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ABSTRACT. We have performed resonance Raman and electron paramagnetic resonance (EPR) studies on
the dioxygen bound state of the D251N mutant of cytochrome B4%6xy-P45Q.,) and its complex

with reduced putidaredoxin (Pd). The D251N oxy-P4&®d complex has a perturbed proton delivery
mechanism and shows a significantly red-shifted -tNsible spectrum as observed in Benson et al.
[Benson, D. E., Suslick, K. S., and Sligar, S. G. (1pBibchemistry 365104-5107]. The red shift has

been interpreted to indicate a major perturbation of the electronic structure of the oxy-heme complex.
However, we find no evidence that electron transfer has occurred from Pd to the heme active site of
D251N oxy-P45@,w This suggests that both electron and proton transfer are perturbed by the D251N
mutation and that these processes may be coupled. Three oxygen isotope sensitive Raman features are
identified in the Pd complex, and occur at 1137, 536, and 399 cithese values are not significantly
different from those for WT or D251N oxy-P4&@, However, a careful examination of the oxygen
stretching feature near 1137 chreveals the presence of three peaks at 1131, 1138, and 1146 cm
which we attribute to the presence of conformational substates in oxy=R4B0significant change in

the conformational substate population is observed for the D251N oxy:RABBen the Pd complex is
formed. We suggest that the conformational population redistribution of oxy:R4%0ong with the
red-shifted electronic spectra, reflects a structural equilibrium of the oxy-heme that is perturbed upon Pd
binding. We propose that this structural perturbation is connected to the effector function of Pd and may
involve changes in the electron donation properties of the thiolate ligand.

Cytochromes P450 comprise a family of heme-containing iron—sulfur (2Fe-2S) protein putidaredoxin (Pd). It has been
monooxygenases involved in a variety of oxidative metabolic determined from kinetic and fluorescence studies that forma-
reactions. The bacterial cytochrome P45QP45Qan)* from tion of a complex between Pd and P4&0s required for
Pseudomonas putid€YP101) has been the most systemati- product formationZ, 3), and that Pd has an effector role in
cally investigated as a model for the entire family of product formation, in addition to its role in electron transfer
cytochrome P450 enzymes)( Unlike other heme proteins, (3, 4). In the reaction cycle, Pd donates an electron to ferric
such as myoglobin and hemoglobin, P4aises the thiolate ~ camphor-bound P45%Q, (2) (throughout the text, boldface
of Cys357 as the proximal ligand of the heme iron and numbers refer to species in Scheme 1), forming the high-
possesses a hydrophobic distal heme pocket where aspin ferrous state3j. Dioxygen then binds to the heme iron
substrated-camphor, is bound. P4g@, catalyzes the ste- to form the oxy-P45Qm (4), and a second one-electron

reospecific hydroxylation of the substrate to forme%e reduction takes place, which is followed by rapid product
hydroxycamphor by adding an oxygen atom to the camphor formation. The rapid product formation impedes the spec-
substrate. troscopic observation of intermediates7 in the wild-type

The P45@,, catalysis reaction requires an external source Pd reconstituted system at room temperature. The oxy-
of two electrons from NADH through the combined action P45Qam intermediate4 readily forms in the absence of Pd,
of the FAD—flavoprotein putidaredoxin reductase and the but it autoxidizes to form the ferric substrate-bound R4%0

1 without product formation. The study ¢f is difficult
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of 4 (9). One can isolate other intermediates by using
electrons produced by the X-ray radiolysis of water to reduce
4 and trap intermediates at cryogenic temperatures. This
technique was used to isolate intermedi&esd6 for study
using electron paramagnetic resonance (EPR),(and
intermediate7 for the determination of the X-ray crystal-
lographic structure9). At this time, it is not clear whether
the reaction pathway using the electrons from X-ray radi-
olysis is the same as using the physiological electron donor
and effector Pd, but it does lead to product formatib@).(
The first electron reduction (frord to 3) can be carried
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state change at room temperatutd)( Makino et al. (2)

and Unno et al. 16) reported that the FeCO and C-O
stretching frequencies changed when Pd was bound to ferrous
CO-P45Q.m and recent work has also shown significant
perturbations to FeNO stretching frequencies upon Pd
binding to ferrous NO-P45Q, (16).

Resonance Raman (RR) spectroscopic characterization of
the ferric P45Q,,{oxidized Pd complex further reveals that
the diprotein complex formation affects the stretching
frequency of the heme iron-proximal Cys357 {F&) bond
(14). The perturbation of the FeS bond is in accord with
the fact that Pd binds to the proximal surface of R430
(17-22).

As discussed above, previous spectroscopic studies indicate
that complex formation affects the heme active site of
P45Q.m In addition to these spectroscopically observable
effects, Pd provides a necessary effector function that couples
the flow of reducing equivalents to successfully turn over
substrate in P45Q, catalysis 8, 4). Therefore, the Pd binding
effect observed spectroscopically may have a functional
significance in the P45Q, reaction.

In this paper, we investigate the D251N (Asp251 to Asn)
mutant of P45Q, and use resonance Raman spectra to
characterize the oxygenated intermediate &€ 4n both the
presence and absence of Pd. This mutant has been shown to
slow the turnover rate2@, 24) and perturb the proton delivery
mechanism needed for product formation. In the presence
of Pd, a red-shifted absorption spectrum was observed for
the oxygenated complex2®), suggesting that the second
electron might be transferred to the oxygenated intermediate,
allowing for the spectroscopic characterizationsofHow-
ever, in this work, we find no evidence from either resonance
Raman or EPR spectroscopy for the creation of a peroxy
intermediate or for the transfer of a second electron to the
heme. The perturbation dfothelectron and proton transfer
in the Pd-bound oxygenated D251N mutant suggests that
these two processes may be coupled. We also find that Pd
binding alters the protein conformational substate populations
of the oxygenated complex, which signal changes in the
thiolate-iron—oxygen bonds that may be related to the
effector function of Pd.

out by chemical and photochemical reducing agents such as

dithionite and proflavin/EDTA. The second electron reduc-
tion (from 4 to 5) can only be accomplished by the use of
specific effector molecules3( 4) or the use of X-ray
radiolysis. The role of Pd is unique. For example, iron
sulfur proteins such as spinach ferredoxin and bovine
adredoxin can donate the first electron but not the second
electron, whereas reduced rubredoxin and cytochimman
donate the second electron but not the fiBt (

It is clear that elucidating the structuréunction relation-
ships in P45Q, requires an understanding of the crucial
interactions between P45Q and Pd. Indeed, the electron-
transfer reaction between P45Qand Pd has been exten-
sively characterized. In addition to the role of an electron
donor to P45Q, Pd has been shown to perturb the heme
active site of the enzymel{—15). For instance, Lipscomb
(11) performed an EPR study of the P45@Pd complex at
cryogenic temperature and found that the complex formation
shifts the spin-state equilibrium of ferric P45Qfrom the

EXPERIMENTAL PROCEDURES

Sample PreparationSite-directed mutagenesis of the
P45Q.m gene was carried out as described previoug4).(
Wild-type and mutant (D251N) P45@,and native Pd were
expressed if. coliand purified using a published procedure
(25). Protein stocks were flash-frozen and storeet&0 °C
(P45Qan) or in liquid nitrogen (Pd). Purified camphor-bound
P45Q., preparations with af, (AsedAzso) =1.6 were used
for the RR experiments. Purified Pd wif,5/Azg0 > 0.6 was
suitable for all RR experiments. The molar ratio of these
physiological components is important for quantitative
conversion of substrated{camphor) to product (&xo-
hydroxycamphor). It is reported that the minimum molar ratio
required for 99% conversion to product is 2.1 Pd:D251N
P45Qam (23).

A 2.1 molar equivalent mixture of oxidized Pd and P450
was placed in an anaerobic chamber (Coy Products) contain-

high-spin to the low-spin state. Recently a resonance Ramaning a high-purity nitrogen atmosphere with-50% hydrogen
spectroscopic investigation demonstrated a Pd-induced spinand a palladium catalyst. This protein mixture was added to
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a 10 molar excess of reductant, sodium dithionite, and eluted T T T T T - ' ; -
rapidly over a preequilibrated 5 mL medium-grade G25 (A)
Sephadex column. Equilibration and elution conditions were
50 mM potassium phosphate, pH 8.0, 1.6 ndMamphor.

All salts and column materials were purchased from Sigma
(St. Louis, MO) in high purity (typically>99%) and used (a) start
as supplied. Protein samples were eluted and concentrated_ | ™
to ~200 uM P45Qam (~420 uM Pd). Aliquots (80uL) of
this reduced mixture were flash-frozen and sealed anaero-= |, 0
bically and stored at-80 °C until required for oxygenation. (1617 min)
Oxygenation was provided by addition of 5 mL of the
appropriate isotopic gas to these sealed vessels followed by
rapid transfer to the Raman scattering cell.

Spectroscopic Measurement. liquid nitrogen cooled
CCD detector (Princeton Instruments, Inc.) recorded the
Raman spectra after a holographic notch filter (Kaiser Optical i T T o s e T ™
Systems, Inc.) removed the excitation light, and a Spex Raman Shift cm’™) Wavelength (nm)

(a) start

{0-1min)

y

Intensit;
aoueqIoSqY

(b) stop

(16 - 17 min.)

(c) final
{ferric)

(c) final

{flourescence)} (ferric)

1870B spectrometer (1200 or 2400 grating, 0.5 m focal e e A B T
length) dispersed the scattered light. The 356.4 and 413.1 | (B)

nm lines from a krypton ion laser (Coherent Innova 300) (a) start
excited the samples at a9éngle, relative to the axis of the ©-05min)

Vi

(a) start
{©-05min}

collection optics. All the spectra were taken &C1 A quartz "o"o
spinning cell minimizes the population of photodissociated

species and their contribution to the recorded Raman

e

. . . . . 2
spectrum. A commercial derivative filter software routine 2 (b) stop M
(Princeton Instruments, Inc.) eliminated the noise spikes in = @1-z2mn) UUV\

soueqIOSqY

(b) stop

{21 -2min)

the spectra, caused by cosmic rays. All Raman spectra were
calibrated using neat fenchone. The accuracy of the absolute
frequencies is about1 cnm?, and less thar-0.2 cn? for

relative shifts of strong and/or isolated bands. We determine  |(c) finai

(c) final

the peak positions in the Raman spectra by fitting the data  |*™ ™" (i, Room T)
with Lorentzian or Voigt functions on a linear background
using a nonlinear least-squares fitting routine (Origin PFM, o S VST

. . . . 900 1000 1100 1200 1300 1400 1500 1600 260 300 350 400 450 500 550 600 €50 700
Microcal, Inc.). UV-visible absorption spectra were recorded Raman Shift (cm’) Wavetength (nm)

with a Hitachi U-3410 spectrophotometer.

Ficure 1: (A) Time dependence of resonance Raman and optical
EPR Measurement3he 35 GHz CW EPR spectra were absorption spectra of the WT oxy-P450at (a) 0-1 min, (b) 16-

recorded with a spectrometer of local design that employs 17 min and (c) after complete oxidation. The spectra were taken
100 kHz field modulation. A detailed experimental descrip- at 4°C. The Raman spectra were obtained with 413 nm excitation.
tion appears in Werst, Davoust, and Hoffma)( The (B) Time dependence of resonance Raman and optical absorption
samples used in the EPR experiments contained 2.1 moIar;‘nF}ﬁCt(rg)ozf{E‘;E?ﬂﬁ#\'&fsgt?‘g g]}t}é'rpc‘térﬁplde feorg)gfeﬁ i?)tn(a)segé?ra .
equivalent mixtures of P459‘] and Pd, in 0.1 M potassium and’ b were taken ’at 4C, and spectrupm c was take.n gt room
phosphate buffer (pH 8.0) with 1.6 mM camphor, and 15% temperature. The Raman spectra were obtained with 413 nm
v/v glycerol. The anaerobically purified mixture was com- excitation.

bined with oxygen under conditions previously descri®) (
and flash-frozen in liquid nitrogen. The EPR sample condi-
tions and protocols are analogous to those discussed i
Davydov et al. {0) and Benson et al2Q).

has an absorption spectrum that is identical to that of the
pWT shown in Figure 1A). The red-shifted spectra for the
D251N oxy-P45@,.{Pd complex were first observed by
Gerber and Sligar2d), and by Benson, Suslick, and Sligar
RESULTS (23). In the RR spectra, the most dramatic effect is the clear
appearance of tweo-o modes, which will be discussed in
Figure 1 shows the time dependence of the resonancedetail later. This figure also demonstrates the oxidation of
Raman and UWvisible absorption spectra of WT oxy- D251N oxy-P45@to its ferric state in the presence of Pd.
P45Q.m and of the D251N oxy-P45Q, complex with Pd. The oxidation rate under these conditions is very similar to
Figure 1A demonstrates the oxidation of oxy-P4a@o its what is observed for WT oxy-P45@ without Pd (see Figure
ferric state. The oxidation process is believed to have 1A).
components due to both auto- and photo-oxidation. These The oxy-P45@Q,»resonance Raman spectrum is character-
spectra were taken at€, and at pH 8. Low temperature ized by a strong band at 1138 chrepresenting the ©0
and high pH lowers the autoxidation rate, allowing for stretch {, 8). Figure 2 displays the RR data f80, (a and
efficient acquisition of the oxy-P459,Raman spectra. We  d) and'®0, (b and e), and the normalized difference spectra
find that the Soret (near 420 nm) and Q (near 550 nm) (*%0, — *0,) for WT oxy-P45Q.n at 356 and 413 nm
absorption bands of the Pd complex show a red shift of excitation. Inspection of th&0, — 0, difference spectra
several nanometers compared to D251N oxy-R4g@/hich at 356 and 413 nm excitation clearly indicates three differ-
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Table 1: Q-Sensitive Vibrational Frequencies in Oxy-P450 1000 1100 1200 1300 14010 1500 1600
D251N oxy- Raman Shift (Cm )
WT oxy- D251N oxy- P45Qajpd FIGURE 3: “Core-size” marker peaks and shifts induced due to
P45Qan(cm™)  P45Qam(cm™) (cm™) isotopic labeling of @ on WT (a—c), D251N (d-f), and D251N/

VR Vb Va Vb Va s Pd (g-i).
- 160 1131 1138 1128 1136 1129 1137 . . . . .
"° o, 1086 1073 1061 1070 1062 1071 the difference spectra were fit to multiple Voigt profiles. Each
Vreoo %0, —b 540 —b 536 521 536 spectrum was fit and analyzed independently. The best fits
¥, - 510 —-b 505 487 505 to the WT and D251N samples contained three peaks. The
o 160, 401 399 ~399 ; i p ; b ;
Fe0O 1802 283 383 381 relative positions and amplitudes of the minor peaks with
- _ _ - ~respect to the major peaks were nearly identical for both the
v, andvy refer to th(_e two'conformatlons associated with the major 160, and 180, isotopes. If the origin of the multiple peaks
vo—o andvee-oo Stretching vibrations? Too weak to be observed. . . .
were solely due to coupling to an underlying porphyrin mode

ence signals which have been assigned to FeOO bending(e-g-' Ferm_i resonance), th_ere should b_e_adrama_tic diff_erence
(Ore0d, Fe-0O0 stretching %re_o0c), and O-O stretching in the_am_phtud(_es and relatlvg peak po_smons up@msm_oplc
(vo—o) vibrations {, 8, 27). The vo_o mode shows a large sub;s_utuuon. Slnce_ the relative a_mphtude and relatl_ve peak
resonance enhancement over dhg,oandves_oo modes at ppsmons remain f|>§ed, the multiple peaks are assigned as
413 nm excitation compared to 356 nm excitation. Another different conformational substates. The-o region of the
feature, which is also sensitive to the isotopic labeling of P251N/Pd complex is fit well using only the two lower
the oxygen, appears at 290 chhand has not yet been frequency components of.thg unpomplexed protein wllthout
categorically assigned. The frequencies of the assignedPd, suggesting that Pd binding induces a redistribution of
oxygen-sensitive modes appear in Table 1. the conformational populations.

Figure 3 compares the high-frequency RR spectra of the Figures 5 and 6 show the low-frequency RR spectra of
D251N mutant oxy-P45Q.{Pd complex to WT and D251N  D251N oxy-P45@mand its Pd complex, along with theO,
mutant oxy-P45Q,, The D251N mutation has a negligible — %0, difference spectra at 356 and 413 nm excitation,
perturbation on the frequency and enhancement of the corerespectively. At 356 nm excitation, the._ oo mode is clearly
size marker bands. Upon complex formation with Pd, there broader in the D251N/Pd complex than the D251N mutant
is no observed shift in the oxidation marker bamgl, and (see Figure 5). The data are fit by including a second mode
small shifts, if any, in the core size marker bands. The clear at lower frequency+{525 cnt?) of roughly equal intensity
appearance of multiple components of thes@etching band  and width to theveeoo mode at~540 cnt? for the
represents the largest Pd-induced perturbation in the spectrauncomplexed protein. The broadening/gf oo is consistent
The components can be seen in detail in Figure 4 where thewith the appearance of multiple components in theo
WT, D251N, and D251N/Pd0, — 180,) difference spectra  mode. For 413 nm excitation, the effects of Pd binding on
are displayed at theo—o band frequency. The spectral profile  thevee—oo anddreoomodes are more complex, due to spectral
of the D251N/Pd complex clearly shows two major com- congestion and the apparent coupling of these modes to
ponents within theo_o band. To quantify these components, underlying porphyrin vibrations.
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The Raman spectra were obtained with 356 nm excitation.

Figure 7 shows the time dependence ofithe, peak areas
due to the oxidation (photoinduced and autoxidation) of the
sample, using th&0, isotope to shift the @modes into an
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Ficure 6: Shifts induced due to isotopic labeling of @ (a—c)

D251N oxy-P45@,, and (d-f) D251N/Pd oxy-P45Qm complex
The Raman spectra were obtained with 413 nm excitation.

uncongested region of the spectrum. This provides informa-
tion on the relative oxidation rate of the different conforma-
tions in the D251N oxy-P45@, and D251N/Pd complex.
There is no significant change in the oxidation rate of the
dominant conformation at 1061 crhupon Pd binding. The
measured half-lives for the D251N oxy-P4&0and D251N
oxy-P45Q,,/Pd complexes are 2% 5 and 26+ 5 min,
respectively. Both the D251N oxy-P45@and D251N oxy-
P45Q.,{Pd complexes exhibit similar oxidation rates for the
two conformations, as indicated in Figure 7(c), where the
ratios of the peak areas of the two conformations are shown.

Figure 8 presents &2 K Q-band EPR spectra of D251N/
Pd oxy-P45@n The spectrum of Pd, witg = (2.02, 1.93),
indicates reduced Pd is present. This spectrum is identical
to that observed by Shimada et a28), which shows a
perturbation of the putidaredoxin structure upon binding to
P45Q.w There is also a very small component of the
spectrum withg-values characteristic of trace amounts of
high- and low-spin ferric P45Q,(29) present in the sample,
due to autoxidation of the ferrous oxy-P450 There is no
indication from the EPR spectra that an electron has
transferred from the Pd to the oxy-heme site.

DISCUSSION

Since the discovery that the D251N mutation in P450
slows the turnover rate for camphor hydroxylation by2l
orders of magnitude compared with native P45024, 30),
there has been hope that the two-electron-reduced oxy
complex of this mutant would lead to the spectroscopic
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and 1070 cm?! (circles) peaks of D251N8O, P45Q.m (b) bars. The dominant signal comes from the Pd gitralues at 2.02

Lorentzian peak area of the 1062 th{(squares) and 1071 crh and 1.93. The minority signals from residual amounts of autoxidized
(circles) peaks of D251N80,-P45Q,,/Pd complex. (c) Ratio of P45Q.m (both high- and low-spin species) are also shown. There
the Lorentzian peak area of the 1061 ¢rpeak to the 1070 cnt are no additional signal4.Q) attributable to the transfer of a second

peak for D251N (upside down triangles) and D251N/Pd complex electron to the oxygen-bound ferrous heme.
(filled triangles).

P45Q.m we see negligible differences in the “core size”
identification of the intermediate involved in dioxygen marker bands, indicating that the iron atom remains in a
activation. During enzymatic turnover, D25IN P4aBhows  “ferric like”, low-spin, 6-coordinate state. This observation
a significantly red-shifted UV visible absorption spectrum  excludes the possibility that electron transfer to either the
(both Soret and Q-band) compared to other catalytic inter- jron atom or the porphyrin ring has occurred upon binding
mediates Z3, 24). This intermediate §) was tentatively  of reduced Pd to the oxy complex. Moreover, Figures 5 and
identified as a reduced dioxygen bound intermediate with a g spow no large frequency shifts between D251IN oxy-
peroxide electronic structure (Fe-O—0?%") (23) since the P45Q.m and the D251N oxy-P45@/Pd complex for the

Soret band is_ then thought t'o be insensitive to structure, oxygen-sensitive modes at 540 chfve_oc) and 402 cmt
but very sensitive to electronic perturbations. Also, recent (Ore.0-0). On the other hand, multiple components of the
e—0— . 1

density functional theoretical calculatior&lj of the optical 0, stretching mode #_o) do appear upon Pd complex

spectrum of the. rgdup_ed ferrous cﬁoxygen model P850 formation, but the frequency of the major component remains
showed strong similarities to the optical spectrum of the new . o _,
the same as the uncomplexed material withii, cn?.

intermediate observed by Benson et aB)( In the present i ) .
paper, we use resonance Raman and EPR SpeCtrOSCOpy to These observations Verlfy that in the D251N/Pd CompleX
characterize this intermediate more completely. We find that the dioxygen bond has not been severed and this intermediate
binding of reduced Pd to the oxygen complex of the D215N is not an oxyferryl (F&—0%") species as observed by
mutant perturbs the conformational substate populations of Schlichting et al.§) following radiolytic reduction. Likewise,
the O species, but does not lead to an additional electron the lack of significant frequency changes in any of the
transfer from the Pd to the oxy-heme of P4&0 oxygen vibrational modes suggests that the oxygen remains
Figure 3 presents the high-frequency resonance Ramann & superoxide state (Fe-O—0") very similar to the state
spectra of WT and D251N oxy-P45@, It should be noted ~ of the WT and D251IN oxy-P43%Q, If the D251IN oxy-
that there are negligible differences in the “core size” marker P45Qar{Pd intermediate was in a ferric peroxide state’(Fe
band and dioxygen stretchingd_o) frequencies, indicating ~ O—0?%"), as suggested by the experimental observations of
that the D251N mutation does not affect the spin or Benson et al. 23) and by the theoretical calculations of
coordination of the iron or the electronic structure of the Harris, Loew, and Waskell3(l), it is expected that the
oxygen. When we compare the RR spectrum of the D251N frequencies associated with the bound dioxygen would be
oxy-P45Q,/Pd complex to the uncomplexed D251N oxy- perturbed, which is not the case.
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Very little information is available about the vibrational Pd, we suggest that a similar change in the conformational
properties of iror-peroxide species due to their short substate distribution occurs upon Pd binding to WT oxy-
lifetimes. Recently, the resonance Raman spectra of non-P45Q,, and that the altered conformational distribution is
heme mononuclear low-spin irefydroperoxo (F&— related to the effector function of Pd.

OOH) and iror-peroxo (Fé*—00) complexes have been Multiple O, stretching frequencies have also been observed
observed 2, 33). For the iron-hydroperoxo complex, the  when adamatanone is used as the substrate in WT oxy-
Fe—O mode was assigned at 620 thf33), and an oxygen  P45Q,, (8). However, these conformational substates oc-
stretching modeio-o) was assigned at 800 ci(33) and curred in the absence of Pd and have highgistetching

790 cntt (32). The frequencies for the peroxo complexes frequencies. The role of the substrate in altering the confor-
of the Fe-O and O-O stretching modes were 465 and 820 mational substate population is not clear at this time, but
cm, respectively 83). Therefore, the presencews-onear  given the need for close proximity between activated oxygen
~1100 cn! indicates a superoxide rather than a peroxide and substrate, it is not surprising to find tiat o is substrate-

or hydroperoxide oxidation state for the bound dioxygen. In specific.

further support of this claim, we present EPR data in Figure  The major spectroscopic effects of Pd binding to D251N
8, which show no evidence for the peroxide stafe~(2.25,  oxy.p45Q,,are the red shift of the Soret and Q absorption
2.16, 1.96) observed in the radlolytlcally reduced D25IN pands [with a shift of 5 nm observed for both ban@s, (
0xy-P45Qamor the hydroperoxide statg = 2.3, 2.16, 1.96)  3¢)], and the redistribution of the conformational substate
observed for radiolytically reduced WT oxy-P4&0Q(10). population to favor a conformation wita 9 cn* downshift

The fact that there is no evidence of a second electron transfef, ,, . and a 15 cm! downshift invee_0o. As discussed
from Pd to either the oxygen or the heme is consistent with g yjier, the Raman marker bands and the EPR spectra

the resonance Raman observations and indicates that thgjemonstrate that electron transfer to the oxy-heme complex
D251N mutation drastically reduces the rate of the second g not the origin of these perturbations.

electron transfer from Pd to the dioxygen bound heme in
P45Qam

A previous study on the kinetic solvent isotope effect
(KSIE) of P45Q.m has demonstrated that the rate of first
proton transfer is significantly reduced in the D251N mutant
(34). The turnover rates of the D251N mutant have a KSIE
of 10 at pH 5.9 compared to 1.8 for WT at pH 731)((KSIE
= product formation rate in $D/product formation rate in
D,0). The rate of product formation and the KSIE have also
been found to depend strongly on pBY). For the D251N
mutant, the rate of product formation decreases roughly 1
order of magnitude from pH 5 to 8. The current experiments
were performed at pH 8 where the activity and KSIE are
greatly reduced. It has been propos&d)(that D251 is a
critical part of the normal proton delivery mechanism, and
the D251N mutant disrupts normal proton delivery and also X . .
opens the @binding site allowing for easier water access. PoNnding 67). In contrast, the conformational substates in
The access of water to the active site explains both the largeN® D251N 0xy-P45Q./Pd complex show a positive cor-
KSIE observed at low pH and the strong activity dependence '€/ation betweenveeoo and vo-o. This suggests that
on pH. The current experiment demonstrates that electronStructural differences beyond simpteback-bonding must
transfer is disrupted along with the proton-transfer mecha- exist between the two cpnformatmnal states. The red-shifted
nism in the D251N mutant. This suggests either that D251 Soret and Q absorption bands provide evidence for a
is important in both electron and proton transfer or that the Perturbation of the heme structural equilibrium since such
second electron transfer from Pd is dependent upon theshifts are pptentlally connected to nonplanar distortions of
proton transfer. One possibility is that electron and proton the porphyrin skeleton3g, 39).
transfer involves a “dressed” state with a correlated motion Another possible role of the conformational change
between the positively and negatively charged particles. associated with Pd binding is that it induces the thiolate

The most profound Pd-induced effect in the resonance ligand to compete more effectively with oxygen for thé d
Raman spectrum of the D251N oxy-P4&0complex is the orbital of the iron atom. For example, Vogel et &7 have
change in the conformational equilibrium of the bound observed a positive correlation betweeg oo andvo-o in
dioxygen substates, which is clearly illustrated in Figure 4. model thiolate complexes [e.g., see Table 2 of Vogel et al.
Upon Pd binding, there is a large increase of a lower (37)]. Such a situation would involve back-donation, which
frequency conformational substate of thesretching mode ~ weakens the ©0 bond and strengthens the-F80 bond,
near 1129 cmt. In earlier work on WT oxy-P45@Q,, under but depending on the details of the thiolate hybridization state
catalytic conditions%5), there was no obvious perturbation  (SP’, SP, etc.) @0), the sigma competition for thebrbital
of the & stretching frequency. We propose that under might be strong enough to lead to an overall weakening of
catalytic conditions, the perturbation of the 6tretching Vre-00 along withvoo.
frequency is negligible because the turnover to product is The rich electronic structure associated with thiolate
very fast and the population of this (active) intermediate ligation to P45@,, has been noted in previous work1(
conformation is very small. Since no differences are observed42), where two separate blue-shifted-SFe charge-transfer
between the WT and D251N oxy-P45Qin the absence of  transitions have been observed underlying the Soret band of

Previous studies have shown that the heme active site of
P45Qamis perturbed upon Pd binding1—15). For example,
Unno et al. (4) observed a~3 cn! upshift in the Fe-S
stretch frequency upon the binding of Pd to ferric P450
while the Soret band exhibited a slight red shift. Makino et
al. (12) and Unno et al.16) observed an-8 cm* downshift
in the C-0 stretching frequency and a8 cm* upshift in
the Fe-CO stretching frequency upon binding of Pd to
ferrous CO-P45Q,, Iron—diatomic ligand vibrations, such
as Vee-xo, and vx—o, where X= C, N, or O, have been
extensively studied as sensitive structural probes of various
heme proteins and model compounds. A negative linear
correlation betweenge—xo andvx—_o is observed for both 5-
and 6-coordinated FeXO porphyrins 87). The negative
correlation is usually attributed to metal-to-ligandback-
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the ferric enzyme. The data presented in Figure 2 demonstrate  tional Conference on Raman Spectroscquy492-493, The
that complex electronic structure is also associated with the ~_ Chemical Society of Japan, Tokyo.

oxygenated complex. For example, note how the relative 13.|St2i1r8ég).,\]liz/&1rlaa, cTHe'\r/mlqakisnooé Rl.i|1§7h(i)r;1_u;a7,1\£.,and Morishima,
intensity of thedreooandvee-oo modes increases relative to 14. Unno, M., .Chris.,tian, J. .F., Bénson, D.E., Gérber, N. C., Sligar,

the vo—o stretching mode as the laser is tuned to 356 nm. S. G., and Champion, P. M. (1997) Am. Chem. Soc. 119
This indicates the presence of localized electronic excitations 6614-6620.
that have a differential effect on the iron-based vibrations 15. Mouro, C., Bondon, A., Jung, C., Hui, B. H., De Certaines, J.

(Ore00@Ndvee o0) than onvo_o. The relative enhancement Eéﬁsof)gzn—csecrfesR' G., and Simonneaux, G. (19BEBS Lett.
of _5Feoo and vee-oo at 356 nm Is reminiscent of the blue- 16.Unno, M., Christian, J. F., Sjodin, T., Benson, D. E.,
shifted Raman excitation profiles observed for the-Be Macdonald, I. D. G., Sligar, S. G., and Champion, P. M.,
mode @2) and may be related to the unusual (positive) unpublished experiments.
correlation betweemr.—0o andvo-o observed for the Fe 17. Stayton, P. S., and Sligar, S. G. (19B@)chemistry 297381~
O, substates of P45, 7386. . )

18. Koga, H., Sagara, Y., Yaoi, T., Tsujimura, M., Nakamura, K.,
CONCLUSION Sekimizu, K., Makino, R., Shimada, H., Ishimura, Y., and

Yura, K. (1993)FEB_S Le_tt. 331109—113_. o
We have used resonance Raman Spectroscopy to probelg. Nakamura, K., HOflUChl, T., YaSUkOChl, T., SeklleU, K.,

the effect of Pd binding to the D251N mutant of oxy-P450 Z'g_ri';' and Sagara, Y. (1998jochim. Biophys. Acta 1207
Previoys work has proposed that this complex inv_olved the »q Unno,IM., Shimada, H., Toba, Y., Makino, R., and Ishimura,
reduction of the oxy-heme to a peroxy intermedia28)( Y. (1996)J. Biol. Chem. 27117869-17874.

However, we have determined that the D251N oxy-R4%0 21. Pochapsky, T. C., Jain, N. U., Kuti, M., Lyons, T. A, and
Pd complex is a low-spin, ferric-like, 6-coordinate complex Heymont, J. (1999Biochemistry 384681-4690.

- - : . 22. Pochapsky, T. C., Lyons, T. A., Kazanis, S., Arakaki, T., and
with the dioxygen in a superoxo valence state. We find no Ratnaswamy, G. (109@iochimie 78 723-733.

evidence that transfer of_ the second electron fror_n _Pd_to the >3 Benson, D. E., Suslick, K. S.. and Sligar, S. G. (1997)
oxy-heme has occurred in the D251N mutant. This indicates Biochemistry 365104-5107.

that the D251N mutation significantly retards the second 24. Gerber, N. C., and Sligar, S. G. (1992)Am. Chem. Soc.
electron transfer. This observation, along with the previously 114, 8742-8743.

established fact that the proton transfer rate is greatly reduced 2> gzuq%agfiég C., and Wagner, G. C. (19WM#jthods Enzymol.
in this mutant, suggests that the electron and proton transfer g \werst, M. W., Davoust, C. E., and Hoffman, B. M. (1991)

events may be coupled. We also observed that Pd binding ~ Am. Chem. Soc. 113533-1538.

significantly changes the conformational substate populations 27. Macdonald, I. D. G, Sligar, S. G., Christian, J. F., Unno, M.,
in the D251N mutant. The resonance Raman spectra and the ~ and Champion, P. M. (1999). Am. Chem. Soc. 12876~
red-shifted eIectror_1ic spectra for the oxy-P45®d comple_x 8.388hci)r'nada, H., Nagano, S., Ariga, Y., Unno, M., Egawa, T.,
suggest that Pd binding induces a structural perturbation of Hishiki, T., Ishimura, Y., Masuya, F., Obata, T., and Hori, H.
the oxy-heme. We propose that this structural perturbation (1999)J. Biol. Chem. 2749363-93609.

is related to the effector function of Pd and may involve an  29. Griffith, B. W., Peterson, J. A., and Eastabrook, R. W. (1979)

alteration of the electron-donating properties of the thiolate Erggf PN%rVF\’/h%’gp;(Do'phi”' D., Ed.) pp 333375, Academic
ligand. 30. Shiméda, H., Makino, R., Imai, M., Horiuchi, T., and Ishimura,
Y. (1990) in International Symposium on Oxygenase and
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