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Abstract: A novel electroactive sulfydryl-specific reageht(2-ferrocenylethyl)maleimide (Fc-Mi), was used

to attach a redox-active reporter group to cytochrome R43®m Pseudomonas putidaThe crystal structure

of the modified enzyme was determined at 2.2 A resolutRy,4 = 0.18) and compared to the structure of

the wild-type enzyme complexed with its natural substrate. The results showed that two molecules of the
electroactive modifier were attached to the protein. One of the ferrocenes was linked to Cys85 via the maleimide
moiety and occupied the camphor-binding site in the substrate pocket. The other ferrocene was linked to
Cys136 on the surface of the protein. Significant conformational changes were observed on the distal side of
the heme when camphor was replaced by ferrocene. The shift in the o from 392 to 417 nm upon
modification arose from the binding of a water molecule to the heme iron immediately below the ferrocene in
the active site of the modified enzyme. The electrochemistry of the labeled enzyme showed clear signals
originating both from the heme and from the covalently linked ferrocenes. The direct current cyclic
voltammogram revealed a striking positive shift in the heme redox potential of the ferrocene-containigg, P450
from —380 mV for the camphor-bound wild-type protein +280 mV for the modified protein.

Introduction the P45@,, catalytic cycle is necessary to underpin similar

. research on other prokaryotic as well as eukaryotic P450
Cytochrome P45Qmfrom Pseudomonas putida a soluble, enzymes P y y

bacterial heme-dependent monooxygenase that, along with its ] ) ) ) )
redox partners putidaredoxin and putidaredoxin reductase, We have investigated the introduction of electroactive groups

catalyzes the stereospecific hydroxylation of camphor ¢éx&- to P45Qam by covalent attachment of a sulfydryl-specific redox-
hydroxycamphot:2 The biochemical, electrochemical, and active reagent to cysteine residues on the surface of the protein.
spectroscopic properties of this enzyme have been thoroughly The use of an electroactive label is particularly interesting since
investigated, and correlated with the crystal structures of the it adds novel redox properties to the enzyme. We have reported
substrate-free enzyméjits complexes with the natural substrate the covalent modification of P45, with a ferrocene-containing
camphoi8 and other compounds including carbon monokide reageniN-(2-ferrocenylethyl)maleimide (Fc-Mi) and described
and various substrate analogdésnd inhibitors'%! Informa- the direct electrochemistry of the modified protéfnWhile
tion on substrate binding, electron transfer, and other steps inshort reaction times gave a modified protein which retained 80%

- - of the camphor hydroxylating activity of the wild-type P45

1 Sgg:rst&%nn(:'g? gﬁg}ﬁ{;}y. we also found that prolonged incubation of the modifying

* Laboratory of Molecular Biophysics and Oxford Centre for Molecular reagent with the protein resulted in complete inhibition of all

Sciences. . . catalytic activity. Sulfydryl reagents such as organomercuri-
® Abstract published irAdvance ACS Abstract§)ecember 15, 1997. 43and hvimaleimide h Iso b d to inhibi
(1) Gunsalus, I. C.; Wagner, G. ®lethods Enzymoll987, 17, 166— ates®andN-ethylmaleimide;* have also been reported to inhibit

189. the enzymatic activity of P45%Q, but the mechanism of the

(2) Sligar, S. G.; Murray, R. I. InCytochrome P450: Structure, inhibition remain r
Mechanism, and Biochemistrrtiz de Montellano, P. R., Ed.; Plenum bition remains Ob_scu e. ) ) ]
Press: New York, 1986; pp 42%03. Of the many techniques which have been applied to examine

(3) Mueller, E. J.; Loida, P. J.; Sligar, S. G. IBytochrome P450:  the structure-function relationships of P43Q,23 inhibitor
Structure, Mechanism, and Biochemisteynd ed.; Ortiz de Montellano, P. P %

R., Ed.: Plenum Press: New York, 1995; pp-8®4. studies gave early insights into the process by which the
(4) Poulos, T. L.; Finzel, B. C.; Gunsalus, I. C., Wagner, G. C.; Kraut,
J.J. Biol. Chem.1985 260, 16122-16130. (10) Raag, R.; Li, H.; Jones, B. C; Poulos, T.Biochemistry1993 32,
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Table 1. Data Collection and Refinement Statistics

Data
cell parameters observations 78650
a(h) 61.1 unique reflns 23420
c(A) 215.4 Rmergd 0.076
space group P3;21 completeness (%) 95.0
resolution (A) 36-2.2
Refinement
non-hydrogen atoms 3605 (including 315 waters) Reryst (@ll datay 0.193
Raryst (20)° 0.183 mean temp factor g 18.2
reflns used 21942 rmsds from ideal value
Riree (20)° 0.221 bonds (A) 0.007
reflns used 912 angles (deg) 14
Reryst (N0 o cuty 0.192 mean coordinate error ) 0.13
reflns used 22484
Riree (N0 0 cutf 0.229
reflns used 936

2 Rmerge= 22 nlh; — InVY;Snlnj Wherely; is thejth observation of reflectioh. ® Reyst = ¥ ||Fobs — Fead [/Y |Fobd, WhereFoss and Fearc are the
observed and calculated structure factor amplitudes, respectiRly is equivalent tdRcys: for a 4% subset of reflections not used in the refinement.
d Determined by the SIGMAA method.

substrate gains access to the enzyme'’s active site. These studie®00 and 130 mM KCI. The combined fractions were further purified
have also given indications of regions of the protein which may on a Phenyl-Superose HR 5/5 column by developing a gradient from

undergo conformational changes in this prodéssSeveral
crystal structures of P450, with reversibly and irreversibly
bound inhibitors are now available!! Each of these inhibitors

is aromatic and contains aromatic nitrogen atoms (e.g., nitrogen
from pyridine or imidazole), and they are either attached to the
heme iron or retained in the active site by hydrophobic
interactions with the side chains of apolar amino acid residues
and by hydrogen bonds.

S

600 to 0 mM ammonium sulfate in 40 mM phosphate buffer, pH 7.4,
1 mM camphor. Protein fractions eluting between 360 and 260 mM
ammonium sulfate were collected and used directly in the electrochemi-
cal studies. Prior to crystallization, the buffer was exchanged to 40
mM phosphate, pH 7.4, 100 mM KCI, 5 mM dithiothreitol, and the
protein concentrated to 5 mM by ultrafiltration.

Cytochrome P45Q.m Activity Assay. The NADH turnover activity
of the native and modified P4§@, was measured in the fully
reconstituted syster.Incubation mixtures (1.5 mL) contained 0.05

Here we report the kinetic, spectroscopic, and electrochemicaluM P45Q.y 16 uM putidaredoxin, 0.5uM putidaredoxin reductase,

properties and the crystal structure of an irreversibly inhibited
Fc-Mi modified P45@,, The modification reaction was carried
out on a P45Qwmutant in which an exposed cysteine (Cys334)
on the surface of the protein was replaced by alanine. This
C334A mutation not only prevents dimerization, and therefore
improves the handling characteristics of the enzyfrimyt also
facilitates crystallization of P45@,'7 The C334A mutant will

be referred to as native P4&Rto distinguish it from the wild-
type enzyme which has cysteine at the 334 position.

Experimental Section

General. Chemicals and solvents were reagent grade and used
without further purification. Water for all solutions was purified using
a Milli-Q water purification system (Millipore, U.K.). Cytochrome
P45Q.n'8 putidaredoxin, and putidaredoxin reductdse were ex-
pressed irfEscherichia coland purified according to published methods.

Modification of P450.,m with Fc-Mi. To 10 mL of cytochrome
P45Qam (20 uM in 40 mM potassium phosphate, pH 7.4, 1 mM
camphor) was added 1201 of a 20 mM stock of Fc-Mi in ethanol
(molar ratio of enzyme:modifier of 1:12), and the reaction mixture was
left at 4°C for 2 h. Unreacted Fc-Mi was removed by ultrafiltration
(Amicon), and the enzyme was purified in two steps by FPLC. The
first purification step was carried out by anion exchange chromatog-
raphy o1 a 6 mL Resource Q column (Pharmacia). A linear salt
gradient of 3-300 mM KCl was developed in 40 mM phosphate buffer,
pH 7.4, 1 mM camphor, with the modified protein eluting between

(15) Poulos, T. L.; Cupp-Vickery, J.; Li, H. Iit€ytochrome P450:
Structure, Mechanism, and Biochemistyd ed.; Ortiz de Montellano, P.
R., Ed.; Plenum Press: New York, 1995; pp $2%0.

(16) Nickerson, D. P.; Wong, L.-LProtein Eng, in press.

(17) Nickerson, D. P.; Rao, Z.; Wong, L.-Acta Crystallogr. D in press.

(18) Unger, B. P.; Gunsalus, I. C.; Sligar, S. &.Biol. Chem.1986
261, 1158-1163.

(19) Peterson, J. A.; Lorence, M. C.; Amarneh JLBiol. Chem199Q
265 6066-6073.

(20) Koga, H.; Yamaguchi, E.; Matsunaga, K.; Aramaki, H.; Horiuchi,
T. J. Biochem1989 266, 831—-836.

200 mM KCl, and 50:M camphor. After the mixture was equilibrated
at 25°C for 5 min, NADH was added to 250M and its absorbance
at 340 nm was monitored spectrophotometrically. The NADH turnover
rates were calculated usirgionm= 6.22 mM™ cm™™.

Electrochemistry. Direct-current (dc) cyclic voltammetry experi-
ments were carried out under argon at room temperature in a two-
compartment glass cell with a working volume of 0.5 mL. The working
compartment accommodated the platinum gauze counter electrode in
addition to the edge plane pyrolytic graphite working electrode. A
saturated calomel electrode (SCE) was used as the reference in a sidearm
which was connected to the working compartment via a Luggin
capillary. All potentials were referenced to the SCE. An AUTOLAB
R potentiostat by Eco Chemie B.V. was used to record and control the
potential of the working electrode. All measurements were made in
40 mM potassium phosphate, pH 7.4, buffer containing 1 mM camphor.

Crystallization and Data Collection. Crystals were obtained by
the hanging-drop vapor diffusion method. The mother liquor in the
Linbro tray was 1.6-1.9 M ammonium sulfate, 100 mM KCI, and 100
mM HEPES, pH 7.5. The protein solution (5 mM P450n 40 mM
phosphate pH 7.4, 100 mM KCI, 5 mM dithiothreitol) was mixed with
this solution in a 1:1 ratio and left to equilibrate with the reservoir
solution at 18°C. Red crystals appeared within 1 day as hexagonal
plates. The largest crystals (0x20.3 x 0.3 mm) grew for a period of
approximately 3 days.

X-ray data were collected at 100 K. Prior to data collection, crystals
were soaked in a cryoprotectant solution (1.9 M ammonium sulfate,
15% glycerol, 100 mM KCI, and 100 mM HEPES, pH 7.5) for 5 min
before mounting, using the method of TeRgA data set to 2.2 A
resolution was collected on a 30 cm MAR Research imaging plate
detector using Cul radiation § = 1.5418 A) from a Rigaku rotating
anode X-ray generator operating at 60 kV, 70 mA. Data were processed
using DENZO and its companion program SCALEPA&KStructure
factors were derived from intensities using the program TRUNCATE

(21) Teng, T.-Y.J. Appl. Crystallogr.199Q 23, 387—-391.

(22) Otwinowski, Z. Oscillation data reduction program. Data
Collection and ProcessingSawyer, L., Isaacs, N. W., Bailey, S., Eds.;
SERC: Daresbury, U.K., 1993; pp 5562.



48 J. Am. Chem. Soc., Vol. 120, No. 1, 1998 Di Gleria et al.

from the CCP4 packadg@. Statistics of the data set used in the
refinement are given in Table 1. 11

The structure was solved by molecular replacement using the ,
program AMoRe&* The search model was the camphor-bound wild-
type P45@.n [Protein Data Bank code 2CPP], but the camphor was
removed from the model prior to all calculations. The rotation function
search in the resolution range28 A produced a clear solution with 0.7
peak height of 12.8. The translation function indicated that the correct o
space group waP3,21 with a correlation coefficient of 0.56 and a s
crystallographicR value of 0.413, compared to its enantiomorph pair
(P3:21), which had a correlation coefficient of only 0.243 andRan
value of 0.535. The electron density map, based on phases obtained **
from the molecular replacement solution, was of high quality and proved 02
easy to interpret. The starting structure for the bound Fc-Mi was o1
generated using ideal bond lengths, bond angles, and torsion angles ,,
with the program SYBYL. Model building and refinement were

0.9

0.8

0.4

pursued with alternate cycles of manual refitting usifgadd simulated 00 3000 3500 433:;%&" " 35'%‘;» s000 ss00 600.0
annealing using X-PLORE A bulk solvent correction allowed all ) ) s )

measured data from 30 to 2.2 A to be used. When the Brésctor Figure 1. Time-dependent U¥visible absorption spectrum of the
did not decrease any further, water molecules were added to the atomicc@mphor-bound P430, (0.85uM in 40 mM potassium phosphate
model at the positions of large positive peaks¢) in the difference buffer, pH 7.4, containing 1 mM camphor) obtained on the modification

electron density at places where the resulting water molecule fell into Of the enzyme with Fc-Mi in a 2-h period.
an appropriate hydrogen bonding environment only. At the final stages,

restrained isotropic temperature factor refinements were carried out for 0.50x10
each individual atom. Introduction of water molecules in each of the 1 (b)
refinement steps resulted in a decrease in both conventional and free 0.25x10°°+ (a)
Rvalues. After the refinement, the structure was analyzed for geometric
quality using the PROCHECK packagfe Most of the residues (89.9%) /A oj
were in the most favorable regions in the Ramachandran plot with no |
outliers. The overall measure of structure qual@®yféctor, as defined
in PROCHECK) was 0.3, which is 2.8 standard deviations better than -0.25x10°%]
the mean for structures of the same nominal resolution. 1
The atomic coordinates and structure factors have been deposited -0.50x10°°
in the Protein Data Bank (Chemistry Department, Brookhaven National
Laboratory, Upton, NY 11973% om0
-0.80 -055 -0.30 -005 020 045 070
Results E/V

. Figure 2. Direct-current cyclic voltammograms of (a) camphor-bound
Spectroscopy. The addition of a 12-fold molar excess of P45Q, and (b) Fc-Mi-modified P45Qy, taken on an edgeplane

the sulfydryl-specific Fc-Ml-mod_lfylng reagent to low-spin graphite electrode in deaerated 40 mM phosphate buffer, pH 7.4,
substrate-free cytochrome P4gRdid not result in any changes  containing 1 mM camphor. The concentration of the enzymes were 12
in the electronic spectrum; only the 417 nm Sdoand was uM. Potential scan rate: 50 mv'%5

observed. On the other hand, addition of a similar excess of

the reagent to camphor-bound P450in a buffered solution  consumption rate in the fully reconstituted system with camphor
containing 1 mM camphor resulted immediately in a shoulder as substraté. No activity was found for the Fc-Mi-modified

at 417 nm on the characteristic high-spin heme Sbamnd at P45Qam

392 nm. The time-dependent spectrum of the enzyme taken Electrochemistry. The dc cyclic voltammogram of the Fc-
during modification is shown in Figure 1. An isosbestic point Mi-modified cytochrome P45@y0n a bare edge plane graphite
was observed at 408 nm. The intensity of the 417 nnitSore electrode is shown in Figure 2b. Three reversible redox couples
band increased with time at the expense of the 392 nm band,were observed. The first, at280 mV (all potentials vs SCE),
and the conversion was complete after 2 h. The 417 nm  corresponded to the heme redox potential of the modified
Sor¢ band is characteristic of substrate-free P4&0and P45Q., The second and third couples, which were not very
suggests the coordination of a water molecule or an exogenousdistinct at this resolution, were observed-8220 and+260
ligand to the heme iron. Reduction of the modified protein in - mv, which were characteristic of ferrocene moieties. The redox
the presence of carbon monoxide gave the 448 nmt Sarred potentials of substrate-free and camphor-bound RéGteter-
characteristic of the ferrous carbonmonoxy form of P450 mined by dc cyclic voltammetry are-530 and—390 mV,
enzymes. The activity of the modified enzyme was compared respectively?® Thus the heme reduction potential of the Fc-
to that of the untreated P4&@ by measuring the NADH  Mi-modified P45Qamis 110 mV higher than that of unmodified

(23) Collaborative Computational Project, Number 4. The CCP4 Suite: camphor-bound P45, (Figure 2a).

Programs for Protein Crystallographcta Crystallogr. D1994 50, 760- Crystallography. To ascertain the mode of inhibition of
763. P45Qamby the Fc-Mi modifier, we have determined the crystal
ggg 'J\':r\]’:;a’TJAﬁt?ZCJgSt?II??T' éésga‘sg 1\?\/771+g§idgaard Atta structure of the modified P459, protein at 2.2 A resolution.

Crystallogr. A1991, 47, 110-119. T ' The refined atomic model of the inhibited P4&in the vicinity

(26) Bringer, A. T. X-PLOR: Version 3.1; A System for Protein  of the heme active site, together with the finah 2FF. electron
Crystallography and NMRYale University Press: New Haven, CT, 1992.

(27) Morris, A. L.; MacArthur, M. W.; Hutchinson, E. G.; Thornton, J. (29) Kazlauskaite, J.; Westlake, A. C. G.; Wong, L. L.; Hill, H. A. D.
M. Proteins1992 12, 354—364. Chem. Soc., Chem. Commur296 2189-2190.
(28) Bernstein, F. C.; Koetzle, T. F.; Williams, G. J. B.; Meye, E. F., (30) Read, R. JActa Crystallogr. A1986 42, 140-149.

Jr.; Brice, M. D.; Rodgers, J. R.; Kennard, O.; Shimanouchi, T.; Tasumi, (31) Kraulis, P. JJ. Appl. Crysatallogr1991, 24, 946-950. The program
M. J. Mol. Biol. 1977, 112, 535-542. used here was modified by Robert Esnouf (Oxford).
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Figure 3. Stereoview of the final electron density map around the active site of cytochrome,R48% Fc-Mi inhibitor is covalently linked to
Cys85, and an axial water molecule is coordinated to the heme iron. SIGM#gighted 2nF, — AF. electron density using phases from the final
model is contoured atdllevel, whereo represents the rms electron density for the unit cell. Contours more than 1.4 A from any of the displayed
atoms have been removed for clarity. Figure was drawn with MOLSCRIPT modified by Robert Esnouf (Gkford).

density map, is shown in Figure 3. The electron density was coordinated to the heme iron. In this structure, the iron is in
very well defined in this region and clearly showed the presence the plane of the porphyrin and the concomitant movement of
of the Fc-Mi modifier in the substrate pocket. An isolated lobe the side chain of Cys357 is clearly visible.
of positive density linked to the iron atom established the  Dramatic changes were observed in the position of the main
presence of a coordinated water molecule{Bedistance 2.48  chain as well as the side chains between residues Cys85 and
A). The map also revealed that the sulfur atom of Cys85 was Tyr96. The short helical structure between residues 89 and 96
covalently linked to the maleimide moiety of the modifier, while was completely disrupted (Figure 4), and the largest shift in
the ferrocene moiety was oriented toward the heme and occupiedthe position ofa-carbons was about 10 A at residue Gly93.
the camphor binding site. These movements destroyed the putative cation binding site
The superposition of the active site of camphor-bound wild- proposed by Poulds. The six ligands which define the cation
type P45@,and the Fc-Mi-inhibited enzyme is shown in Figure  binding site are the four backbone carbonyl oxygens of Glug4,
4. The structure of the camphor-bound enzyme is representedGly93, Glu94, and Tyr96, and two water molecules, one of
in blue and the modified enzyme in red. Replacement of which was hydrogen-bonded to the side chain of Glug4. All
camphor by the ferrocene induced rearrangement of the mainof these residues were affected by the modification at Cys85.
chain and side chains of the enzyme around the active site. Theln the camphor-bound structure, Cys85 (located between the
highly apolar ferrocene moiety was bound in the hydrophobic a-helical and the3-sheet regions of the protein) occupied a
pocket of the active site at a position overlapping with, but position close to the surface of the protein. After modification
slightly shifted from, the position previously occupied by with Fc-Mi, the side chain of Cys85 rotated by £8hd was
camphor. The plane of the unsubstituted cyclopentadienyl ring pulled toward the active site of the enzyme. Closer inspection
of the ferrocene moiety was canted away from being parallel of the two structures shown in Figure 4 revealed that the side
with the heme by 22 The shortest distance from this ring to chain of Tyr96 had flipped by 90to accommodate the
the heme iron was 5.3 A, which was 1.1 A further away than substituted cyclopentadienyl ring of the modifying agent. This
the closest approach of camphor in the wild-type structure, and movement would have brought this side chain into contact with
the closest approach to the porphyrin was 4.3 A frommtiese Phe87 in the camphor-bound structure, and accordingly, the side
carbon between the two heme propionate groups. The twochain of Phe87 was twisted by 9€om its original position,
oxygens of the maleimide moiety were held by hydrogen bonds moving toward the surface of the protein. Even though the side
to protein side chains. A strong hydrogen bond was observedchain of Phel93 would not have come into contact with the
between one of these oxygens and thedd Ser102 (G-O Fc-Mi molecule had it remained in its position in the camphor-
distance 2.76 A), while the other oxygen formed a weaker bound structure, it nevertheless moved toward the surface of
H-bond with one of the carboxylate oxygens of Asp297-@ the protein to a position where it was parallel to, and in van der
distance 3.11 A). In the structure of the camphor-bound wild- Waals contact with, the side chain of Phe87 at its new location.
type enzyme (Figure 4, blue) there is no water present in the The overall structure of the Fc-Mi-modified P45Qrevealed
active site. The heme iron is 5-coordinate and displaced from that a second Fc-Mi molecule was attached to Cys136 in the
the porphyrin core toward the proximal Cys357 by about 0.40 enzyme (Figure 5). At this position the electroactive sulfydryl
A. When ferrocene replaced camphor in the active site (Figure reagent is exposed on the surface. Since Cys334 had been
4, red), a water molecule entered the distal heme pocket andsubstituted by alanine and Cys357 is the heme proximal ligand,
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Figure 4. Stereo-superposition of the active site of camphor-bound £4%0lue) and with the Fc-Mi covalently coupled to the Cys85 (red).

There is a major structural reorganization between residues 85 and 96 both on the main chain and the side-chains of the protein. The ferrocene
moiety of the inhibitor overlaps with the camphor in the binding pocket of the enzyme. The iron is pulled back into the porphyrin plane. Figure was
drawn with MOLSCRIPT!

there are four more cysteine residues in this R4go@utant, at — }
positions 58, 148, 242, and 285, which could potentially be {\

alkylated. However, none was modified under the reaction \ ¢ !"-_'q.i,
conditions. L % ]
Discussion KT

We have shown that prolonged incubation of P4&Qvith
the sulfydryl-specific modifying reagei-(2-ferrocenylethyl)-
maleimide (Fc-Mi) abolished the camphor oxidation activity of
the enzyme. However, the ferrous carbonmonoxy form showed
the 448 nm Sdte band characteristic of P450 enzymes,
indicating that the immediate environment of the heme had not
been drastically altered even though the modified protein was
catalytically inactive. The red shift in the Stebsorption band
of the enzyme (Figure 1) revealed a change in the coordination
state of the heme iron upon modification. The pentacoordinated,
high-spin, substrate-bound form of P45Q(Sore at 392 nm)
became hexacoordinated (Sor 417 nm) in the Fc-Mi-
modified enzyme and, as the crystal structure of the modified
enzyme revealed, a water ligand became axially coordinated to
the iron atom on the distal side of the heme.

The cyclic voltammogram of the modified P45@ (Figure
2b) showed the incorporation of ferrocenes into the protein as
two reversible redox couples at 220 and 260 mV. The
difference in the potential of the ferrocene couple is probably
due to the different electrostatic environments around the
attached electroactive labels, and we note that the singly rig e 5. Overall structure of the FcMi-modified P4ggreveals two
modified protein had a potential of 260 ni¥. The electro- ferrocenes attached to the molecule. The Cys85 and the Cys136 were
chemical scans of the modified and native P4h0evealed a  alkylated by the electroactive sulfydryl reagent. Figure was drawn with
striking shift in the heme reduction potential (Figure 2a,b). The MOLSCRIPT3!
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modification by Fc-Mi produced a 250 mV increase in the heme proposals. Thus the large reorganizations observed in the short
redox potential of the modified enzyme compared to substrate- distal helix between residues 85 and 96 indicate that significant
free P4A5@m and, indeed, a 110 mV increase compared to the changes (though in all probability less severe) in the protein
camphor-bound form. These data suggest that putidaredoxin,structure in this region could also occur during normal substrate
in the presence of NADH and putidaredoxin reductase, could entry to the P45Qnactive site without jeopardizing the stability
reduce the 6-coordinate, low-spin ferric form of the heme in of the overall protein structure. The movement of the Phe193

this ferrocene-containing P4§@ The reduced form of the  sjde chain to the surface is also consistent with the high mobility
enzyme could then bind molecular oxygen, and it is conceivable required for this residue in the proposed model.

that a certain degree of hydroxylation could occur on the
irreversibly linked inhibitor found in the crystal structure.
However, since this reaction is stoichiometric rather than
catalytic, only the total inhibiton of the enzyme would be
detected when the catalytic NADH turnover by the fully
reconstituted system was assayed.

The crystal structure of the modified P45Qallowed a more
detailed interpretation of the effect of protein modification.
Significant conformational changes accompanied the conversion
of camphor-bound to inhibitor-bound P45@ The side chain
of Cys85 rotated by 180to form the covalent link to the
maleimide, and the shoat-helical structure between residues . X
85 and 96, which also forms the putative cation binding site of CYS357.  Iror-porphyrin o-bonding should be strengthened
the enzymé,was consequently disrupted. Many of the active When the iron moves into the porphyrin plane, and this should
site residues underwent major repositioning. The unusually favor the ferric form due to the stronger metégand interaction
large shift in the positions ofi-carbons, as much as 10 A at expected for the higher oxidation state metal center. Although
Gly93, suggests that there is a large degree of flexibility in the the position of the iron in the ferrous form of the modified
structure of P45Qnand that the enzyme can tolerate significant Protein is not known, we note that, if the iron is out of the
changes on the distal side of the heme. However, the crystal-Porphyrin plane in the ferrous form, the metégand interaction
lographic thermal parameters of the main chain for residues 85 will be reduced, which is not consistent with the increased heme
96 are not higher than other parts of the camphor-bound wild- redox potential. We would therefore suggest that the iron is
type P45@.» and therefore, the structure in this region is not also in the plane of the porphyrin in the ferrous form of the
very mobile, which may have a bearing on the rate of the modified P45@,nand that as a resuit-back donation from the
conversion to the low-spin Fc-Mi-modified form. iron 3d orbitals to the porphyrin* acceptor orbitals becomes

When the ferrocene modifier replaces the camphor in the an important factor.
active site, the closest part of the ferrocene is located at a The results of our electrochemical, spectroscopic, kinetic, and
distance of 5.3 A from the heme iron, 1.1 A further than crystallographic studies on cytochrome P450suggest two
camphor in the wild-type structure, so there is sufficient room possible mechanisms for the binding of the ferrocene moiety at
for a water molecule to coordinate to the heme iron. This the active site of the enzyme. One of these requires that Fc-Mi
situation is analogous to that found by Raag and Poulos in the hinds first, having high affinity for the active site, and thus
crystal structure of P4%@,with bound norcamphdtadaman-  yepjacing camphor, and then the maleimide moiety reacts with
tane, camphane, and thiocampfidn which an axial water g available cysteine thiol nearby. The sulfydryl group of Cys85
ligand is bound to the heme in all cases. There was, however,is not near to this site and, in order to react with the maleimide
a major structural difference between the Fc-Mi-modified giety 4 180 rotation of this side chain must take place to
P45Qam and the substrate-bound and substrate-free 8450 ¢ jjitate covalent bond formation. The access route to the
proteins. The iron is displaced from the porphyrin core toward active site is possibly the same as that of the camphor. The

the proximal Cys357 bya. 0.3Ain fa." of these forms qf W'I.d' . other mechanism would involve covalent attachment of the Fc-

ggepf;i?ao’? tvﬁlge;s?;h;:ri:\hﬁngog;xg regjzi’rr:eeé:i Ivrv(;]lrlf (':rz) Mi reagent to active cysteines on the surface of the enzyme
binds to reduced, wild-type P4$Qﬂ first, which would then be followed by an “internalization” of

’ . the reagent attached to the thiol of Cys85. The driving force

In the camphor-bound structure of P4g@ there is no ¢4 internalization would be the need to reduce the hydrophobic

obvious channel for the substrate to diffuse from the solvent surface area of the protein. Reorganization of the molecule

medium into the protein active site. _By det_a|le_d analysis of during internalization would lead to the expulsion of camphor
the thermal parameters of the protein side chains in the substrate?rorn the active site and the binding of the ferrocene moiety of

free and camphor-bound structufésand from the structures the reagent at a position overlapping with the position of

of P45Qam with bound inhibitors'®11 Poulos proposed that a hor in th K . ‘ h
depression on the surface of P450which terminates at Tyr96 campnor in t © poc et. A necessary regq!rement or such a
reorganization is a degree of structural flexibility above the heme

may form the substrate access chariheFurthermore, the . .
various structures suggest that the side chains of Phe87, Tyr96pOCke_t of cytochrom_e P4afh Inthis r_espect, both mechanlsms_
have identical requirements regarding the structural dynamics

and Phel93 may play important roles in substrate access. In

particular, it was proposed that the side chain of Phe193 moves®! € enzyme.

from the interior of the protein onto the surface to act as an  In conclusion, the use of a sulfydryl-specific reagent as a
initial hydrophobic recognition site for camphor and then moves handle to introduce covalently specific labels into the active
back into the protein interior with the entry of the substrate. site of cytochrome P45%@, unexpectedly opened up further
The structure of the Fc-Mi-modified P4&@Q supports these  possibilities for the study of the mechanism of this enzyme.

The dramatically increased heme redox potential of the
modified P45@,nis difficult to rationalize. The potential was
shifted to—280 mV, 110 mV more positive than the potential
of the 5-coordinate high-spin heme of camphor-bound B450
even though the heme was found to be 6-coordinate, with a
water bound to the low-spin heme iron. A potentially important
factor revealed by the crystal structure is the position of the
iron relative to the plane of the porphyrin ring. The iron is in
the plane of the porphyrin in the modified P45 while in all
the other ferric P45Qn structures determined to date, it is
displaced by 0.30.4 A toward the sulfur atom of the proximal
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