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ABSTRACT. Specific substrate-induced structural changes in the heme pocket are proposed for human
cytochrome P450 aromatase (P450arom) which undergoes three consecutive oxygen activation steps. We
have experimentally investigated this heme environment by resonance Raman spectra of both substrate-
free and substrate-bound forms of the purified enzyme. The(&k2 stretching modevge—co) of the CO

complex and F&—S stretching modevge—s) of the oxidized form were monitored as a structural marker

of the distal and proximal sides of the heme, respectively. a0 mode was upshifted from 477 to

485 and to 490 cmmt by the binding of androstenedione and 19-aldehyde-androstenedione, substrates for
the first and third steps, respectively, whereas-co was not observed for P450arom with 19-
hydroxyandrostenedione, a substrate for the second step, indicating that the heme distal site is very flexible
and changes its structure depending on the substrate. The 19-aldehyde-androstenedione binding could
reduce the electron donation from the axial thiolate, which was evident from the low-frequency shift of
vre-s by 5 cnT! compared to that of androstenedione-bound P450arom. Changes in the environment in
the heme distal site and the reduced electron donation from the axial thiolate upon 19-aldehyde-
androstenedione binding might stabilize the ferric peroxo species, an active intermediate for the third
step, with the suppression of the formation of compound H(F© porphyrint) that is the active species

for the first and second steps. We, therefore, propose that the substrates can regulate the formation of
alternative reaction intermediates by modulating the structure on both the heme distal and proximal sites
in P450arom.

Cytochrome P450 aromatase (P450aréi@) P19, cata- (AD) and testosterone (Test) to aromatic C18 estrogenic
lyzes the final step for the biosynthesis of estrogen®). steroids {, 2, 8—10) as shown in Figure 1. The first and
The enzyme is widely distributed in gonads and extragonadalsecond oxidative steps are hydroxylations at C19 of andro-
tissues, including ovary, testis, brain, skin, and adipose tissuegens by a ferryl porphyrinr-cation radical species, which
for the regulation of hormone balanc® @), and is related  corresponds to compound | of heme proteins including
to several hormone-dependent diseases such as breast canggéroxidases and P450%1( 12). The third oxidative step
(5—7). The P450arom-catalyzed reaction exhibits a complex cleaves the C16C19 bond in the 19-aldehyde androgen,
nature consisting of three consecutive oxygen activation which is nonenzymatically produced by dehydration of 19-
steps, converting C19 androgens such as androstenediongio| androgen, with the specific removal of thé and 2
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s O axial ligand stretching modevfe-s) should serve as a
L 16 P4soaom  HOyo  PasOarom HO__OH structural marker at the heme proximal site. We found that
{ Feoed ,(j:‘ Feropar) IO\E? the environments of both heme distal and proximal sides
RIS N » depend on the substrates by comparing the Raman lines for
Androstenedione(AD) 19-hydroxyandrostenedione substrate-free with those of the substrate-bound forms of
(90RAD) - I\Hzo P450arom, where substrates include AD, Test, 19-hydroxy-
Pas0arom o AD (19-OH-AD), and 19-aldehyde-AD (19-aldo-AD) and
f . (Femoo) " an analogue (19-nor-AD), in which C19 is absent (Figure
H=C—OH Ho B , 1b). Because the distal environment and the strength of the
Estrone 19-aldoandrostenedione Fe—S bond could be essential for the formation of a specific
(19-aldo-AD) reaction intermediate3@), the finding in this study should

® H 0 produce new insights into the multiple oxidative reactions
)O:Sjiﬁ O:Sjj by P450s such as P450arom.
o o MATERIALS AND METHODS

Testosterone(Test) 19-Norandrostenedione(19-nor-AD) .
Materials Substrates 19-OH-AD and 19-aldo-AD were

Ficure 1: Proposed reaction mechanism for the aromatization of - .
androstenedione by P450arom (a) and the chemical structures of épurchased from Steraloids. The solution of 45% (w/v)

substrate and analogue used in this study (b). While a ferryl oxo 2-hydroxypropylg-cyclodextrin in water was obtained from
porphyrinz cation radical (F&=0O porphyrir*), compound I, is Sigma. Isotopically labeled CG3C80, was acquired from
supposed to be an active species for the first and second steps ([1-ambridge Isotope Laboratories, Inc. (Andover, MA). All
and+[2]) m_the aromatization reaction, the ferr_lc Peroxo species inar reagents with highest purity were purchased from Wako
(FETO0) is proposed to act as the active species in the final step .
(13)). (Osaka, Japan) and Nacalai tesque (Kyoto, Japan).
Expression and Purification of P450aromHuman

reaction intermediate in the P450 chemistrg3)( the ~ P450arom is found to be polymorphic at residue 264 (Arg/
regulation mechanism for the formation of alternative reac- Cys) @3). Both forms were expressed as functional P450arom
tion intermediates has been poorly understood. but the Arg form is more stable2§, 26) and is used in
To interpret the mechanism for the three consecutive subsequent studies. TIEg coli expression _and purification
oxygen activation steps in P450arom, Graham-Lorence et®f P450arom were carried out as describ2g, 6). The
al. constructed the structural model for P450ar@d).(They ~ Purified substrate-free PA50arom in 100 mM sodium phos-
proposed that the 19-aldehyde androgen could induce thePhate buffer, pH 7.4, containing 20% glycerol, 1% Tween
rearrangement of the conserved distal Thr, which is crucial 20, 1% sodium cholate, 0.1 mM EDTA, and 0.1 mM DTT,
for the formation of compound I, through a hydrogen- Was stored at-80°C. _ _
bonding interaction. Such displacement of the distal Thr ~ Optical SpectroscopyUV/vis absorption spectra were
could suppress the formation of compound | and stabilize "e€corded on a U-3310 spectrometer (Hitachi). Each substrate
the ferric peroxo species only in the third oxidative sf)(  Was dissolved in 45% (w/v) 2-hydroxypropgieyclodextrin
However, there is no structural evidence that the substratein water and stored as a 50 mM stock solution atGt
modulates the distal heme environment for formation of the Substrates (1@L of the stock solution) were added to 490
alternative reaction intermediates in P450arom. It is still L of substrate-free P450arom (4®) to generate substrate-
unclear how P450arom regulates the formation of the Pound forms. The ferrousCO form of P450arom was
alternative intermediates for the successive multiple oxidative Produced by the addition of AL of the dithionite solution
steps mainly due to the lack of structural information on the (~100 mM) under CO atmosphere.
heme active site in P450arom. Resonance Raman SpectroscdpiR spectra were obtained
Although it is desirable to characterize the structure of With @ single polychromater (Jobin Yvon, SPEX750M)
the heme active site in P450arom for understanding the €3uipped with a liquid nitrogen-cooled CCD detector (Roper
mechanism of the formation of alternative intermediates, so Scientific, Spec 10:400B/LN). The 406.7 nm line from a'Kr
far, the difficulty in obtaining high-quality samples has !aser (Spectra Physics, BeamLok 2060) and the 441.6 nm
hampered spectroscopic characterization of P450arom. Re/lin€ from a He-Cd laser (Kinmon Electric, model CD480SR)
cently, Kagawa et al. developed Escherichia coliexpres- were used for the excitation of ferric and ferretSO forr_ns
sion system of human P450arom and purified it as a stable®f P450arom, respectively. To observe thé'FeS stretching

form (25, 26), allowing us to examine the heme active site M0de ¢re-s), the 363.8 nm line from an Arlaser (Spectra
structure by utilizing spectroscopic techniques. Physics, BeamLok 2080) was used as the excitation source.

The laser power was adjusted te-2 mW at the sample
point. Raman shifts were calibrated with indene, acetone,
and carbon tetrachloride. All measurements were performed
at ~4 °C with a spinning cell (2000 rpm) for sample
concentrations of 3660 uM.

In this study, we applied resonance Raman (RR) spec-
troscopy to structural characterization of human P450arom.
RR spectroscopy is a powerful tool to explore the heme
environment in the solution state and requires a moderate
amount of sample (e.g., 1@Q of 50 uM solutions). Besides
the porphyrin skeletal vibrations, which reflect the coordina- RESULTS
tion structure and spin state of the hen2d, (28), the CO-
associated vibrations in the CO adduct are useful to UV/vis Absorption Spectra of Ferric P450aronTo
characterize the environment of the heme distal site and thecharacterize the heme environment of P450arom with and
property of an axial ligand20—31). Furthermore, the iron without a substrate, we measured the UV/vis absorption
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spectra. UV/vis absorption spectra for ferric forms of
substrate-free P450arom and AD-, Test-, 19-OH-AD-, and
19-aldo-AD-bound P450arom are shown in Figure 2. As
previously reported2b), substrate-free P450arom exhibits
a Soret maximum at 417 nm, anband at 570 nm, and a
fB-band at 537 nm, indicating that the heme iron in substrate-
free P450arom is in a 6-coordinate/low-spin (6¢LS) state.
The binding of substrates, AD, Test, and 19-aldo-AD,
showed the transition of the coordination structure and the
spin state of the heme iron to a 5-coordinate/high-spin (5cHS)
state, which is evident from the blue shift of the Soret peak
to ~395 nm and the appearance of a charge-transfer band at R Eaa s A ARARRNREEEE LIS SRR
645 nm B4). This structural transition of the heme is due to 400 500 600 700
the dissociation of the sixth ligand such as a water molecule Raman shift (cm™)
upon the binding of the substrates. Ficure 3: Resonance Raman spectra of ferric P450arom excited
Contrary to the other substrate-bound forms of P450arom, &t 406.7 nm. Panels A and B represent the high- and low-frequency

the 19-OH-AD-bound enzyme exhibits a mixture of the 6cLS regions of the resonance Raman spectra, respectively. Traces shown
were obtained from ferric P450arom in the absence of substrate

and 5cHS states (Figure 2d). Further addition of 19-OH- (a) and in the presence of AD (b), Test (c), 19-OH-AD (d), 19-
AD to P450arom showed no further spectral change (dataaldo-AD (e), and 19-nor-AD (f) and the spectrum of buffer used

not shown), indicating that the remaining 6¢LS state did not in this measurement (g). The Raman lines from glycerol in the
arise from the substrate-free enzyme. It is, therefore, likely thffer are denoted by an asterisk. The laser power was 1.5 mW at
that in the 6¢LS form the 19-hydroxyl group might stabilize M€ Sample point.

a water ligand at the sixth coordination position through a several porphyrin marker lines,, vs, v», andvo, are useful
hydrogen bond or that the 19-hydroxyl group might directly to characterize the heme active site struct@ 8). For
interact with the heme iron as the hydroxyl group of the the substrate-free P450arom [Figure 3A(a)], the oxidation
product for P450cam weakly interacts with the heme iron state marker,v,, appears at 1373 crh The core size
(39). markers,v3 and v,, which are sensitive to the spin and
We measured the UV/vis absorption spectrum of P450aromcoordination states of the heme iron, are observed at 1502
with 19-nor-AD, in which the C19 group is absent, to and 1583 cm!, respectively. We assigned the Raman line
examine the role of the C19 group in the structural transition at 1639 cm? to the v vibration from its depolarized
upon the binding of substrates. As shown in Figure 2f, the character in the polarization experiment (data not shown).
addition of 19-nor-AD also induced the formation of the The vy, v3, v», andvg vibrations at 1373, 1502, 1583, and
5cHS state. We can conclude that the C19 group is not crucial1639 cn1?, respectively, are characteristic of the 6¢cLS heme.
for the structural transition of the spin state and coordination Consistent with the optical spectrum, these frequencies are
structure in the heme upon substrate binding and suggesindicative of the 6¢LS state in the heme iron for substrate-
that the steroid ring could lie in close proximity to the heme free P450arom.
iron. Although the Raman lines arising from the 6¢cLS heme
Resonance Raman Spectra of Ferric P450ardmobtain were still detected as a minor component, the Raman lines
further insight into the structural environment of the heme at 1486, 1568, and 1622 crhassignable to thes, v, and
of P450arom, we measured their RR spectra. Figure 3wy, vibrations of the 5¢cHS heme, respectively, were pre-
displays RR spectra of ferric P450arom in the absence anddominant for the substrate- and analogue-bound forms of
presence of substrates and analogue with 406.7 nm excitationP450arom [Figure 3Af)]. In 19-OH-AD-bound P450arom,
In the high-frequency region of RR spectra (Figure 3A), the fraction of the 6cLS heme was relatively large, as
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Table 1. Frequencies (crf) of the Heme Marker Lines for
P450arom and Other Thiolate-Ligated Enzymes

<
421

sample V4 V3 V2 vio State ref
P450arom 1373 1502 1583 1639 6¢LS this study
+AD 1369 1486 1568 1622 5cHS this study (b)
+Test 1369 1486 1568 1622 5cHS this study
+19-OH-AD 1369 1486 1568 1622 5cHS this study

1373 1502 1583 1639 6¢LS this study
+19-aldo-AD 1369 1486 1568 1622 5cHS this study

Absorbance

CE &El

+19-nor-AD 1369 1486 1568 1622 5cHS this study ©
P450cam 1373 1503 1584 1635 6cLS4
+b-camphor 1368 1488 1570 1623 5cH34 f
P450BM3 1374 1502 1583 1638 6cLSA6
+arachidonic acid 1372 1487 1570 °nd 5cHS 46
MtCYP51° 1373 1504 1584 1638 6cLS62 AN RARAE RRARE RRARE AR RARRN R
+2Phinf 1372 1503 1583 1639 6cLS62 400 450 500 550 600 650
nd® 1488 nd nd® 5cHS 62 Wavelength (nm)
TXAS® . 1373 1503 1584 1635 6cLS54 FIGURE 4. Optical absorption spectra of ferrot€0O P450arom
+CTA; 1373 1503 1586 1638 6cLS54 in the absence (a) and presence of AD (b), Test (c), 19-OH-AD
1371 1487 1568 rid = 5cHS 54 (d), 19-aldo-AD (e), and 19-nor-AD (f).
eNOSg 1374 1503 1579 1635 6¢cLS48
+L-Arg 1370 1489 1563 rid 5cHS 48 . . .
CPO 1374 1505 nbl 1640 6cLS 63 region. The peak position of the bending mode of the heme
1369 1490 1564 1627 5cH®4 vinyl group cannot be determined due to the overlapping

aThe Raman line at 1373 crhobserved with 406.7 nm excitation ~ With _the glycerol peak._The bending mode of the heme
(Figure 3) is probably due to the contribution from the 6¢LS species. propionate at 371 cmt in substrate-free P450arom was

The v, vibration for the 5¢cHS state was detected at 1369 capon missing while the peak at 377 cthremains upon the
excitation at 363.8 nm (data not shown). Such observation was also addition of the substrates and analogue. It has been demon-

reported in other P450s6%). °nd: not determined: Sterol 14a- .
demethylase cytochrome P450 fravtycobacterium tuberculosi§ 2- strated that the frequency of the bending mode for the heme

Phenylimidazole¢ Thromboxane synthastCarbocyclic thromboxane ~ Propionate is sensitive to the hydrogen-bonding interaction
A,. 9 Endothelial nitric oxide synthaséChloroperoxidase. with the protein environmen8g, 39) and that the disruption

of the hydrogen-bonding network lowers the bending fre-
quency of the heme propionate byl0 cn1?! (38). On the

Table 2: Frequencies (cr) of the Heme Skeletal and Peripheral

Vibrations Observed in the Low-Frequency Region basis of these studies, the Raman lines at 377 and 371 cm
sample Ve O(CCLY)  O(CiCC) v can be assigned to the bending modes of heme propionate
5A50arom 345 371 377 408 429 575 with and without hydrogen-bonding interaction with the
TAD 346 377 416 676 protein environment, respectively. We, therefore, propose that
+Test 346 377 ~416° 676 substrate binding might generate a hydrogen-bonding net-
+19-OH-AD 346 377 ~416 676 work involving the heme propionate group.
+19-aldo-AD 346 377 ~416 676
+19-n0r-AD 346 377 a1 676 It should be stressed that all substrates and analogue gave

_ — — essentially the same spectral changes in the low-frequency
ovzxzpicr?gm\:v(i)tth ?ﬁ;e;”;'rgzntnﬁei?g;'fgjygsglf position due to the region of RR spectra. While the UV/vis absorption and high-

- frequency region of RR spectrum for 19-OH-AD-bound
indicated from the optical spectrum. These assignments ofP450arom showed that the coordination structure and the
Raman lines are summarized in Table 1 together with thoseSPin state were different from other substrate- and analogue-
of other P450s and NOSs. bound P450arom, its binding effect on the low-frequency

In the low-frequency region (Figure 3B), we can detect Raman spectrum was similar to Fhose in oth_er substrate- and
the Raman lines arising from the vibrations including the @nalogue-bound P450arom. This observation suggests that
heme peripheral groups as well as the porphyrin skeletal the binding mode for the steroid ring would be conserved
vibrations 6, 37). Thus, the Raman lines observed in the @mong the substrates and analogue.
low-frequency region can provide information on the interac- Resonance Raman Spectra of Ferre@O P450arom
tion between the heme prosthetic group and protein environ-Our current results on ferric P450arom indicate that the
ment. The intense Raman lines at 675 and 345cm effects of substrate binding on the structural environment of
substrate-free P450arom can be assigned-t@and vg, the heme in P450arom are similar among the substrates and
respectively [Figure 3B(a)]. By analogy to the Raman spectra analogue. Each substrate-bound P450arom, however, exhibits
of other heme protein$6, 37), the Raman lines at 371 and  different reactivity to the molecular oxygen and different
377 cnt are assigned to the bending modes of the heme sensitivity to the inhibition by CO40), allowing us to
propionate groups)(CsC.Cq), and the Raman lines at 406 speculate that the heme environment of P450arom would
and 429 cm? can be assigned to the bending modes of the depend on the substrates. To confirm this, we measured the
heme vinyl groups,5(CsC.Cp). These assignments are absorption spectra for the ferrou€0 form of P450arom
summarized in Table 2. and tried to detect the CO-associated vibrations that are

As shown in Figure 3B, the binding of the substrates and sensitive to the distal environment and the electronic property
analogue to P450arom results in the changes in the bendingpf the proximal ligand Z9—31).
modes of the heme vinyl and propionate groups without Figure 4 illustrates the optical absorption spectra for the
noticeable changes in other Raman lines observed in thisferrous-CO forms of P450arom in the absence and presence
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(A) o (B) Table 3: Frequencies (cr) of the Iron-Ligand Vibrations for
. 1" 9 . P450arom and Other Thiolate-Ligated Heme Proteins
@ “’}\\7 g% N: @-08 &7 |(Orecd
0 > - 4'*\7'/;\":~——~ sample Vreco Oreco |(Vreco) Vres ref
@ 51 8% e =1 8% P450arom 477 555 017  d this study
A_/\MJ& W +AD 485 557 0.29 349  this study
@ e .8 ? .8 +Test 484 555 0.29 349  this study
> L&ﬁ—J& -0 3 87 +19-OH-AD nct nc? nd? 346 this study
? > ”M\I/\”‘M +19-aldo-AD 490 561 0.45 344 this study
g0, g3 +19-nor-AD 501 563 0.38 349 this study
) \,\/ @-(h P450cam 464 556 Pir nk 34
-(f)\/g\/w"—"\J N T +o-camphor 481 558  Ar 351 34,45
Q—‘M\\ NS S P450BM3 471 558 ot n® 66
T2 /L\ W +arachidonic  nr° nr nr 356 46
) 58 o %% 2 acid . . ,
89° o8 O ~ T P450sce 476 n n n 42
w& L')“(“)"*\"'f/l\\l/\”- +cholesterol 482 fir nre o 42
0 +22(R)-OH- 479  nf ne n 42
LI SN DL AL LA DAL BLEL AL B L rrrrrrrTTTrTTTTTT Cholesterol
400 450 500 550. 600_1 650 700 450 SOQ 5510 600 TXAS + CTAZ m.b nrb nrb 350 54
Raman shift (cm™") Raman shift (cm™") CPO 485 560 or 347 43 47
Ficure 5: Low-frequency region of resonance Raman spectra of eNOS+ L-Arg 512 567 np 338 44,48
ferrous-CO P450arom with 441.6 nm excitation. Panel A repre- iINOS! 487 560 nf n 44
sents the spectra obtained frof¥C'%0-bound P450arom in the +L-Arg 512 567 nk n 44
absence of substrate (a) and in the presence of AD (c), Test (e), NNOS 491 562 nf n 43
19-OH-AD (g), 19-aldo-AD (i), and 19-nor-AD (k) and from +L-Arg 503 566 np nre 43

13C180-bound P450arom in the absence of substrate (b) and in the™ a 4. 1ot determined nr: not reportede Cytochrome P450 side-

presence of AD (d), Test (f), 19-OH-AD (h), 19-aldo-AD (j), and ; : e
19-nor-AD (l). The Raman lines from glycerol in the buffer are chain cleavaget Inducible NOS  Neuronal NOS,
denoted by an asterisk in traces g and h. The laser power was 1

mW at the sample point. Panel B represents the difference spectrapf the difference spectrum obtained from the isotope

g;ctfgng 1?218821 in the Fe-CO stretching and FeC—O bending o, qtitytion for CO [Figure 5, (ay (b)], which is illustrated
a y region. in Figure 5B.

of substrate. As shown in Figure 4a, the Soret peaks were The addition of substrates and analogue dramatically alters
observed at~420 and ~450 nm in the substrate-free the peak positions and shapes for the Raman lines associated
P450arom. The higher absorbance~d20 nm than that at ~ With CO as observed for other P45@&l(41, 42) and NOSs
~450 nm indicates that the inactive P420 form is a major (43, 44). Theveeco line was shifted to 485 (for AD-bound
species in the ferrousCO state. Because the P420 form is P450arom) and 484 cmh (for Test-bound P450arom), and
not a major species in the ferric state, which was confirmed the drecoline was intensified by the addition of AD or Test
by the structural transition from 6¢LS to 5¢HS by the binding [Figure 5A(c,e)]. On the other hand, in the 19-OH-AD-bound
of substrate in the current work, it is plausible that the €nzyme, neitherge co Nor drecolines were detected [Figure
reduction of the heme iron could destabilize the thiolate SA(9)]. The isotope difference spectrum clearly shows this
coordination and increase in the population of the P420 form. [Figure 5B, (g)— (h)]. Because the absorbance of the CO
In AD- and Test-bound P450arom (Figure 4b,c), the complex of 19-OH-AD-bound P450arom a450 nm was
population of the active P450 species was relatively low as Smaller than those of AD- and Test-bound P450arom (Figure
compared with that of the substrate-free form. Interestingly, 4), we could not detect the CO-associated modes. Therefore,
as shown in Figure 4d, the absorbance~a@50 nm was it is ascribed to the low population of the CO complex for
observed as a shoulder peak in 19-OH-AD-bound P450arom.19-OH-AD-bound P450arom.
Furthermore, the contribution of a 5-coordinated ferrous The binding of 19-aldo-AD or 19-nor-AD induced an
heme was also detected in 19-OH-AD-bound P450arom, upshift of the vee-co line by more than 10 cmt with
which is evident from the shoulder peak a#10 nm. In remarkable intensification of thi-ecoline [Figure 5A(i,K)].
contrast to AD-, Test-, and 19-OH-AD-bound P450arom, the For 19-nor-AD-bound P450arom, two peaks were observed
population of the active P450 species of ferre@O at 501 and 508 crit in the vreco region [Figure 5A(K)].
P450arom was comparable to that of substrate-free P450aronBecause the Raman line at 508 ¢nwas still detected in
in the presence of 19-aldo-AD or 19-nor-AD (Figure 4e,f). the!3C!%0 complex as a shoulder peak [Figure 5A(l)], it is
Although some fraction of P450arom is easily converted likely that the Raman line at 508 crhwould be attributed
to the inactive P420 species upon reduction and substratego a porphyrin vibration but not to the F&€O vibration.
such as AD-, Test-, and 19-OH-AD-bound P450arom still The peak positions foree-co and dreco for P450arom in
contain the nonligated 5-coordinate ferrous state as shownthe absence and presence of the substrates and analogue are
in Figure 4, it should be noted here that the 441.6 nm line summarized in Table 3 together with those of thiolate-ligated
from a He-Cd laser can selectively excite the active form enzymes. We have also tried to detectitbe, band expected
of ferrous-CO P450arom. Figure 5A illustrates the RR in the 1906-2000 cni* region. Unfortunately, we failed to
spectra for the ferrousCO form of P450arom excited at observe the CO stretching modes for P450arom with and
441.6 nm. In substrate-free P450arom [Figure 5A(a,b)], a Without substrates due to the strong fluorescence.
broad line centered at 477 cfrand a weak line at 555 crh Iron—Axial Ligand Stretching Mode$Because the sub-
were assigned tere—co andodreco respectively, on the basis  strate binding site is in the heme distal site at close proximity
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lines indicate presumed hydrogen bonds.

of thewvsg line at 346 cm?, thevs modes in P450arom in the
L B B L B B B absence and presence of other substrates were not enhanced
300 350 400 450 500 550 with the 363.8 nm excitation. This supports the assignment
Raman shift (cm™) of the Raman line at 346 crh in 19-OH-AD-bound
FiGURE 6: Low-frequency region of resonance Raman spectra of P450arom to ther.s vibration. The frequencies ofge-s
ferric P450arom excited at 363.8 nm. Traces shown were obtainedfor P450arom in the presence of the substrates are sum-
from ferric P450arom in the absence of substrate (a) and in the marized in Table 3. Thus, the substrates for P450arom could

presence of AD (b), Test (c), 19-OH-AD (d), 19-aldo-AD (e), and . .
19-nor-AD (f) and the buffer used in this measurement (g). The modulate not only the heme distal site but also the heme

Raman lines from glycerol in the buffer are denoted by an asterisk. Proximal site, even though the substrate binding site is on
The inset is the FeS stretching frequency region of the resonance the heme distal site.

Raman spectra for AD-bound P450arom with 406.7 nm (h) and

363.8 nm (i) excitations. The laser power was 2 mW at the sample DISCUSSION

point.

In this study, we successfully measured the RR spectra of
to the ligated CO, it is highly plausible that the changes in the ferric and ferrousCO forms of purified P450arom and
the distal environment upon the binding of substrates could found that the CO-associated vibrations arg-s depend
be the major determinant for a changeig co of P450arom. on the specific substrate. These results imply that the binding
We, then, attempted to delineate the effects of the substrateof substrate would affect both the distal and proximal side
binding on the heme proximal site and tried to identify the of the heme. By using the CO-associated vibrationsigpng
Fe—S(Cys) stretching modevde-s) as a structural marker  as structural markers at heme distal and proximal sites,
at the proximal side in P450arom. The-s modes in P450s,  respectively, we will deduce the heme environment in
NOS, and chloroperoxidase (CPO) were reported to be P450arom with and without substrates and propose the
observable only for the ferric 5cHS state excited in the UV regulation mechanism for the formation of the alternative
region corresponding to the F& charge-transfer band%— reaction intermediates in P450arom catalysis.

48). Figure 6 illustrates the low-frequency region of the RR  Structural Effects of Substrate Binding on the Heme
spectra for ferric P450arom in the absence and presence oEnvironments of P450aromkigure 7 illustrates plausible
substrates and analogue with 363.8 nm excitation. The heme active site structures of ferretSO P450arom. In the
intensities of the Raman lines were greatly decreased uponsubstrate-free form, the weak intensity &co relative to
363.8 nm excitation, and the RR spectrum for substrate-freethat of vee_co indicates that the FeCO unit would adopt an

P450arom in the low-frequency region (36860 cnT?l) was essentially linear conformation (Figure 7&8)). In addition,
almost superimposable on that of the buffer (Figure 6a,g). the vee_co Vvibration at 477 cm! is comparable to those of
Contrary to this, a new band is present at 349 £far AD- the substrate-free forms of other P450s, suggesting that there

bound ferric P450arom (Figure 6b). This band was not are no strong polar interactions between CO and the
observed by the excitation at 406.7 nm as shown in the insetsurrounding residues in substrate-free P450arom.
of Figure 6h although theg band is present at 346 crh The fact that the population of the CO adduct in AD-,
The property of this vibration at 349 crhis quite similar Test-, and 19-OH-AD-bound P450arom was lower than those
to thevres vibrations of other P450s and endothelial NOS, of the substrate-free and 19-nor-AD-bound enzyme (Figure
which are observed in the range from 338 to 356 &fable 4) may suggest that the C19 groups in AD, Test, and 19-
3) (45-48). The Raman line at 349 crhis, therefore, OH-AD can cause a steric hindrance for CO binding (Figure
assigned to therres mode of AD-bound P450arom. The 7b,c). While the population of the CO form was low, the
Vre-s Vibrations in Test- and 19-nor-AD-bound P450arom CO-associated modes were observed in AD- and Test-bound
were also observed at 349 cin(Figure 6c¢,f). P450arom. The intens&-.co mode relative to the/reco
Unexpectedly, theges vibration was downshifted to 346  mode [1.7-fold higher inl(0reco/l(Vee-co) than that of
and 344 cmt upon addition of 19-OH-AD and 19-aldo-AD,  substrate-free P450arom] indicates that the FeCO unit could
respectively (Figure 6d,e). While the peak position of the be distorted by the steric hindrance imposed by AD or Test
Vee-s line in 19-OH-AD-bound P450arom coincides with that and would adopt a bent conformatio®lf. With changing
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the geometry of the FeCO unit, the environment around CO  Besides the changes in the distal environment, the lower
might be more polar and positive, resulting in the upshift of electron donation from the axial thiolate might also contribute
Vee-co iN AD- and Test-bound P450arom (Figure 7b). to the upshift ofveeco in 19-aldo-AD-bound P450arom.
Because the hydroxyl groups of the conserved Thr and waterWhile vee_s was observed at the ferric state, the s mode
molecules are observed around the oxygen atom of the FeCOwould correlate with the/gre-co mode in some cased3,
moiety in the crystal structure of the CO complex of 52 53). Indeed, the’/re—co andvc—o correlation plot showed
P450cam with its substratd9, 50), the conserved Thr (Thr-  that the electron donation from thiolate to the heme iron in
310) and/or water molecules might be in close proximity to NOSs {re-s = 338 cnt? for L-Arg-bound eNOS) is lower
the CO ligand in AD- and Test-bound P450arom, which than those of P4503/{ s = ~350 cnT?) (45, 46, 48, 52,
induces the upshift ofre—co. Considering that the hydroxyl  54) and that thevee-co modes in NOSs were observed at
group of Thr-310 possibly interacts with the aldehyde group the frequency region higher than those of P450s. On the other
in 19-aldo-AD-bound P450arom (see following discussion) hand, a recent systematic study on P33 by Chen et
(24), we can suggest that the water molecule rather than Thr-al. reported that there_s frequency did not change in the
310 is present near the CO ligand in the AD- and Test-bound series of mutants whose redox potentials varied over 180
P450arom (Figure 7b). mV (46), raising the possibility that ther.—s frequency
Contrary to AD-, Test-, and 19-OH-AD-bound P450arom, would not be a reliable indicator of the electron-donating
the population of the ferrousCO form in 19-aldo-AD-bound  capacity of the thiolate ligand. This is in conflict with our
P450arom was comparable to those of substrate-free and 19proposal. However, because the redox potential is modulated
nor-AD-bound P450arom as seen in Figure 4. This observa-not only by the electron donation from the axial ligand but
tion raises the possibility that the orientation of the C19 group also by several factors including the solvent accessibility at
in 19-aldo-AD-bound P450arom would be different from the redox cofactor and the redox state-dependent dynamics,
those of other substrate-bound P450aroms and would notthe redox potential might not have a correlation with the
block the CO binding. Graham-Lorence et al. proposed that vee_s mode in P45@M3. Although further study is required
the conserved Thr (Thr-310) at the heme distal site could befor the clarification of the correlation between the electron-
hydrogen-bonded to the oxygen atom of the aldehyde groupdonating property of thiolate and the.s mode, the lower
in 19-aldo-AD to enhance the positive character on the electron donation from the axial thiolate in addition to the
carbonyl carbon and promote the nucleophilic attack of the more positive distal environment might result in the relatively
ferric peroxo species in the third oxidative st&d)( It is, higherveecoin 19-aldo-AD-bound P450arom than those of
therefore, likely that the hydrogen-bonding interaction AD- and Test-bound P450aroms.
between 19-aldo-AD and Thr-310 could induce the displace- Implication for the Molecular Mechanism of P450arom
ment of the C19 group in the 19-aldo-AD-bound P450arom Catalysis The current data indicated that the distal and
to reduce the steric hindrance for CO binding (Figure 7d). proximal environments were dependent on the substrates,
However, similar to AD- and Test-bound P450arom, the providing new aspects of the P450arom-catalyzed reaction.
| (Orecd/l(Vre-co) value in 19-aldo-AD-bound P450arom One is that the substrate-dependent structural changes in the
[1(Oreca/l(vee-co) = 0.45] was greater than that of substrate- heme distal site possibly modulate the formation of the
free P450aroml[Orecd/l (Vee-co) = 0.17] (Table 3), indicat-  alternative reaction intermediates. While, contrary to the
ing that the FeCO unit adopts a bent conformation (Figure FeCO moiety, the FeOO moiety of the oxygen adduct
7d). It is, therefore, likely that 19-aldo-AD could still be generally adopts a bent conformatid@b{-59), the environ-
located at close proximity to the CO ligand and that the ment of the Q ligand also might be expected to depend on
positive character on the carbonyl carbon of 19C would the substrates. The geometry difference in the FeOO moiety
induce the upshift o¥ge_co. among different substrates might enable the enzyme to form
In 19-nor-AD-bound P450arom, the largest upshift of the alternative reaction intermediates.
Vee-co iNdicates that the CO ligand could be in a highly polar ~ The view that the substrate-dependent structural rearrange-
environment. Wang et al. reported in the study on inducible ment in the heme distal site regulates the formation of the
NOS that the substrate;Arg, binding induces the upshift  alternative reaction intermediates can be consistent with the
of vre-co by 25 cni? (44), which is closely similar to that ~ “Thr switch” model which was originally proposed by
induced by the binding of 19-nor-AD in P450arom (24 Graham-Lorence et al2§). In the Thr switch model, 19-
cm™Y). The infrared study on the CO complex of inducible aldo-AD would induce the displacement of distal Thr-310
NOS by Jung et al. provided the evidence for the hydrogen- through the hydrogen-bonding interaction for the formation
bonding interaction between ligated CO andrg (51). We, of ferric peroxo species instead of compoun@4)( On the
therefore, suggest that the CO ligand could directly interact basis of the Thr switch model and our current results, we
with the surrounding amino acid residue such as Thr-310 propose the heme active site structure of the oxygen complex
through the hydrogen-bonding interaction in 19-nor-AD- of P450arom as shown in Figure 8. Because extensive
bound P450arom (Figure 7e). Because the C19 group ismechanistic studies on P450cam demonstrated that com-
absent in contrast to the substrates, we can assume that thpound | formation requires protonation of the distal oxygen
hydroxyl group of Thr-310 directly hydrogen-bonds to the atom in the oxygen complex by the water molecule hydrogen-
CO ligand in 19-nor-AD-bound P450arom. Such hydrogen- bonded to the conserved Thsg, 60, 61), the G ligand
bonding interaction would result in the bent conformation would be hydrogen-bonded to the water molecule in the first
of the FeCO unit in 19-nor-AD-bound P450arom as depicted and second oxidative steps in P450arom (Figure 8a). On the
in Figure 7e, which could enhance the intensitydefco other hand, the plausible hydrogen-bonding interaction
This view is consistent to the presence of the hydrogen bondbetween the aldehyde group in 19-aldo-AD and Thr-310
between 19-aldo-AD and Thr-310. could induce the displacement of Thr-310 and the water
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molecule, which could cause the disruption of the hydrogen-
bonding interaction between ligated, @nd the water
molecule (Figure 8b). Such location changes in Thr-310 and
the water molecule might suppress the protonation of the
distal oxygen atom in the ferric peroxo species and eventually
inhibit the formation of compound | in the third oxidative
step in P450arom.

Another interesting structural aspect of P450arom is that
the substrates could regulate the electronic property of the
axial thiolate. Because the strong electron donation from the
axial thiolate to the heme iron, namely “push effect”, has
been believed to be one of the key factors controlling the
reactivity and stability of compound 132), the reduced
electron donation from the axial thiolate to the heme iron in
19-aldo-AD-bound P450arom compared to those of the other
substrates could suppress the heterolysis of th@©®ond
for the formation of compound I. In other words, the ferric
peroxo species would be stabilized by the poor electron
donation from the axial thiolate only in the third oxygen
activation step of the P450arom catalysis.

The downshift ofvee_s, however, was also observed for
19-OH-AD-bound P450arom, suggesting that the reduced
axial push effect in 19-aldo-AD-bound P450arom might not
be the only factor for the suppression of the formation of
compound I. In NOS, while compound | acts as an active
species in the first step for the hydroxylationiefrg, the
electron donation from the axial thiolate is quite low, which
is evident from the loweree_s frequency {r.-s 338 cn1?)
than that of P4509£.-s ~350 cnt?) (48). This observation
in NOS supports the view that the poor electron donation
from the axial thiolate would not be the only factor
controlling the formation of the alternative reaction inter-

mediates. Furthermore, a recent systematic study on P450 15.

BM3 suggested that the.-s mode would not correlate with
the electron-donating capacity of the thiolate liga#@)(We,

therefore, propose that the environmental changes in the
heme distal site upon binding of substrates can be essential 16.

for regulation of the reactivity and stability of the reaction

intermediate and that the substrate-induced change in the

electronic property of the axial thiolate might help to stabilize
(destabilize) the reaction intermediate in P450arom.

In summary, we have characterized the heme active site
structures in P450arom with and without substrates by using
RR spectroscopy. From the CO-associated vibrations, we
propose that the 19-aldo-AD binding might perturb the proton
shuttle machinery responsible for compound | formation,
thereby stabilizing the ferric peroxo species in the third
oxidative step. In addition, 19-aldo-AD also could lower the

Tosha et al.

electron donation from the axial thiolate, which might
suppress compound | formation. It is, therefore, plausible
that the substrate can modulate both heme distal and proximal
sites to regulate the formation of alternative reaction
intermediates in P450arom.
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