ru— Fgbp — Ad]** cannot reach
the active sites of A65 or A114 iNOS.yy, owing to the steric bulk of the
adamantyl group, although [Ru - Fgbp — Im]** should be able to bind to
the more open active site of monomeric A114 iNOSoxy (Fig. 14). In add-
ition, the presence of excess electron density at a concave hydrophobic patch
on the oxygenase-reductase interface surface in a partial crystal structure
of iNOS:[Ru— Fgbp — Ad]?* is consistent with wire binding at this surface
position [36, 59].

Our results confirm that the iNOS active-site channel is considerably less
plastic than that of P450CAM. In addition, they suggest that ruthenium wires
could inhibit iNOS activity by blocking electron transfer between the reduc-
tase and oxygenase domains.

Table2 iNOS:wire conjugates

Wire All4 A65 A65 + arg + BHy Refs.
(Kg, pM) (Kg, pM) (Kg, pM)
[Ru—phen — Fobp]?* - 0.5 £0.15 - [59]
[Ru — Fobp]2* 0.71£0.09 0.54 £0.04 1.7 0.4 [57]
[Ru — Fgbp — Im]2* 7.1 +04 65 +£2.4 7.2 +£34 [57]
[ ]

Ru - Fgbp — Ad]* 0.88+0.15 0.58+0.16 0.89+0.15 [57
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Fig.14 A Model of [Ru-Fgbp—Im]** bound to the exposed heme of NOS All4.
B Model of [Ru(bpy)3]2+ docked at the proposed oxygenase-reductase interface. Repro-
duced from [13]

In related work, we found that use of a smaller head group, [Re(CO)3(bpy)
(Im)]™* [60], promotes wire binding to the deeply buried iNOS active site. The
four rhenium wires that have been investigated most extensively as probes of
iNOSoxy are shown in Fig. 15 [12, 36].

All four wires bind in the active-site channel of the enzyme with low mi-
cromolar or nanomolar dissociation constants (Table 3). Analysis of the heme
Soret suggests that the active-site structure converts from six-coordinate
low-spin to five-coordinate high-spin in complexes with [Re —Im — Fobp]™*
and [Re —Im - C3 — Fobp]*, indicative of water displacement from the heme
region. The two imidazole-terminated wires, [Re—Im —Fgbp —Im]* and
[Re —Im — C3 — Fgbp — Im]™*, both displace water and ligate the heme, as
judged by observation of the characteristic “low-spin shift” of the heme Soret
band.

In summary, our results show that wires with sterically demanding
[Ru(bpy)s]** head groups bind with low-micromolar to nanomolar disso-
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Fig.15 Rhenium wires that bind iNOSxy

Table3 Dissociation constants for Re wires with A65 iNOSqyy

Wire A65, Kq (WM)Wire A65, Ky (LM)
[Re — Im — Fobp]™* 1.4 [Re — Im - C3 — Fobp]* <10
[Re — Im — Fgbp — Im]*0.13 [Re — Im — C3 — Fgbp — Im]* <10

ciation constants to the iNOS surface, presumably at the oxygenase and
reductase interface, whereas wires with [Re(CO);(bpy)(Im)]* head groups
bind in the active-site channel with similar affinities [13]. When compared
to the remarkable indifference of P450CAM:wire stability to the steric bulk of
the head group, these results underscore the importance of protein plasticity
in wire binding. Additionally, the remarkable disparity in structure between
the rhenium channel-binding wires and the natural substrate, L-arginine,
suggests that binding is driven principally by hydrophobic interactions with
active-site channel residues [13].

3.2
Sensing

While we have not aggressively attempted to develop fluorescent sensors for
iNOS, FET and ET quenching by the heme of the MLCT excited states of
[Ru(bpy)3]?* and [Re(CO)3(bpy)(Im)]* head groups enable the wires shown
in Fig. 13 and 15 to function as effective “light-to-dark” probes of the en-
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Fig.16 A Time-resolved and B steady-state luminescence of [Re — Im — Fgbp — Im]* in the
presence of iNOS,yy. Reproduced from [12]

zyme. The most promising of these are the rhenium-based wires, whose
MLCT excited states are strongly quenched by ultrafast ET to the iNOS heme
(Fig. 16) [12,13,36]. Given the ability of iNOS to form wire complexes with
nanomolar dissociation constants, it should be possible to develop extremely
sensitive dansyl or fluorescein-based FET wire sensors for the enzyme.

4
Conclusions

Photoactive wire probes are powerful tools for studying protein mechanism
and function, enabling rapid photogeneration of reactive enzyme redox states
and systematic study of the structural factors that govern substrate binding
and promiscuity. Additionally, they show promise as high affinity and isoform
specific fluorescent protein sensors, electrochemical probes, and crystallo-
graphic tools for studying the open states of enzymes.

Through an understanding of the structure of the native enzyme, we have
designed selective probes that successfully target and interrogate P450CAM
and iNOS. In turn, structural studies of wire-enzyme complexes have pro-
vided a wealth of information. They have elucidated the chemical features
that dictate the binding mode and affinity for the enzyme, and have revealed
the conformational flexibility of the protein, trapping structures that mimic
transient intermediates associated with substrate binding through catalysis to
product release.

Working at the interface of chemistry and biology, we are exploiting tech-
niques at the two extremes of the time scale for protein research: ultrafast
photoreduction of the enzyme by these metal-diimine wires affords access to
catalytic intermediates on the time scale of electron transfer, while X-ray crys-
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tallography of enzyme:wire conjugates provides complementary snapshots
of static structures. The goal of fast reduction of a deeply buried heme via
a wire has been accomplished with iNOS, while detailed structural analyses
with a variety of wires have provided new information about the conforma-
tional states of P450CAM, and has offered clues for creating inhibitors that
take advantage of its structural flexibility.
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