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ABSTRACT. Resonance Raman spectra are reported for both the heme domain and holoenzyme of cytochrome
P45@®wm3 in the resting state and for the ferric NO, ferrous CO, and ferrous NO adducts in the absence
and presence of the substrate, palmitate. Comparison of the spectrum of the palmitate-bound form of the
heme domain with that of the holoenzyme indicates that the presence of the flavin reductase domain
alters the structure of the heme domain in such a way that water accessibility to the distal pocket is
greater for the holoenzyme, a result that is consistent with analogous studies of cytochrome P450cam.
The data for the exogenous ligand adducts are compared to those previously reported for corresponding
derivatives of cytochrome P450cam and document significant and important differences for the two proteins.

Specifically, while the binding of substrate induces relatively dramatic changes #fRbee XY) modes

of the ferrous CO, ferric NO, and ferrous NO derivatives of cytochrome P450cam, no significant changes
are observed for the corresponding derivatives of cytochromegrégS@pon binding of palmitate. In

fact, the spectral data for substrate-free cytochrome gMbprovide evidence for distortion of the Fe

XY fragment, even in the absence of substrate. This apparent distortion, which is nonexistent in the case
of substrate-free cytochrome P450cam, is most reasonably attributed to interaction of ¥¢ freagment

with the F87 phenylalanine side chain. This residue is known to lie very close to the heme iron in the
substrate-free derivative of cytochrome Pda®and has been suggested to prevent hydroxylation of the

terminal,w, position of long-chain fatty acids.

Heme-containing monooxygenases, collectively referred energy electrons to the (hydroxylating) heme protein. Such
to as cytochromes P450, activate molecular oxygen to two-component protein systems are termed type Il monooxy-
generate a potent oxidizing species capable of stereospecifigenases J). Liver microsomal enzymes are typically in-

hydroxylation or epoxidation of relatively inert physiological
substrates 1, 2). Bacterial cytochrome P450s generally

volved in mammalian biochemical pathways and some are
implicated in the activation of precarcinoger. (Limited

require a three protein system to activate molecular oxygenspectroscopic and structural information is available for the
and are termed class | P450 monooxygenases. Microsomakukaryotic class Il P450s owing to difficulties in purification/

P450s utilize an NADPHcytochrome reductase, containing
two flavin groups [flavin adenine dinucleotide (FAD) and
flavin mononucleotide (FMN)] that sequentially supply low-
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1 Abbreviations: HBM3, cytochrome P4&i@3 holoenzyme; HDBM3,
cytochrome P45&3 heme domain; CAM, cytochrome P450cam;
HBM3-O (HDBM3-0), cytochrome P4%W3 holoenzyme (heme
domain) at ferric state; HBM3-R (HDBM3-R), cytochrome P46
holoenzyme (heme domain) at ferrous state; HBM3-Op (HDBM3-Op),
palmitate-bound ferric cytochrome P45 holoenzyme (heme do-
main); CAM-Oc, camphor-bound cytochrome P450cam.

expression and retention of membranous forms at sufficient
protein concentrations. Bacterial P450s are soluble, more
easily expressed, and more readily purified than their

eukaryotic counterparts and hence have been extensively
studied by many spectroscopic techniques, and high-resolu-
tion crystal structures are available for some in both free

and substrate-bound form3, 5—8).

A soluble bacterial enzyme isolated frdacillus mega-
terium designated P4B@3,! catalyzes the hydroxylation and
epoxidation of long-chain fatty acids such as palmitate and
laurate 9, 10). This enzyme is of special interest because,
like the mammalian enzymes, it is classified as a type Il
cytochrome P450, although in this particular case the two
component proteins (the heme and reductase domains) are
fused together in P4B®13 but may be detached by limited
trypsin digestion 11) or independently expressed ks-
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cherichia coli(12). Given its availability and solubility, and  and concentrated with YM10 membranes. The protein
its functional similarity to the eukaryotic enzymes, detailed solution was dialyzed three consecutive times with a 50-
characterization of its structure and function are understand-volume excess of buffer B (25 mM potassium phosphate,
ably of great interest. pH 6.5, 2 mM DTT, 0.2 mM EDTA, and 1 mM PMSF),

Of the spectroscopic methods available for characterizationand concentrated before being loaded at@ onto a
of heme protein active sites, resonance Raman (RR) spechydroxyapatite (DNA grade, Bio-Rad) column, which was
troscopy has proven to be highly effective, revealing active- preequilibrated with buffer B. The column was washed with
site structural changes in exquisite detaB,(14). Inthe case 2 volumes of buffer B before protein was eluted with a
of cytochrome P450cam, in particular, the technique has beergradient of buffer B to buffer C (500 mM potassium
used to study very subtle changes in the geometry of boundphosphate, pH 6.5, 0.2 mM EDTA, 2 mM DTT, and 1 mM
diatomic ligands induced upon binding of substrats (6), PMSF) at a flow rate of 14 mL/h. Fractions with & >
changes that signal direct interaction of the substrate with 1.50 were pooled, concentrated, and dialyzed$0-volume
the Fe-XY fragment. This information is obviously pertinent ~excess of buffer A/50% glycerol. SB®AGE was per-
to the relative stability of the physiologically important formed to confirm protein size and purity. The protein
dioxygen adducts and the degree of specificity observed insolution was flash-frozen and stored-a80 °C until used
substrate hydroxylation and epoxidatidki7{-20). for SDECUOSCQPiC measurements.

Herein are reported detailed RR studies of the holoenzyme ~ Stock solutions of 62 mg/mL (holoenzyme) and 41 mg/
(in its resting state) and the heme domain of cytochrome mL (heme.domam) were available for RR studies. The final
P45@M3 in its resting state and for various diatomic ligand concentration for the RR measurements is aboytM0The
adducts: the inherently lineat4), isoelectronic ferrous CO ~ Substrates used in these experiments ar5 mM stock
and ferric NO species and the inherently bent ferrous NO Solution of the sodium salt of palmitic acid in 50 mM
adduct. Both the stretching and bending modes of the Fe N&CQs. )

XY fragment are observed in the RR spectra of the ferrous Sample PreparatiariThe ferrous CO adduct of P4&i@3
CO and ferric NO adducts, while only the stretching mode heme domain was prepared by adding a small amount of
of Fe~XY is observed in the RR spectrum of the ferrous Sodium dithionite to a 10aL sample of 50uM P450m3
NO adduct. In this case, the vibrational modes of the Fe heme domain solution under anaerobic conditions, and

XY fragment are insensitive to the binding of substrate. ~ Pubbling the solution gently with CO for a few minutes.
Great care was taken to control the amount of dithionite

MATERIALS AND METHODS added, because a large excess can lead to the formation of
the P420 CO adducif). The integrity of the P45u3 CO
High-copy circular plasmids containing the gene encoding adduct was monitored by its UWis absorption spectrum.
for either the heme domain of P45@s (HDBM3) or the  The Uv-—vis spectrum was taken before and after the Raman
holoenzyme under the T7RNA polymerase promoter were experiment to confirm the absence of the P420 form. All

expressed as described previousi)( Purification of the  RR spectra of the CO adduct in this paper are free of
holoenzyme to anfu1dAxs0) R, > 0.6 has been detailed by  contribution from P420.

Yeom et al. g1). o _ The substrate bound P45@ heme domain CO adduct
Expression and Purification of P4803 Heme Domain was prepared by the addition of a 40-fold molar excess (50
The heme domain of P4Bf3 was expressed ift. coli uL) of the palmitic acid solution to a 26L sample of 200

JM109(DE3). Cells were grown in2YT medium, contain-  4M P45@wms3, then phosphate buffer [P100, pk 7.4] was

ing ampicillin (100uL/mL) at 37°C for ~6.5 h at 200 rpm,  added to a final volume of 1Q@L and enzyme concentration
giving an OQonm~ 1. Induction was carried out with filter-  of 50uM. The UV—vis spectrum was measured, monitoring
sterilized 1.0 mM IPTG (isopropys-p-thiogalactopyrano-  the 390 nm band to confirm the formation of the substrate-
side) at 29°C and harvested 20 h after induction. Cell paste bound complex. The CO-bound sample was then prepared
was stored at-80 °C until further use. Frozen cells were in the same manner as described above.

resuspended in the minimum of buffer A (50 mM tris, pH The ferric NO adduct of P4%W3 heme domain (free or
7.25,1 mM EDTA, 2 mM dithiothreitol, and 1 mM PMSF)  substrate-bound) was prepared in the following way: ap-
and sonicated on ice (Branson Sonifier 450). Cell debris was proximately 150uL of a 50 uM P45@&m3 heme domain
removed by centrifugation at 1509@or 30 min at 4°C, solution, determined by its UVvis spectrum, was put into
keeping the supernatant. DNase and RNase (bothu#0 a5 mm NMR tube equipped with a rotationally symmetric
mL) were added to the suspension, which was subsequentlyalve. The NMR tube was evacuated and backfilled with
stirred at 30°C for 30 min. A 0-30% ammonium sulfate  oxygen-purged argon several times on a vacuum line to
cut at 4 °C was carried out slowly, the sample was remove atmospheric oxygen. Nitric oxide was passed over
centrifuged at 200apfor 15 min, and the resulting super-  a column of sodium hydroxide pellets and introduced to the
natant was retained. The 360% cut was performed, with  NMR tube via a vacuum line. The final concentration of
the solid fraction retained. This fraction was resuspended in P45@m3 sample was approximately 5@M. It should be
buffer A and dialyzed at 4C three consecutive times with  noted that extreme care must be taken to remove traces of

a 50-volume excess of buffer A. oxygen from the sample before addition of NO; otherwise
The protein extract was loaded onto a DEAE-Sephacel protein denaturation occurs.
column equilibrated with buffer A at 4C. The column was The preparation of the ferrous NO adduct of Pzs®

washed with 2 volumes of buffer A at 20 mL/h. Protein was heme domain was performed by anaerobic decomposition
eluted with a 8-500 mM KCI gradient in buffer A at 20  of sodium nitrite with fresh sodium dithionitel§). About
mL/h. Fractions with arR, As1dAzs0 > 0.75 were pooled  100uL of a 50 uM P45®m3 heme domain sample, either
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substrate-bound or free, was placeaiat5 mm NMRtube N
and sealed with a rubber septum. The sample was vigorously |

degassed with nitrogen through an inserted syringe needle ©

for several minutes, followed by the injection of about a 100- 2

fold molar excess of sodium dithionite and a 40-fold molar yypms—o ’ <
excess of sodium nitrite solution with a gastight syringe. Both
of these solutions were also purged with nitrogen prior to
injection.

The RR spectra were obtained with a Spex 1269 spec-
trometer equipped with a Princeton Instruments ICCD-576
UV enhanced detector. The excitation lines employed were upBM3-o0p
the 406.7 nm line from a Spectra-Physics Model 100-K3
krypton ion laser and the 442 nm line from a Liconix Model
4240NB helium-cadmium laser. The spectra were calibrated
with fenchone and processed with Spectra-Calc software. A
442 or 413 nm Notch filter (Kaiser Optical) was used to
remove the Rayleigh scattered line during the spectral
measurement. The NMR tube was spun and & 1&fgk-
scattering geometry was employed.

—
~
—
—
)
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RESULTS

(1) Ferric P45(m3. Attempts to document the RR spectra
of cytochrome P45&M3 holoenzyme (HBM3) and heme
domain (HDBM3) have been previously report@2-{24). HBM3-0p
However, in the earlier works employing colloidal silver
particles to exploit the SERRS effect, adsorptive surface
interactions can apparently alter the enzyme structure, i.e.,
conversion to the high-spin, five-coordinate state, even in
the absence of substrate. While attempts to acquire the RR 1200 1400 1600
spectra of both HBM3 and HDBM3, by use of Q-band
excitation (~500 nm), have been reporte2#lj, complications
arise involving fluorescence from the flavin-containing fused FIGURE 1. High-frequency region (11661700 cm*) of RR spectra

; ; of P45@m3 heme domain (HDBM3-0), palmitate-bound P45G
reductase domain and documented photoreduction of theheme domain (HDBM3-Op), P450 holoenzyme (HBM3-0), and

associated heme domain. palmitate-bound P4%W3 holoenzyme (HBM3-Op). All spectra
In contrast to the earlier work22—24), in the soret- were obtained with 406.7 nm excitation with a laser power lower

excited spectra reported here we observed no evidence for 4han 20 mW at the sample. For other experimental details see text.
(HS, 5C) species in the substrate-free forms nor any o
indication of photoreduction of the heme domain in the Itis important to note that greater 1502/1488 and 1581/
spectra of the holoenzyme. The high-frequency RR spectral571 intensity ratios observed in the spectrum of HBM3-
of HBM3 and HDBM3 are shown in Figure 1 for the Op, compared to those in the spectrum of HDBM3-Op, show
substrate-free and palmitate- (p-) bound forms. The overall that the presence of the reductase domain increases the
spectral pattern observed for HDBM3-O is indicative of a fraction of residual (LS, 6C) component.
hexacoordinated, low-spin state, as expecté&l (The sixth Figure 2 presents the low-frequency RR spectra of HBM3-
ligand is a water molecule provided by a cluster of water O, HBM3-Op, HDBM3-O, and HDBM3-Op along with
molecules on the distal side of the hen3 (The spectrum  those observed for substrate-free (CAM-O) and camphor-
of the substrate-free form of the holoenzyme (HBM3-O) bound (CAM-Oc) cytochrome P450cam for comparison. For
shows no significant differences from that of HDBM3-O. all the cases (HBM3, HDBM3, and CAM) there is a distinct
The observed RR frequencies of the palmitate-bound hemechange in the spectral pattern upon binding of substrates. In
domain (HDBM3-Op) document formation of a high-spin, the presence of substrate, a new feature appears at 368 cm
five-coordinate (5C,HS) hemé.8). However, weak peaks and an apparent intensity increase occurs for a feature near
at ~1502 cn1! (v5) and~1580 cn1t (v,) persist in the RR 315 cntl. The other noticeable difference in this set of
spectrum of HDBM3-Op, confirming the presence of residual Spectral data is the appearance of an additional feature near
low-spin species in the substrate-bound complex, indicating 400 cnT* in the spectra of HBM3-O and HDBM3-O that
a low-spin/high-spin equilibrium in the presence of substrate. disappears upon binding of palmitate. This feature is missing
The persistence of the low-spin form does not reflect Or only very weakly enhanced in the spectrum of substrate-
incomplete substrate binding, because our experimentalfree P450cam, CAM-O.
conditions (100-fold excess of substrate) and the K According to the most comprehensive set of assignments
0.02uM (25), ensure the formation of the paltimate-bound for low-frequency modes of protohem&6j, the in-plane
P45@m3 complex. Rather, this behavior is similar to a well-  bending modes of the two vinyl substituents appear near 400
documented manifestation of spin equilibrium within the and 420 cm®. In-plane deformation modes of the heme
substrate-bound form in the case of P450ca#5) 16). macrocycle appear near 345 chi(vg), ~270 cnt (vsy),

-1375

Raman Shift/em—1



13702 Biochemistry, Vol. 38, No. 41, 1999 Deng et al.

-1370

HDBM3—-0 HDBM3-R-CO

HDBM3-0p

1584
1620

HDBM3-0-NO

o
o
Te]
i

HBM3-0

ok
X
e
‘_‘—Q
Il

HDBM3-R-NO

HBM3-0p

IZIOO 1400 1600
Raman Shift/cm~-1

©

N

<+
|

Ficure 3: High-frequency region (12661700 cnt?) of RR spectra

of CO adduct of ferrous P48®3 heme domain (HDBM3-RCO),

NO adduct of ferric P458v3 heme domain (HDBM3-©NO), and

NO adduct of ferrous P48%3 heme domain (HDBM3-RNO).

All spectra were obtained with 442 nm excitation with a laser power
lower than 15 mW at the sample. For other experimental details
see text.

CAM-0

-312

-314
- 426

CAM-0c

' l ‘ enhanced only with excitation near 350 nm, and is not
200 400 800 observed in the spectrum of the low-spin substrate-free
Raman Shift/cm~—1 species 15, 16, 27). Similar behavior and an identical

frequency for substrate-bound HDBM3 has been observed

FIGURE 2: Low-frequency region (256500 cnml) of RR spectra ;
of P45(sm3 heme domain (HDBM3-0), palmitate-bound Pasa (- D+ G- Macdonald, unpublished data).

heme domain (HDBM3-Op), P4803 holoenzyme (HBM3-O), (2) Ferrous CO Complex of P480. The high-frequency
palmitate-bound P4%W3 holoenzyme (HBM3-Op), P450cam (1200-1700 cm?) RR spectrum of the ferrous CO adduct

(CAM-0), and camphor-bound P450cam (CAM-Oc). P450cam was of HDBM3 (HDBM3-R—CO) is displayed in Figure 3. The

produced according to a previously reported methd§). (All va, va, andv, modes occur at 1370, 1493, and 1581 &m
spectra were obtained with 406.7 nm excitation with a laser power _ 4 "3 <% 72 ; ; el o7
lower than 20 mW at the sample. For other experimental details '€SPectively. No evidence of a band at 1345 émwhich is
see text. the marker band of iron(Il) heme, is detected, eliminating

the possibility of spectral contamination by a photodissoci-

and 250 cm® (vg), while the relatively strong feature ated reduced (deligated) produt®). Figure 4 presents the
appearing near 380 crhis attributed to a mode containing low-frequency region (206800 cnt?) of the RR spectra of
substantial involvement of propionate deformation. Upon the natural abundance and isotopically labeled analogues of
conversion to the high-spin state, in this situation induced the ferrous CO adduct of HDBM3 (HDBM3-RCO and
by substrate binding, out-of-plane deformations are activated. HDBM3-R—13CO). A strong peak at 471 crhshifts to 468
In the present cases, the feature near 367 ¢snessentially ~ cm ' and a weak peak at 558 cfshifts to 544 cm* upon
absent in the substrate-free derivatives but appears as oné®CO substitution. Quite similar isotopic shifts have been
of the strongest features for the corresponding substrate-observed28) and calculated9) for the ferrous CO adduct
bound species. Second, the weak feature observed near 316f P450cam, thus supporting the assignment of the 471 cm
cm ! in the substrate-free derivatives appears to grow in feature tov(Fe-—CO) and the 558 cnt feature too(Fe—
intensity upon substrate binding. The most reasonable CO).
assignments of these two features ared@nd y7, respec- The RR spectrum of the palmitate-bound CO adduct of
tively (26). However, this remains to be confirmed by a study P45@m3 heme domain (HDBM3-RpCO) is shown in
of these proteins reconstituted withesedeuterated proto-  Figure 4. We note that addition of substrate either before or
heme; i.e., bothys andy; are known to experience rather after the introduction of CO yields identical RR and BV
large shifts upon meso-deuteratid2b) vis spectra. Interestingly, there are no obvious spectroscopic

In addition to the in-plane and out-of-plane deformations changes observed in the low-frequency region upon substrate
of the macrocycle core and its peripheral groups, the binding, a result in direct contrast with the behavior of
stretching mode of the F€S linkage to the proximal cysteine  P450cam, whereupon binding of substrate induced a shift
ligand is expected to occur in this spectral region. It is of v(Fe—CO) from 464 to 484 cm' (16, 28).
observed at 351 cm in the spectrum of the high-spin, (3) Nitrosyl Adduct of Ferric P45&vs. The high-frequency
substrate-bound derivative of cytochrome P450cam, beingregion of the RR spectrum of the ferric NO adduct of
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FiGURE 4: RR spectra of CO adducts of ferrous P#&8 heme domain: substrate-free (HDBM3-€NO) and palmitate-bound

domain: 12CO, substrate-free (HDBM3-R2CO); 2CO, palmitate- ~ (HDBM3-Op—NO). All spectra were obtained with 442 nm
bound (HDBM3-Rp!?CO); 13CO, substrate-free (HDBM3-R excitation with a laser power less than 15 mW at the sample. For

13C0); and*CO, palmitate-bound (HDBM3-Rp1CO). All spectra  Other experimental details see text.

were obtained with 442 nm excitation with a laser power less than g the Fe-NO linkage in P458m3. In brief, the results of
15 mW at the sample. For other experimental details see text. RR spectral studies of the ferric NO adduct are consistent
HDBM3 (HDBM3-O—NO) is displayed in Figure 3. The with the result for the CO adduct of ferrous P45&@.

vy, v3, andv, modes, which are sensitive to the oxidation Namely, a slightly distorted FeXY linkage exists in
state and spin state change, are used to check for possibléiDBM3, unlike the corresponding CAM-RCO and CAM-
autoreduction of FE—NO (17). As shown in the spectrum, O—NO, and shows minimal sensitivity to the presence of
the position of these three modes (1584 ¢érfor v;, 1502 substrate.

cm* for v,, and 1376 cm' for v,4) indicates hexacoordinated, (4) Ferrous Nitrosyl Adduct of P4%M3. Figure 3 displays
low-spin ferric heme iron. There is no 1345 thfeature the high-frequency region (126700 cnt!) of the RR
detected in the spectrum of the ferric NO adduct, eliminating spectrum of the ferrous NO P4&@3 adduct (HDBM3-R-
possible spectral contamination by the deligated autoreduced\NO). The vz and v, peaks occur at 1498 and 1580 cin

species. respectively, indicating low-spin, hexacoordinated heme iron.
Figure 5 presents the low-frequency (30800 cnT?) RR Any possible spectral contamination from a deligated ferrous
spectrum of the NO adduct of ferric P45 (HDBMS3- adduct is eliminated by the absence of a 1345 ‘cpeak.

O—NO). The bands at 349 and 677 chare assigned to The low-frequency RR spectra of the ferrous NO adducts
the vg andv; modes of the heme skeletob5). There are of P45@m3 (HDBM3-R—NO) are displayed in Figure 6.
two bands located in the low-frequency region besides the The band located at 543 crhis clearly associated with
heme skeletal modes. One exhibits intensity comparable tobound NO as it displays isotopic sensitivity, shifting to 529
v7 and occurs at 526 cmh, while the other band of lower cm™ upon substitution wittNO (HDBM3-R—'5NO). No
intensity is positioned at 548 crh By comparison with the  other obvious isotope-sensitive feature is observed in the low-
ferric P450cam NO adductl®), the 526 cm® band is frequency region of the spectrum.

assigned here to the stretching mode of Fe{INO and the Consistent with earlier studies of the ferrous NO adduct
548 cm! feature to the corresponding bending mode, of P450cam18), the 544 cm? band in the RR spectrum of
O0(FeNO). The enhancement of the latter suggests a somewhaHDBM3-R—NO adduct observed here is assigned as the
distorted Fe-NO linkage as has been previously documented v(Fe'—NO). In the present study, thi§Feé'—NO) mode is

for camphor-bound P450car®). The RR spectrum of the  not easily detected in the region where it is expected40
ferric NO adduct of HDBM3 in the presence of palmitate cm™] owing to the complicated spectral pattern caused by
(HDBM3-Op—NO) is also shown in Figure 5. Clearly, the overlapping porphyrin modes and the relatively low spectral
binding of palmitate appears to have an insignificant effect signal-to-noise ratio.
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Ficure 6: RR spectra of NO adducts of ferrous P4&@ heme
domain: “NO, substrate-free (HDBM3-R“NO); 1°NO, substrate-
free (HDBM3-R-15NO); and “NO, palmitate-bound (HDBM3-
Rp—1“NO). All spectra were obtained with 442 nm excitation with
a laser power lower than 15 mW at the sample. For other
experimental details see text.

Figure 6 also presents the RR spectrum of the palmitate-
bound ferrous NO adduct of P4&@3 (HDBM3-Rp—1“NO).
The spectrum exhibits no obvious differences from that of

the substrate-free adduct, indicating that binding of substrate

has no significant effect on the FeINO fragment.

DISCUSSION
(A) Resting StateAs can be seen in Figure 1, the binding

of substrate to these cytochromes P450 induces readily
detectable changes in the RR spectra that are indicative of &

conversion from a (LS, 6C) state to a (HS, 5C) state;w£.,
and v, shift down. The spin and coordination number
alteration is the result of displacement of the aqueous ligand
upon the binding of the substrate, converting the heme iron

to a (HS, 5C) state. Substrate binding has been shown to

control/regulate electron delivery to the heme iron by
increasing its redox potential, facilitating its reducti@o,(
31). In the case of P4%M3, the persistence of residual
intensities at 1502 and 1580 chsupports the existence of
an equilibrium between the low- and high-spin forms in the

Deng et al.

of 97% and 99%, respectively. With smaller substrates, a
greater fraction of (LS, 6C) complexes are observed; e.g.,
for norcamphor the fraction of (HS, 5C) is only 46%2].

Comparisons of the spectra obtained for HDBM3-O and
HDBM3-Op with those obtained for HBM3-O and HBM3-
Op does reveal an important difference. Thus, the presence
of the fused reductase domain in HBM3-Op results in a larger
amount of residual (LS, 6C) species, compared to that
observed for HDBM3-Op; i.e., the 1581/1571 and 1502/1488
ratios are greater for HBM3-Op. This effect is directly
analogous to similar behavior observed for cytochrome
P450cam upon interaction with its redox partner, putidare-
doxin (Pd), wherein it was shown that the percentage of (HS,
5C) component diminishes upon binding of Pd to the
camphor-bound form33). This increase in the amount of
residual (LS, 6C) component is most reasonably attributable
to slight changes in the architecture of these enzymes upon
binding of the redox partner, changes that evidently permit
retention of additional water molecules in the distal pocket.

(B) Exogenous Ligand Adductél) Factors That Deter-
mine the Frequencies of the FXY FragmentThe inherent
geometry (i.e., linear or bent) of the MKY fragment of
diatomic ligand adducts of metalloporphyrins or heme
proteins depends on the total number of electrons in the iron
dr and ligand* orbitals (14). The M—XY fragment
changes from linear to bent when the number of electrons
in these orbitals increases from 6 to 7 or more. Considering
the case of interest here, the total electron count of six in
the Fe(ll)-CO and Fe(lll}-NO adducts favors an essentially
linear geometry, while the seven electron count in the case
of the Fe(ll)>NO adducts predicts an inherently bent
geometry.

Resonance Raman spectroscopy has been proven to be an
especially effective probe of the MXY geometry (4, 29).
In the absence of any off-axis interactions that effectively
lower the symmetry, the bending mode is theoretically not
active in the RR spectrum. Thus, appearance ofoiih—
XY) mode in the RR can be taken as a reliable indicator of
some type of off-axis interaction, with symmetry lowering
being effectively induced by steric factors, hydrogen bonding,
and/or some type of polar influenc2q, 34).

(2) Comparison between P4&i@ and P450camThe RR
pectral studies of cytochrome P450cam, the most-studied
cytochrome P450, provide a useful starting point for the
investigation of substrate-binding effects on the itigand
fragment. Detailed RR studies of the CO, NO, and CN
adducts of P450cam have been carried out in recent years
(16—20, 28). To achieve a better understanding of the
substrate-binding effects on the F¥Y fragment in the
active site of P45&ms3, it is useful to compare the present
results to the corresponding data for P450cam.

Cytochrome P450cam and P43 are both b-type heme

presence of substrate. Such an equilibrium has been previProteins, with a cysteine ligand on the proximal side of the

ously reported for substrate-bound P450cdm (6):

SP450 (HS, 5C) H,0 = S-P450H,0 (LS, 6C) (1)

heme. The RR spectra of substrate-free P450cam and
P45@m3 are almost identical, in both the low- and high-

frequency regions. The F&~ stretching frequency of the

high-spin, substrate-bound species is identical in both proteins

In the latter case, the percentage of residual low-spin (I. D. G. Macdonald, unpublished data), suggesting minimal
component has been shown to be dependent on substratstructural or bonding differences between the proteins in
structure, with the natural substrate camphor and its closeterms of theproximal ligand environment. The difference
structural analogue, admantanone, yielding (HS, 5C) fractionsin vibrational signatures of the FeXY fragment between
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these two ligand-bound proteins is therefore most reasonablyP450cam18). Thev(Fe'—NO) band, occurring at 547 crh

attributed to differences within thgistalheme environment.
(a) Inherently Linear F@1)—CO and F¢lll)—NO Adducts
Thev(Fe—CO) of the substrate-free form of the ferrous CO
adduct of P450cam is located at 464 ¢nand thed(Fe—
CO) mode is not observed, 28). Thev(Fe—CO) is found

in the absence of substrate, shifts to 554 tmpon the
binding of larger substrates, adamantanone and camphor. The
O0(Fe'—NO) shows only 1 or 2 crirt variation upon substrate
binding. Not surprisingly, a smaller substrate, norcamphor,
exhibits no observed effect aifFe' —NO). This observation

to be influenced by the size of the substrate, being observedis in contrast with the results obtained from the RR spectra
at 473 cm! when the small size substrate, norcamphor, is of the inherently linear ferrous CO1§) and ferric NO

bound and at 484 cm when a larger substrate (e.g.,
camphor) is bound to P450car8]. The bending mode,
which occurs at 558 cm, is also observed in the substrate-

bound form. The X-ray structure of carbon monoxide-ligated,

camphor-bound P450cam reveals a168nding angle for
the Fe-C—0 linkage 85). These spectroscopic and structural
observations suggest that the &0 linkage is essentially

adducts 17), in which norcamphor induces significant shifts
of »(F€'-=CO) andv(Fe"—NO). Inasmuch as the FSO
fragment of the P450cam is inherently bent, further steric
strain is imposed only by larger substrates, camphor and
adamantanone.

The v(F€'-NO) in ferrous P458v3 NO adduct (544
cm™1) is close to that of P450cam (547 ch). The binding

linear in the absence of substrate and that steric hindrancepf long-chain fatty acids has no significant effectsighe' —

induced by the substrate, perturbs the-B® fragment to
bend away from its normal 18@eometry, suggesting it is

NO). This observation is consistent with the data frorh-+Fe
CO and F&—NO, which are discussed above. The absence

the size of the substrate that alters the apparent bending anglef a substrate-binding effect ar(F€'—=NO) in the case of

(0) of the Fe-C—O0 linkage. This distortion activates the

P45@wms is certainly not surprising, considering the fact that

0(Fe—CO) bending mode and also causes an increase insubstrate binding showed no influence even in the case of

frequency of thev(Fe—CO) stretching mode, owing to the

the inherently linear FeXY fragments in the ferric NO and

influence of kinematic coupling effects that counteract the ferrous CO adducts of P4Bia.

expected weakening in theback-bonding 14, 34). In fact,

(C) Functional Releance In the case of P450cam, Sligar

recent DFT calculations conducted by Ghosh and Bocian and co-workers 31, 32, 40) found that the percentage of

(36) as well as others3(, 38), have revealed a surprisingly

the high- and low-spin species depends on the mobility of

large stretch/bend interaction force constant that has impor-the substrate, with more highly mobile substrates leading to

tant implications for predicted energy requirements forFe

a high percentage of ligated form. Therefore, the mixture of

CO distortion and also accounts for the observed increasetwo types of spin species in substrate-bound R#30

in v(Fe—CO) upon distortion.
The vibrational behavior of the FENO fragment in the
isoelectronic F&—NO adduct is entirely consistent with the

suggests that highly flexible long-chain acids allow some
water molecules to remain present in the heme pocket.
Furthermore, NMR paramagnetic relaxation studies,(as

data for the Fe-CO adduct. Thus, as discussed in a previous well as the recently available structure of a substrate-bound

work involving NO adducts of ferric P450can®), as the
substrate size increased, tid¢FeNO) bending mode is
activated and the/(Fe—NO) shifts to lower frequency, a

P45@®m3 complex B), show that there is sufficient space
for a water molecule to reside.
The apparent differences in the-F€Y geometry between

trend opposite to that found for the ferrous CO adducts, P450cam and P48®3 XY adducts are directly relevant to
where shifts to high frequency were observed. The reasonsobserved differences in substrate binding and enzyme activ-

for this opposite trend in shifts of(Fe—NO) andv(Fe—
CO) have been discussed previously,(39).

ity. The essentially linear FeCO and ferric Fe-NO
fragments of substrate-free P450cam are distorted upon

In direct contrast to the P450cam protein, the ferrous CO binding substrate, an observation that is consistent with the

adduct of P458m3 exhibits both stretching and bending

fact that in cytochrome P450cam the substrate is rigidly held

modes in the substrate-free state (Figure 4). Also, substratedin a precise orientation that accounts for exclusive hydroxyl-

binding has no obvious effect on the F€O linkage in

ation of a single site on the natural substrate, camphor. On

contrast to that observed for P450cam. The frequency of thethe other hand, the hydroxylation of the long-chain fatty acids

O0(Fe—CO) is almost identical to thé(Fe—CQO) of camphor-
bound P450cam, and théFe—CO) (473 cn1?) lies between
that of substrate-free P450cam (464 ¢émand that of
camphor-bound P450cam (484 cth Thus, even in the
absence of substrate, the inherently linear E© fragment
is distorted in the case of P4&@s.

Consistent with the data for Fe CO adduct, bothr(Fe'" —
NO), 526 cm?, andd(Fe"—NO), 548 cn1?, are observed
in the RR spectrum of the substrate-free ferric BAEOINO

by P45@wm3 takes place aw-1, w-2, and w-3 positions
depending on the length of the fatty acid chalg, @3). Yet,

in contrast to the mammalian P450s, which efficiently
hydroxylate the terminakf) position of fatty acids, P4%M3
does not catalyze terminal hydroxylation. It cannot be the
lower reactivity of thew position, relative to that of the
secondary carbons, that accounts for this lack of reactivity,
because fatty acids bearing a terminal (inherently more
reactive) double bond are hydroxylated only at the?

adduct. As in the case of the CO adduct, the frequency of position with little evidence for reaction at the unsaturated
thev(Fe"—NO) lies between that of substrate-free P450cam position @4).

(528 cnmY) and that of camphor-bound P450cam (522 §m

Significantly, the X-ray crystal structure investigatio3s (

Again, substrate binding has no significant effect on the RR 8) reveal the fact that the F87 residue of PdB8lies quite

spectra of the ferric NO adduct of P456is.
(b) Inherently Bent FE=NO Adduct The inherently bent

close to the heme macrocycle, apparently “sequestering” the
terminal position from attack3( 8). Support for this proposal

Feé'—NO linkage exhibits both stretching and bending modes is provided by recent studies of the specificity of the F87A

in the RR spectrum of the nitric oxide adduct of ferrous

mutant of P458m3 by Modi and co-workers45), wherein
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it is observed that replacement of the F87 residue with the
smaller alanine converts the enzyme to an efficierty-
droxylase.

The RR results reported here are entirely consistent with
these proposals. Thus, in the case of the X¥ adducts of

P45@m3, even in the absence of substrate, the RR data

clearly document a distortion in the inherently lineat' Fe
CO and F#—NO fragments; a distortion that is most

reasonably attributed to the steric hindrance imposed by the

F87 residue. Clearly, future studies of the RR spectra of
mutant proteins, especially the F87A mutant studied by Modi
and co-workers45), would be useful to test this hypothesis.
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