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Abstract

Molecules with photosensitizers attached to substrates (Wilker et a., Angew. Chem. Int. Ed. 38 (1999) 90-92) or cofactors (Hamachi
et a., J. Am. Chem. Soc. 121 (1999) 5500-5506) can rapidly deliver redox equivalents to buried active sites. The structure of cytochrome
P450_,,,, (P450) co-crystallized with a prototypal sensitizer-substrate, [Ru-C,-Ad]Cl,, has been determined (Dmochowski et al., Proc.
Natl. Acad. Sci. USA 96 (1999) 12987-12990); and, in separate UV—vis absorption and time-resolved luminescence experiments, the
binding of the A and A enantiomers of Ru-C,-Ad to P450 has been measured. The results, K, (A/A)~2, indicate that the bipyridyl ligands
of the A isomer interact more favorably with hydrophobic residues at the entrance to the substrate channel. We conclude that
enantiospecific interactions may be exploited in the design of enzyme-metallosubstrate conjugates. [0 2000 Elsevier Science S.A. All

rights reserved.
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1. Introduction

Much attention is being given to the design, synthesis,
and employment of molecular probes of enzyme structure
and function [1-11], owing in part to the abundance of
naturally occurring cavity proteins [12—15] and in part to
the power of site-directed mutagenesis to modify existing
cavities and create new substrate binding sites [16—20].
Especially appealing targets are the cytochromes P450 (an
important family of monooxygenases involved in drug
metabolism and steroid biosynthesis) because they possess
hydrophobic pockets capable of sequestering a wide
variety of substrates [21].

We have found that substrates and ligands attached via
an akyl chain to the inorganic photosensitizer
[Ru(bpy),]** (where bpy is 2,2'-bipyriding) bind P450
reversibly [1] with high affinity (K;~1 wM) and specificity
[3]. The substrate [Ru-C4,-Ad]Cl, (Scheme 1) was recently
crystallized with P450 and the X-ray structure determined
to 1.55 A (PDB code, 1gmq; Fig. 1) [3]. Electron density
(data not shown) from the ruthenium and bipyridyl ligands
appears in multiple positions near the substrate channel,
thereby indicating either considerable mobility of the
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{Ru(bpy).}*" moiety or the existence of stable enzyme-Ru
conjugates that could correspond to specific interactions of
A and A enantiomers with the protein surface. High
thermal factors for the {Ru(bpy),}*" moiety in the crystal
structure prevented unambiguous assignment of either
isomer. The inherent chirality of both P450 and
{Ru(bpy).}*" raises the possibility that hydrophobic inter-
actions with aromatic residues at the channel entrance
favor the binding of one isomer relative to the other. We
have probed this potential enantioselectivity by resolving
the A and A [Ru-C4-Ad]Cl, isomers and comparing their
affinities for P450.

Chromatographic techniques using SP Sephadex C-25
with chira eluents have been developed for the separation
of many enantiomeric ruthenium polypyridyl complexes
[22-25]. The Sephadex ion-exchange matrix itself is
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Scheme 1. Sensitizer-linked substrate, Ru-Cy-Ad.
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Fig. 1. Crystal structure of the P450_,.,:Ru-C,-Ad conjugate. Although both A and A isomers are present, only A (magents) is shown. The substituted
bipyridyl ligand sits at the mouth of the cavity in close proximity to several hydrophobic residues, including Phe 193 and Tyr 29 (blue). The Ru-substrate
amide carbonyl (red) hydrogen bonds to Tyr 96 (green). The adamantyl moiety resides in the heme pocket, much like the substrate adamantane.
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chiral, sinceit is made of dextran, a 3-dimensional network
of cross-linked p-glucose units. Interestingly, the ability of
dextran to achieve chiral resolutions of d° (Re', Ru", Os',
Co"', Rh'") polypyridyl compounds is greatly enhanced
by the addition of tartrate salts [26]. X-ray structures of
these metal complexes crystallized with aromatic tartrate
counterions (i.e., (+)-O,0’-di-4-toluoyl-p-tartrate) show
well-ordered stacking interactions between the ditoluoyl
and phenanthroline groups [24]. Well-defined structures
incorporating a variety of organic salts also have been
observed in solution by *H NMR [22]. Aromatic stacking
has been implicated as a major factor in the mechanism of
stereoisomer separation with these eluents [24], and pro-
vides a mechanism for chiral discrimination by the en-
zyme. In our work, sodium (—)-O,0’-dibenzoyl-L-tartrate
was chosen for the isolation of the (*)-[Ru-Cg4-Ad]Cl,
isomers because it most efficiently resolves the parent
compound, [Ru(bpy),(Me,bpy)]Cl, (Me,bpy is 4,4'-di-
methyl-2,2'-bipyridine) [27].

Time-resolved luminescence measurements precisely
quantify the binding of Ru-substrates to P450 [1,3]. Laser
excitation of the Ru-protein solutions yields biphasic
luminescence kinetics. The faster quenching process (k=
4—14x10° s™*, depending on substrate and chain length)
has been identified as Forster energy transfer from Ru®**
to the heme [3]. The slower luminescence decay process
(7~500 ns9) is the same as that of Ru’"* in deoxygenated
solution. Thus, dissociation constants can be calculated
from the quenched fraction of [Ru-substrate]”"* lumines-
cence. Traditional P450 substrate-binding assays rely on
monitoring the low-to-high-spin shift (417392 nm)
associated with water loss from a ferric-aquo heme. Time-
resolved emission profiles much more reliably assess the
affinity of substrates (e.g., (*=)-[Ru-C4-Ad]Cl,) that dis-
place little water from the channel and only dlightly
perturb the spin state of the heme.

2. Materials and methods
2.1. Protein preparation

Cytochrome P450_,,, was overexpressed in E. coli TBY
cells from plasmid pUS200 [28] and purified in the
presence of camphor with slight modification to standard
procedures [29].

2.2. Yynthesis of [Ru-C,-Ad/Cl,

2.2.1. General procedures

All manipulations were conducted under an argon
atmosphere using standard Schlenk techniques. Solvents
used for synthesis were dried, degassed and distilled
according to standard procedures [30,31]. Reactions were

performed at room temperature unless otherwise stated.
NMR spectra were recorded on a General Electric QE300.

222 bpy-C4y-Ad

Thionyl chloride (24.50 g, 206 mmol) and 8-bromooc-
tanoic acid (5.46 g, 24.5 mmol) were combined and
refluxed for 1.5 h. Excess SOCI, was removed by vacuum
to yield a brown liquid that was dissolved in ether (20 ml)
and transferred to an addition funnel. The acid chloride
was added over 20 min to an ether (20 ml) solution of
2-adamantanamine hydrochloride (11.97 g, 63.8 mmol)
and triethylamine (22.50 g, 222 mmol) chilled in an ice
bath. The resulting slurry was stirred a 0°C for 3 h and
then overnight at room temperature. The reaction solution
was added to water (75 ml) and extracted with ether (75
ml) in a separatory funnel. After washing the organic layer
with 0.1 M HCI (3X75 ml), water (2X75 ml), and
saturated brine (2X75 ml), the solution was dried over
MgSO, and solvent removed by rotary evaporation. The
off-white solid was used directly without purification for
attachment to Me,bpy.

Diisopropylamine (8.09 g, 79.9 mmol), n-butyl lithium
(80 mmol in hexanes), and cold THF (25 ml) were
combined in a 500 ml Schlenk flask at 0°C. A cold solution
of 4,4'-dimethyl-2,2'-bipyridine (6.41 g, 34.8 mmol) in
THF (180 ml) was added by cannula over 15 min, and was
gtirred for an additional 15 min. The amide was dissolved
in THF (120 ml) and cannulated dropwise into the
bipyridine, turning the solution from burgundy to black.
After 3 h on an ice bath, the reaction was alowed to
proceed overnight at room temperature. The reaction
solution was transferred to a separatory funnel with water
(250 ml) and extracted with ether (150 ml). The organic
layer was washed with saturated NaHCO, (2X125 ml),
water (3X300 ml), and saturated brine (2200 ml). After
drying with MgSO, and vacuum, a beige solid was
obtained. The product was eluted as the second band by
silica gel column chromatography (3:2 ethyl acetate/hex-
anes). Yield was 3.40 g (30.2% based on 8-bromooctanoic
acid) of a pale yellow oil. "H NMR (CDCl,): 8 1-2 (m's),
2.20 (t, CH,-amide), 2.42 (s, bpy-CH,), 2.59 (t, bpy-CH,),
4.09 (m), 5.79 (M), 7.21 (d, bpy 5 and 5'), 8.23 (s, bpy 3
and 3'), 8.58 (d, bpy 6 and 6").

2.2.3. [Ru(bpy),(bpy-Cy-Ad)/Cl,
The ligand bpy-C,-Ad (505 mg, 1.10 mmol) and cis-

[Ru(bpy),Cl,] (538.6 mg, 1.04 mmol) were combined
with 5:1 water/ethanol (18 ml) and refluxed for 12 h.
Solvent was removed under vacuum and the dark red solid
was dissolved in water (60 ml). This agueous solution was
combined with a solution of NH,PF, (1.20 g, 7.36 mmol)
in water (20 ml) to yield an orange precipitate. The
agueous slurry was extracted with CH,CI, (75 ml); the
organic layer was washed with 1 M HCl (2X50 ml), 1 M
NaOH (2x50 ml), and water (2X75 ml) prior to rotary
evaporation. The PF, salt of this ruthenium complex was
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purified by silica gel flash chromatography (column dimen-
sions 30x4.5 cm) employing an eluent of 3% methanol in
CH,Cl,. Pure product PF, sat was found in elution
volumes 550—1300 ml. Further product could be obtained
by running a second column on the initial 200550 ml.
Volumes 550-1300 ml were combined and dried by rotary
evaporation. In order to metathesize the ruthenium com-
plex to the Cl~ salt, the purified PF, salt was dissolved in
MeOH (10 ml) and loaded onto a CM Sepharose cation-
exchange column (2x13 cm). The column was washed
with water (600 ml) and 25 mM NaCl (600 ml). The
ruthenium complex was then eluted with 500 mM NaCl
(300 ml) and dried by vacuum. The desired
[Ru(bpy),(bpy-C,-Ad)]CI, was isolated from the NaCl-
containing solid by repeated washings with CH,CI,,
followed by filtering and drying under vacuum. Yield of
the dark red solid was 195 mg (20.0%). Yields of this
procedure are generally 20—30%, and approach 60% with
repeated column chromatography on the crude reaction
mixture. '"H NMR (CD,Cl,): 8 0.8-2 (m’s), 2.21 (t, CH,-
amide), 2.65 (s, bpy’-CH,), 2.78 (t, bpy’-CH,), 3.62 (m),
3.95 (m), 6.32 (m), 7.23 (m), 7.45 (m), 7.70 (M), 8.18 (m),
8.77 (9), 8.80 (9), 9.20 (m). LRMS (electrospray, positive
ion) calcd for CyoHy,N,ORU (M+H™) m/z 874, found
874. UV-vis [\ (Ae), H,0]: 206 nm (74,200), 244
(26,000), 286 (80,100), 454 (14,500).

2.3. Chiral resolution of (#)-/Ru-C,-Ad/Cl,

Circular dichroism (CD) spectra were measured on
samples dissolved in acetonitrile (50-100 wM) using an
Aviv Model 62A DS spectropolarimeter. Chiral separation
was achieved by cation-exchange chromatography (SP
Sephadex C-25, Fluka) using 50 mM sodium (—)-O,0’-
dibenzoyl-L-tartrate as the eluent. The agueous tartrate
solution was prepared by neutralization of the acid with
two equivalents of NaOH, followed by filtration to remove
insoluble impurities. Racemic [Ru-C,-Ad]Cl, (4 mg) was
loaded onto a column (dimensions 120X3.5 cm) covered
with aluminum foil to eliminate the possibility of photo-
racemization. Eluent flow was regulated (~1 ml/min) with
a peristaltic pump. The resolution of two bands occurred
after traversing an effective column length (ECL) of 2 m.
Upon separation, the Sephadex was expelled from the
column with air, and the first and second bands were
collected and soaked in acetonitrile to remove Ru from the
dextran. The red solutions were rotary evaporated at room
temperature, redissolved in water, and metathesized by
ion-exchange to their chloride salts. Band 1 (the first eluted
fraction) had a negative rotation and was assigned the A
absolute configuration based on the CD characteristics of
similar complexes [24]. CD [\ (A€), CH,CN]: A-(—): 227
nm (+26), 240 (+23), 260 (—10), 278 (+134), 294
(+307), 325 (+18), 365 (+11), 424 (+19), 476 (—15);
A-(+): 227 (—27), 240 (—23), 260 (+7), 278 (—126), 294
(+281), 325 (—17), 365 (—11), 424 (—19), 476 (+13).

24. K, determination

A Hewlett-Packard 8452A spectrophotometer was used
to collect UV—vis data. Buffer conditions were 50 mM
potassium phosphate, 100 mM potassium chloride, pH 7.4
for all protein solutions (~ 5 wM P450). UV—vis titrations
were performed at 20°C with stirring (500 rpm) using a
Hewlett-Packard 89090A stirrer/temperature controller. A
and A-[Ru-C,-Ad]Cl, displace little water from the ferric-
aquo heme and binding results in only 30% conversion to
the high-spin species, due, presumably, to the abundance
of water in Ru-bound (open) structure. Thus, affinities
were determined by the ability of these complexes to
inhibit the low- to high-spin transition produced by
camphor. Concentrated ethanolic stock solutions of cam-
phor titrated in small aliquots (0.5-1.0 pl) into the protein
solutions gave the desired range of camphor concentrations
(250 nM—2 mM). The concentration of ethanol never
exceeded 1% of the total volume. Apparent dissociation
constants of camphor, Kg, were spectroscopically deter-
mined at three concentrations (0—20 pM, 99% bound) of
both Ru-C4-Ad isomers. Kg was calculated by fitting the
data to 1/AA vs. 1/[S], the slope of which yields K/
([E]JA€) from the relationship 1/AA=((Ks/[S])+1)/
([E]A€), where AA is the absorbance change from the
initial value, [§] is the concentration of camphor, [E] is the
concentration of P450, and Ae is the difference in molar
absorptivity between [Ru-Cg-Ad]- and camphor-bound
P450. Absorbance changes were recorded at 392 and 416
nm. Values of K|, the equilibrium constant between Ru-
bound and camphor-bound P450, were determined for both
isomers by plotting Ky against the Ru-C,-Ad concen-
tration. The dissociation constants, Ky, of (*)-[Ru-Cg-
Ad]Cl, were calculated based on a single-substrate binding
model (Fig. 2).

2.5. K, determination

Emission experiments were conducted under similar
conditions (20°C, buffered solutions, 5 wM in both Ru-

K cam

ES + Ru E+S+Ru

ERu + S

Fig. 2. Binding of asingle substrate to P450: by definition, K, =K_,./K,
where K, is the dissociation constant of camphor (in the absence of
Ru-substrate), and K, is the equilibrium constant between camphor- and
ruthenium-bound P450, spectroscopically determined by measuring the
dissociation constant of camphor at multiple Ru concentrations. Lumines-
cence experiments measure K, directly.
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substrate and protein). Samples were prepared in a 1-cm-
pathlength quartz cuvette with a long neck fitted with a
24/40 joint and a threaded compression seal. The samples
(1.5 ml) were deoxygenated by repeated cycles of vacuum
followed by argon back-filling. Bubbling of the samples
was avoided to minimize protein denaturation. UV-vis
spectra were measured routinely before and after each
luminescence measurement to verify that the protein
samples had not degraded. Nanosecond emission kinetics
were fit to the sum of two exponentias (I(t) =c,+c,
exp(—k,t) + ¢, exp(—k,t)) using an in-house nonlinear
least-squares fitting program. Dissociation constants for
both isomers were determined using the ratio of the
coefficients for the fast and slow phases, c,/(c; + C,).

2.6. Time-resolved emission

The excitation source for all experiments was a tunable
(220—2000 nm) optical parametric oscillator (Spectra
Physics, MOPO) pumped by a frequency-tripled Q-
switched Nd:YAG laser (Spectra Physics, 355 nm, 350
mJ/pulse, 8-ns FWHM). The OPO output power was
attenuated by passage through a polarizer; laser shots with
energies differing by more than 10% from the mean value
(laser pulses detected by a photodiode and selected by a
discriminator, Phillips Scientific Model 6930) were reject-
ed. Deoxygenated Ru-protein samples were excited at 470
nm, typically 2 mJ/pulse at the sample. Emission was
collected 180° to the incident excitation with reflective
optics (f/10), sent through a long-pass filter (A>600 nm),
and focused onto the entrance dlit of an ISA double 0.1
meter monochromator. Luminescence was detected by a
Hamamatsu photomultiplier tube (R928); the output signal
passed through a high-speed (100 MH2) current to voltage
amplifier, digitized (Sony/Tektronix digitizer, Model
RTD710A), and recorded on a PC. Instrument response
was 10 ns (FWHM). Emission kinetics data are averages
of at least 250 laser shots.

3. Results

Resolution of racemic [Ru-C,-Ad]*" was accomplished
by cation-exchange chromatography using a chiral eluent,
sodium (—)-O,0’-dibenzoyl-L-tartrate. The CD spectra of
the A-(+) and A-(—)-[Ru-C4-Ad]Cl, isomers are shown
in Fig. 3. In both cases, enantiomeric excess is >90%
based on the similarity of their extinction coefficients at
every wavelength (<10% deviation), as well as their
similarity to published values for (*+)-[Ru(bpy),]Cl, [24].
Initial efforts to purify [Ru-C4,-Ad]Cl, in larger quantities
(40 mg) and with more concentrated eluent (150 mM)
were unsuccessful.

Fig. 4 shows a standard low- to high-spin conversion
involving the titration of camphor into the P450 active site
in the presence of A and A-[Ru-C,-Ad] isomers. The
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Fig. 3. CD spectra of the enantiomeric forms of [Ru(bpy),(bpy-C,-
Ad]*": A (dotted ling); A (solid line).

dissociation constant for camphor alone (K,,,) was found
to be 3.0£0.2 wM under the experimental conditions, in
good agreement with the literature value [21]. The steric
bulk of Ru-substrates appears to preclude co-occupation of
the active site with camphor, an observation supported by
the P450:Ru-C,-Ad crystal structure in which the
adamantyl moiety binds above the heme and hydrogen

1/A Absorbance

pAY

T 1
|

T T I
0 0.1 0.2 0.3 0.4
1/[camphor] (uM ™)

Fig. 4. Inverse absorbance changes at 392 nm as functions of inverse
camphor concentration on titrating camphor into buffered (50 mM
potassium phosphate, 100 mM potassium chloride, pH 7.4) solutions of
ferric-aquo cytochrome P450 . (~5 pM). The triangles denote the
binding of camphor to P450 in the absence of any Ru-substrate (sope=
K/([P450]Ae; Kq=3.0+0.2 uM, [P450]=5.50 puM, A€, = 54,000
M~ cm™*). Inhibition of camphor binding by A-[Ru-C,-Ad]Cl, (squares,
Kg=74+10, [P450] =5.15 uM, Ae,,, ,,,=34,000 M ' cm™* (difference
between camphor- and [Ru-C4-Ad]-bound P450), [Ru]=4.83 uM, K, =
15+1, K;=200%50 nM) and A-[Ru-C,-Ad]Cl, (circles, Ks=53%10,
[P450]=5.29 uM, [Ru]=4.99 pM, K,=10+1, K,=300+50 nM) is
reflected by steeper slopes. Reported dissociation constants are averages
of three titrations.

T T
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bonds to Tyr 96 much like camphor [3]. UV—-vis absorp-
tion measurements of Ru-Cg-Ad displacement show a
preference for the A isomer (K, (A)=200%=50 nM; K,
(A)=300£50 nM). It was found empirically that displace-
ment of camphor (100 wM camphor, 4.67 pM P450, 99%
bound) by Ru-substrates yields dissociation constants with
higher precision. The apparent dissociation constant, K, =
24020 nM, of racemic Ru-Cy,-Ad determined by this
Ru-titration method (Fig. 5) is in excellent agreement with
the predicted value (K, =248 nM).

Time-resolved luminescence measurements also distin-
guish the binding of A and A-[Ru-C4-Ad] isomers to P450
(Fig. 6). The monophasic emission decay (k=2.0x10°
s~ ') of Ru-C,-Ad done in solution is nearly identical with
that of the slower phases of the two solutions containing
P450. This provides strong evidence that binding can be
modeled as a two-state equilibrium, and in the *‘free” state
the Ru-substrates are completely dissociated from the
protein. Virtually the same quenching rate constants (k=
45x10° s™*) from the A and A “bound” states indicate
comparable Ru-Fe distances for the two isomers. The
proportion of the decay (A, 87.5+0.5%; A, 82.5+0.5%; 5
wM P450, 5 pM Ru) that is attributable to this faster
(quenched) phase is clearly greater for A-[Ru-C4-Ad]. The
Ky values for the enantiomers determined by time-resolved
emission (A, 90£20; A, 190+20 nM) are in good agree-
ment with the K for racemic Ru-Cg4-Ad (150+30 nM).

In order to test whether the single-substrate binding
model (Fig. 2) accurately describes camphor displacement
of Ru-C4-Ad from P450, a series of UV—vis absorption

0.5
i —e— 416 nm
“a —0— 392 nm
0.45-
;1%
2 0.4 %
2 T
g ;
£ 0357
0.3
O.25~:‘:'{1x|'1
0 10 20 30 40 50 60

[Ru-C,-Ad] (M)

Fig. 5. Absorbance (open circles, 392 nm; filled circles, 416 nm) versus
Ru-C,-Ad concentration; UV-vis data monitored the displacement of
camphor from P450, and were corrected for Ru absorbance. Data are fit
by the function: A=A, + Ae*([P450]*[Ru])/([Ru] +Ks), where A, is the
initial absorbance, Ae,,,=34,000, Ae,,,=41,000 M~ cm™*, [P450] =
467 uM; Kg (392 nm)=13.3, Kg (416 nm)=117. K,=K_, /K=
240+20 nM.
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Fig. 6. Kinetics traces of [Ru-C,-Ad]*"* emission decay. A larger
fraction of A-[Ru-C4-Ad]Cl, emission (monitored at 620 nm) is quenched
by P450.

and emission experiments were performed in parallel. Fig.
7 reveals that the amounts of unbound Ru”* (by lumines-
cence) and low-spin P450 (by UV-vis) track closely
during camphor titration into the 1:1 P450:Ru-C,-Ad
complex. However, persistent quenching of Ru®"* at high
camphor concentrations suggests that a small fraction
(%quenched—%low spin ~5%) of Ru-C,-Ad binds co-
operatively in the P450 channel, presumably above the
camphor binding site. Energy-transfer kinetics do not
change during the titration, indicating that {Ru(bpy),}**
remains at the surface (~20 A from the heme) in this
ternary complex.

Confirmation that A-[Ru-C,-Ad] binds P450 with

14 14
12 012
S 10+ ~10 &
TR © r =
3 8+ u] -8 3
= b r =
2 6 _ -6 .%
g 1 > - S
- o O —
£ 4] go .
2 2
0 : : - , : [ . 0
0 200 400 600 800
[Camphor] (uM)

Fig. 7. 1/fraction of quenched Ru*"* luminescence and 1/fraction of
low-spin P450 as functions of camphor concentration. Luminescence data
(samples at ambient conditions, monitored at 620 nm; kinetics fit to
biphasic decay give fraction Ru®** quenched by P450) were collected
subsequent to each UV—vis measurement. The spin state of the heme was
calculated from changes in absorbance at 416 nm. Luminescence mea-
surements report persistent Ru*"* binding a high camphor concen-
trations.
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roughly twice the affinity of the A isomer comes from an
experiment in which buffered P450 (20 wM) and (*)-[Ru-
C,-Ad|Cl, (40 uM) were centrifuged together through a
size-selective membrane (Centricon, YM-10). CD mea-
surement showed that the Ru-substrate effluent (23 wM, in
good agreement with the dissociation constant) was en-
antiomerically enriched by 15% with the A (more wesakly
bound) isomer. In the absence of P450, no enantiomeric
enhancement was found to occur during filtration. Thus, of
the 17 uM Ru-C,-Ad remaining bound to the enzyme,
10.2 uM corresponded to A and 6.8 M to the A isomer.
The ratio of the concentrations of bound isomers (A/A~
1.5) is in reasonable agreement with the corresponding K
ratio (A/A~ 2).

4. Discussion

Sodium (—)-O,0’-dibenzoyl-L-tartrate proved much less
efficient at resolving (*)-[Ru-C,-Ad]Cl, (ECL =200 cm)
than reported for the model compound
[Ru(bpy),(Me,bpy)]Cl, (ECL=70 cm) [24], presumably
due to interference from the long akyl substituent. Chiral
ruthenium polypyridyl compounds have been synthesized
directly by starting with one of the enantiomers of
[Ru(bpy)Z(CO)Z]2+ [24]. Addition of the third bipyridyl
ligand occurs with stereoretention if the temperature,
solvent, and ligand concentration are carefully controlled
[23]. This method would seem preferable to chiral sepa-
rations of functionalized [Ru(bpy),(bpy’)]Cl, compounds,
which in our hands required 2—3 weeks for purification of
milligram quantities of material.

That Ky(energy transfer)<K,(UV-vis) reflects subtle,
method-dependent differences in the quantification of Ru-
substrate binding. Nonspecific binding of Ru-C,-Ad to the
enzyme will affect the Ru”"* emission decay profile,
owing to energy transfer to the heme, but will not perturb
the UV-vis spectrum if camphor is in place at the active
site. Interestingly, when the Ru-C,-Ad concentration ex-
ceeds that of P450, the luminescence results begin to
deviate from predictions based on a single-substrate bind-
ing model. Energy-transfer experiments reveal that when
[Ru] > [P450], at least four equivalents of Ru-Cg-Ad
associate with the enzymeo(S wM P450, 50 uM Ru; 20
wM Ru quenched at ~20 A from the heme). In fact, the
P450 interior is greatly expanded in this open form (Fig. 1)
and should permit orientations of Ru-C4,-Ad different from
that found in the crystallized complex.

An electrostatic map of the protein surface indicates that
the entrance to the substrate channel is neutral, favoring
hydrophobic rather than electrostatic interactions in recruit-
ing {Ru(bpy),}°" to this region, especially at high ionic
strengths. Evidence of the dominance of hydrophobic
interactions is the finding that bipyridyl-substituted ada-
mantane itself, before ruthenation, strongly binds P450

(data not shown). It also is of interest that hydrophobic
interactions appear to play arole in certain stereoselective
bimolecular electron-transfer reactions between metal-
loproteins and inorganic complexes [32—34].

Experiments with other Ru-linked moieties [1,3] indi-
cate that the terminal group moderately influences the
overall affinity of the Ru-substrate for P450. (Ru-adaman-
tane compounds bind with 3-fold higher affinity than
Ru-(ethyl benzene) analogs, and 9-fold higher affinity than
unsubstituted Ru-alkyl chains) A comparable effect (K
increases 9-fold) is observed when short linkers connecting
the ethyl benzene to the photosensitizer prohibit optimal
positioning of the substrate within the active-site pocket
[3]. Sufficient chain length is especialy critical for imida-
zole-terminated compounds, where the ability to bind the
iron is requisite for association. The modest 2-fold dis-
crimination of A and A-[Ru-C4-Ad] provides strong evi-
dence that interactions near the protein surface are of lesser
importance than the shape complementarity and hydro-
phobicity of the Ru-substrate in binding to the enzyme.

Enantiospecific binding indicates that noncovalent inter-
actions over 10 A from the active site impact substrate
selection even when the channel is open, as must occur
during entrance and egress of natural substrates. Similar
long-range secondary interactions aso influence the bind-
ing of benzenesulfonamide ligands to carbonic anhydrase
[35]. Based on the P450:Ru-Cg4-Ad crystal structure [3],
which confirms the ability of P450 to accommodate large
substrates, and identifies hydrophobic interactions of the
bipyridyl groups with Phe 193 and Tyr 29 (Fig. 1), we
infer that aromatic stacking plays an important role in
chiral discrimination. Aromatic residues at the mouth of
the P450 channel have been implicated previously in the
recognition of hydrophobic substrates [36].

Submicromolar affinities, protein specificity, reversible
binding, and synthetic versatility make sensitizer-linked
substrates ideal for probing P450 active sites. Employing
UV-vis and time-resolved luminescence measurements,
we have found a 2-fold preference of P450 for A-[Ru-C,-
Ad|Cl,. Emission experiments, especially with highly
luminescent {Ru(bpy).}*" complexes, are particularly
sensitive and convenient for measuring substrate binding.
It is well known that the chirality and shape of substrate
pockets promote enantio- and regioselective P450
catalysis. We have demonstrated that specific long-range
interactions with a pendant metal complex also affect
substrate binding at the active site of the enzyme.

5. Nomenclature

bpy 2,2'-bipyridine

Ad adamantane

* excited state

ECL effective column length
CD circular dichroism
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