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Part A. Theoretical and Experimental Background

0. General Introduction and Scope of the Study

The Raman effect is a consequence of inelastic scattering of light by
a material molecule. The difference in energy between the incident and
Raman‘scattered photons corrresponds to the:energy difference between
the initial and final states of the séattering molecule. Although the

effect is named after Sir. C.V. Raman who observed inelastic light

scattering from liquids in 1928 (1,2), the Raman effect was observed
almost simultaneously by Landsberg and Mandelstam in the U.S.S.R. in
their studies of 1light scattering from quartz (l,3). However the
possibility of dnelastic light scattering was envisaged.earlier in 1923
by Smekal (1.

The application of Raman spectroscopy to biological compounds is
quite recent. Its progress, however, has been remarkable. Because of
its ?otential applicability to biological problems, Raman spectroscopy
is becoming a more common tool in biological research (4,5).

The introduction of laser 1light source has made possible the
systematic study of the resonance Raman effect (6), in which Raman bands
associated with vibrational modes that lead to excited-state distortions
are enhanced; as the laser frequency approaches the electronic
traﬁsition frequency (7). Resondnce enhancememt permits examination of
the vibrational modes of tﬁe chromophores in a sample, unobscured by the
vibraﬁional modes of the molecular mafrix. It provides a means of
selecting out specific chemical groups by tuning the laser light to

their electronic transition.



Por?hyrins (or hemes) are attractive targets for resonance Raman
speétrbscopy, because of their intense}absorption bands in the wvisible
and near ultraviolet regions (sge reﬁiews such as 8-12). Indeed
resonance Raman spectra were first reported for hemoglobin, a decade ago
(13—155. In the resonance Raman spectra of hemoglobin excited in the
visible electronic transitions of the heme, only the porphyrin
macrééycle modes are enhanced and protein modes do not appear.

Carbon monoxide, a competitive dinhibitor for oxygen-binding
hemoproteins, binds to ferrous heme iron in very high affinity and is an
usefﬁi probe for the environment aroun& the distal site of the heme (via
infrared and 13C—NMR‘sp'ectroscopies). However, the application of
resonance Raman spectroscopy to carbonmonoxy form of these hemoproteins
Has been limited to pulse laser transient kinetic studies, because
carboﬁ monoxide dissociates from the heme iron easily upon illumination
of 1aser light, generating deoxy species which interfere with the
obsefvation of signals from unphotolyzed complexes.

Iﬁ ~this paper, ak successful applicatign of resonance Raman
spectroscopy to the studies of vgrious bxygeﬁ:binding hemoproteins, such

as hemoglobin, myoglobin, and cytochrome P—4SOSCC, using carbon monoxide

as a probe for heme environment, are described. This paper consist of
four parts. In part A, theoretical background for an understanding of
Ramaﬁ; particularly. resonance Raman, effect is given. A brief survey

of earlier experimental resulﬁs concerning hemoproteins and their model
compléxes obtained by resonance Raman spectroscopy are, also; included
in this part. In part B, a first succesful application of’resonance
Raman spectroscopy to study carbon monoxide bénding in HbCO and MbCO is

presented. The results obtained were applicable to study the heme



environment of an unique hemoprotein, cytochrome P-450, in carbon

»

monoxide~bound form. The results are described in parts C and D.

I. Theoretical Basis of Raman' Effect

-1, Physical Description

For vibrational Raman scattering the difference between the energy of
tﬁe incident and scattered photons corresponds to the energy of a
vibrational transition of the molecule. The energy and polarization
differences between the Raman scattered and incident photons depend'on
the internal dynamic structure of the molecule. Thus, studies of the
Raman spectra.of molecules give informations on the vibrational modes,
eleétronic structure and chemical environment of the molecule. The
phyéical interpretation of Raman specfra requires an understanding of
the interaétions of the incident photon with the electronic and
vibrational states of the molecule.

A simple physical picture of khe Raman effect is visualized in Fig.
A-1. " An electromagnetic wave of freduency Y, is incident on a
molecule. The oscillating'electromagnetic field drives the electrons
of the molecule at the incidenf frequeﬁcy ), with an amplitude which is
a fqnction of the molecular polarizability. Since the polarizability is
a function of the nuclear coordinates of the molecule, nuclear
vibrations modulate the polarizability with the frequency )Q , the
freqﬁency of vibration of the nuclei. The oscillating electron cloud of
the molecule is manifested as an oscillating dipole moment which becpmes
new source for emitting lights with freﬁuency Y, (Rayleigh scattering),

Vo + My (Anti-Stokes Raman scattering) and )/, - Y, (Stokes Raman

scattering). The picture can be visualized more quantitatively by



examining the dipole moment induced in a molecule by an electromagnetic

field (16).
M = ol E, cos 2T}t ) (1)

where_?ﬂ{ ,' the induced dipole momenf, is proportional to the
polarizability of the molecule, ol , and to the amplitude of the electric
field, EO, which oscillates with frequéncy ), - The polarizability
varies with the‘configuration of the nuclei which has a vibrational mode
of frequency )jv . For a molecule containing N atoms, there are 3N
degrees of freedom available to the nuciei.ylﬁof these, 3N-6 (3N-5 for a
lineéﬁ molecule) result in vibrations of the molecule. In general the
vibrafional motion is quite complicated. However, by wusing group
theory it is possible to reduce this coﬁplicated vibrational motion to a
set of independent normal modes of vibration. The polarizability may
be expanded as a Taylor series based oé the equilibrium internuclear
configuration,

0o,

5a%0 1*

ol = o+ ( 2)

where Q is the normal coordinate of the vibration. For a diatomic

molecule

QO = A cos 2TL Y, t

o
where A is the amplitude of vibration. Defining A( i@o )o as ()Ji and

substitution in Eq. (1).



/u = (_)(0 EO cos 2][)}ot + ()(i EO cos 2TL),t cos Z'IE)JVt (3)
An oscillatting dipole moment radiates light with intensity, I, (2,16).

16 T p4

1=——————/L(2 L (4)

Substituting Eq. (3) into Eq. (4) and using a trigonometric identity

yields:

16 T2
4 92 9 2
IL=— (V,0 Eo cos 2T, t +

3c
4 4,2 2 ) ")
(Vo +Vy) Ol Ey"cos2TL( Yo + My )t +
4,2 2 . )
(Y + V) (>(1 EO cos2TC (Vo -)Vy )t +
cross terms ) (5)
A number of features are evident from Eq. (5). The intensity, I, is
proportional to the fourth power of the radiated frequency. Thus, for

example, the scattering efficiency for 300 nmm light is 16 times as high

as for 600 nm light.



The - first term in Eq. (5) represents eiastic (i.e. Rayleigh)
scattering, because the frequency radiated is )/, . The second and third
terms ére responsible for the Anti—Stokes and Stokes Raman scattering,
becausé the frequency radiated is )}, +iLW and )} - Vv » respectively.
The cross terms can be neglected since the power they propagate

integrates to zero (16).

2. Isotopic Substitution

Isotopic substitution is a very useful aid in the analysis of
particular vibrational modes. By making the assumption, which is

generally valid, that the force constants (or bond strength) are

unaffected by isotpic substitution, thé shift in observed frequency can
attributed principally to mass effects.. Then, by identifying a band(s)
which;show a shift(s) and by measuring the extent of the shift upon
isotoéic replacement it is often possible to gain insight into the
contribution of the substituted atom invthe normal mode appearing in the
spectium. Vibrations which involve large amplitude of the replaced
atom éhould show frequency shifts appreciably, and the larger the
isotopic mass differenc is, the greater, the frequency shift will be.

For a diatomic molecule, vibratioﬂ_frequency is given by the

equation:

y= (Mt L(-_f_)‘% “

10



where m, and my refer to the masses of a and b, respectively; k is the

force.constant; and/Alis the reduced mads equal to mAmB/(mA + mB) for

the diatomic molecule. Let’s assume the hydrogen atom in C-H is
replaced with deuterium, giving C-D. The atomic weights are N, 14; H,
l; and D, 2. Thus the ratio of frequency is

Vé—\ﬂ/)/c-b = /\//“C“D//“C-H »

_\/C»D C+H
N C+D C-H

= ].,3628

Since LE—H for alkane chain occurs nearTZQOO cm_l, we can predict
that'L%_D will appear near 2100 cm—l; This in fact where the C-D
strefch observed. Usually, the treatﬁent of a pair of neighboring
atoms: in a molecule as a diatomic oscillator dis a gross T

oversimplfication, but it works well in the case of the C-H stretch.

3. Quantum Mechanical Description

Although the,Classical description of Raman scattering is useful for
a physical insight into the Raman effect, the magnitude of cioand C}i
and, more important, the interaction of the electronic and vibrational
states of the molecule are not detailed. A quantum mechanical approach
is necessary to describe the states of the molecule, the interaction
betwéen the vibrational and electromic states and the interaction
between the photon and the molecule.

The interaction between the photon and the electronic and vibrational
states of the molecule is manifested in the elements of the

polarizability tensor. Using time-dependent perturbation theory of the

11



interaction of radiation and matter, the pOlarizability ( C%p?‘, which

denotes efo‘component of polarizability tensor) can be shown to be (2):

{nlRpley{elRe|m) i <{mIRre) <elRpI N>
Ee ~ Em~Eo e —En +E, )

(0[/"’ )ﬁh:ze; ‘

where the summation is over all:of the vibronic states |e>'of the

«

molecule, Ry and RP are the dipole moment operators along g- and/O.

e,»Em and En are the energies of the states [e> (excited state), \m>

(initial sfate) and |n) (final state) and EO is the energy of the
incident photon. The state functions pf the molecule may be separated

into  electronic and vibrational parts using the Born-Oppenheimer

approximation (17).

Y = Gs.@) BHQ) = I

Ye = 0.(3,Q) E\f(@)f: leXlvy (8)

where 6%;(g,Q) is the electronic wave function for the state |g>>and is
a function of the electronic coordinates,g, and nuclear coordinates Q.
E§§§G§)= ,i} is the i’th vibrational state wave function of the ground

electronic state and is a function of the nuclear coordinates. lé) is an

i i ate and |v) i i . . .
excited electronic state |.> sV th vibrational state wave function

of the excited electronic state lé>.

Eq. (7) may be modified to:

12t



<G (§IRpl I L Vil Rel UL
Eev = Eq — Eo |
GIGIRN IVl RPN G )
Eev = Fg3 + Bo

(op s =L

where each of the matrix elements (glﬁwle) represent the electronic

transition moment at a particular nuclear cénfiguration Q, and lj> is a
vibraﬁional state %unction of the ground electronic state. Eq. (9) is
an exbression for the Raman tensor for: the vibrational transition i'- j.

For incident light of energy E0 the energy of the Raman scattered 1light

is E.-(E .-E .).
0~ gJ gl)
However, the Born-Oppenheimer stationary electronic states of the

system are perturbed by vibrations of the nuclei. The perturbation

operator is (17):

AN 0
. = (550) Aq, (10)
o Qa
where'}iris the electronic Hamiltonian, and AXQa is the displacement of
the normal mode, a. The superscript 0 indicates that the expression is
evaluated at the equilibrium nuclear configuration. Using first order
perturbation theory for small coordinate displacement on the

Born-Oppenheimer excited state, |é> and ground state ]g>

(Herzberg-Teller expansion):

.|e>_ @ LT (5»|ﬂa|e)A@a| - | -

a Ske Ee - ES

9= 199 +Z§"’<“p‘a'”“®a 1) )

a ‘txg [:t

13



in whiéh the summaﬁions are over all of the vibrational modes, a. The
effect of the vibrational perturbation operator is to create a new basis
set of wavefunctions which are 1ineaf combinations of the original
Born—Obpenheimer states. The summatién over electronic states is
labeled by s in Eq. (lla) and labeled by t in Eq. (11b). The summatién
over ;:and t each span the entire basis set except for the diagonal
components (IS)ié ha) and]TQ i$-‘3) 5. The superscript o indicates
- wave functions and energies evaluated  at ﬁhe equilibrium n&llear
configuration in the ground electronic state (18).
Céhbining Eqs; (9) and (11) and assuming the wave functions are real

yields to the first order in Q (19):

(ufw)j\,,gaf v A + B +C

(FIRAENEIRNE) (TR IRAS) | .
- + . )
A=y Y [ fe Ep- B Ea- By E J ¢ nfv><vn}? |

5T LT

ééeg v Sye A

[{(gﬂﬂle) (el (s IRplﬁ) (3“!ere°)<e°ll’\als“)(s°lR¢l5}°)} { t,lm><1rn®anj>

e&g v

Eev — Equ — B Eev ~ Ey; + Eo EQ- ES |
4+ {(3°|Rv*|‘3°) sTRale’) e"lRfI?") <2HRPIS° (%I Ral )" IRe | %) } Gl Gallvy vty
Eev- Ep — E Fev — Eg5 + Eo ES— B

c=y'"Y'T T

e#g t:&g 4+ a

{(TH’\alb“)(thwlcc)( °|P,>l§}°) FRal)(tTRs ) (€TRe] ) } <l @l

Eev - E%u - ' Eév - Eﬂ-} -+ Eo E; — E{f
i i(%qule") IRt Halg) (§}°|R,»|e°)(€°|Rv-lﬁ)("rfl-kali}“) Cill@alu X vl 3>
Eev - ng - ks Eev “‘Eﬂj + =, Eg" - E¢ |

(12)

14



where"f) indicates the initial vibrational state, \j> the final
vibrational state and \ﬁ> labels the wvibrational sublebels of the
intermediate electronic state.

.Equation (12) expresses one of the theoretical formulations for
Raman-polarizability. It describes tﬁé intensity of Raman scattering
when the energy of the incident photon is far from an electronic
transition of the molecule (i.e. , far from resonance).

A number of important feqfures are evident from Eq. (12). Term A is

respdnsible for Rayleigh scattering because of the Franck-Condon overlap

facto_rsX<i,"U‘><"U|j>= SL} Thus, there are no allowed vibrational
. v

‘transitions. (However, a further expansion of the A term may lead to
. L

Raman -intensity). Terms B and C give rise to Raman scattering via the

-+

vibrational terms

z Gloyrl@alyy = Glaldy =5, 4,

7

v

Thus, the selection rule is j =i + 1.
The € term results from the mixing of the ground state with excited

electronic states of the molecule. In general, the difference in
energy between the ground state and any excited state is greater than

the difference in energy between adjacent excited states. As a result,

the ratio of Raman intensities of the C term to the B term is

o

e
[p]
)]
N

15 -



Thus the C term is in general less important in Raman scattering than

the B term (17).

4. Resonance Raman Theory

' Aéithe energy of the incident phoﬁons approach an electronic
transition, the denominator in Eq. (12) beches smaller and Eq. (12)
prediéts an ‘increase of Raman and Rayleigh scattering. However, Qhén
the resonance condition exists, Eq. (12) suggests that the intensity
wiil increase without limit. This is ﬁeither physically reasonable nor
expefimentally observed (20). This féilure of Raman theory in the
resonance case results from the inabili#y of perturbation theory to4deal
with such a large perturbation (2).

This dilemma is resolved phenomenologically by the éddition of a
dampiﬁg correétion, if7, to the energy:denoﬁination in Eq. (12). The

result is (21)

<0//°">3» 93 = /A\/ - F R

;v (FIReNeIRs1 §)
A };— l:eu*—Egi,“E""'Lr,

/e / | (~e°H{alS°)
R =
Q%;Z—;% (Be- Es)(Eev—Egp~Eo-il")

{(5}!&1’8)(3|Rf'%‘°)<ul®><”l@xl3> HRols?)(e “?pl‘})ﬂlé‘xal\f}(vu)}

_<Lr&><ij>

(13)
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The phisical interpretation of the dampingi‘constant, i[7 in the
denomihator is at present not well underétood. However, it has been
proposéd to be associated with the lifetime of the resonant excited
state:(2,22) or linewidth of the excited vibronic state. In Eq. (13),
facto%s containing (EeV - Egi + E0 - ir{)—l are discarded, since we are
interééted in the scattering tensor neér resonance condition.

Se;éral features of resonance Raman'écattering of the fundamental are
discernible upon examinatio% of the A'?and B' terms. The A' term has a
numeréfor éf Franck-Condon overlap téfm (i.e.<i|'v>(y\j> ), and,
therfore, A'-term will contribute only to Rayleigh scattering, since

' E%Kﬁlf><ij>'= Sij’ as described before; 

This procedure leaves only the B' term in which coupling operators of
the férm (eolhalso) appear and leads to the suggesfion that modes that
are Qibronically active in coupling excited electronic states will be
enhanced as the exciting frequency approaches an allowed electronic
transition (Fig. A-2). ‘

‘-Only the interactions betwéen. eicited electronic states via
Vibrétional coupliﬁg were . considered iﬁ the Herzberg-Teller treatment.
But if there is a displacement in the equilibrium internuclear distance
for'tﬁe excited state versus the grouﬁd state, this Herzberg-Teller
expanSion treatment could not be applicable no longer. Peticolas et
al. ’(23) have shown that A-term in equation (12) could become
respoﬁsible for Raman intensity. They rewrote the denomination of

A-term as shown below.

Eev - Egi - Ege+ E;z

/
- = + 92
Eev Egj Ege

17



' /
where Ege represents the energy differenc for the electronic term andSB,E;Z
represent the energy difference for the vibrational term.

Thus A-term in equation (12) could be expanded as follows.

A: -/ ) | e _Ao. G l _ ‘SE' AL .
e%;:g Ev‘—[(? R 'e)(C’Rm){ Ege— Eo (Egé~Eo'>2+

+ (991 Role) (€| Ryl 3”){ 1 - 52 -
/) Ege + .Eo ( E;}e + Eb>2 k

* In usual Raman process (i=0, j=1) and non-resonant Condition, we

can obtain;

,SE = vhuua
/
G2 = (v-1yndd

. a a -, a . .
here we approximate ¢y =W = W In harmonic oscillator

g e’

approximation;

DRULIENE ol = 0

Ra AR R VNG

where/u refers to the reduced mass for the vibration andAa referes to

the displacement in the equilibrium "internuclear distance for the

excited (e) state versus the ground (g) state. Thus we obtain; )

18



?\w A
A= e{:& (g\me)(e“?rl%) e M"!Aal

R Je)(eIR fo
+ (3R, Je)(€° rlﬁ)u:ze _:0)2

This'tesult ihdicate that if the vibration is totally symmetric and
there is a displacement in the equilibﬁium internuclear distance for the
excited versus the ground state, A—tegm may also.be responsible for
Raman‘intensity.

In the exact resonant condition,;this_treatment can not hold no
longer and other’ kind of tfeatment is‘hecessary to obtain the Raman
intenéity via.A—term.

Resonance Raman theory is presently in a developmental stage. A
lérgé number of erkers are studying tﬁe theory and presenting various
- formulations (such as 23,24). The formulation used in this thesis
contains the basic concept found in ali ofi;he other formulations of
Raﬁaﬁ.theory. However other formulatibns include additional terms in
the polarizability expression due to inclusion of the nuclear kinetic

energy operator (nmon-adiabatic coupling) (24). Although the resulting

expressions for Raman intensity may be quantitatively more correct, they
make the equations much more complicated and make a interpretation of
the Raman expressions more difficult.  Therefore, the simplest and most

concise formulation was chosen in this thesis.

19 -



II. Mechanism of Resonance Raman Enhancement of Metalloporphyrins

1. Porphyrin In-Plane Enhancement

The regular metalloporphyrin absorption spectra are dominated by a

1

very strong band (E~ 1-6 x 105 M cm_l) near 400 mm, called the Soret

band or B-band. Near 550 and 500 nm, there are two weaker bands (€~ 1-4
X 104:M‘1Cmfl), called ¢} andf8 , or Q and Q,, respectively.
4h’ and the highest

The maximum symmetry of metalloporphyrins is D
filled Simpson s (25,26) annulene orbital pair is split into a, and a

lu 2u

orbitals, which, however, remain close_ in energy. The lowest unfilled

orbitél pair, eg, remains degenerate. : The two promotions a1u~—9 eg and
am1«9 eg both have Eu symmetry, and are subject to strong configuration
interaction 27). The transition dipoles are added for the

B—trapsition, and nearly canceled for the Qo—transition, accounting for
its low, but nonzero intensity. Vibronic interactions between the B
and Qb states generate Ql state borrowiég absorption intensity from the
B—band by Blg’ B2g’ or A2g vibrations.Lv' Thus, Q1~band is separated
1200 cm—l to higher energy from the Q0~band. This energy separatiqn
corresponds closely to the average freéuencj of porphyrin vibration

modes.

(a) B-band Scattering

This four-orbital model (27) is able to explain even the main
features of metalloporphyrin resonance Raman spectra (28-32). These are
dominated by bands with frequencies iﬁ‘the range 1100-1650 cm—l,
corresponding to stretching of the porph&rin—ring TL-bonds, as éxpected

*

for enhancement via [~ |l transitions..-

20



Excitation near the intense B-band enhances totally symmetric
modes; via A-term scattering (33). The strongest feature is a band
near 1360 cm—l, corresponding to the greathing mode of the C-N bonds
(34).  Even for this mode, the origin shift is small, as shown by
analysis of the resonance CARS (coherént anti-Stokes Raman scattering)
lineshépes (35), and as is also evidenﬁiin the lack of any pronounced
vibrational structure on the B absorption band (36). The large size of
the ﬁorphyrin TL-system keeps the excited—state distortion relatively
small,. The impressive enhancements that are seen With excitation in the
B—band=(37,38) aré, therefore, due to the large electronic transition

moment of B-band.

(b) Q-band scattering

With excitation in the Q0 and Ql bands, A-term enhancement is much

lower, because of the smaller electronic transition moment. The A~term
0,2

scalés with (Me )T o= (g0|R¢le05(eO]Rflg0), so that Q-band enhancement
would be expected to be at least two qfders of magnitude lower than
B—Bahd‘enhancement, if bandwidths and Franck—Condon factors were equal.
The Q;band resonance Raman spectra aré generally dominated by the
non-totally-symmetric modes responsibie for Q-B mixing and the
génerétion of the Ql—absorption. The symmetry of these modes is given
by  the direct product of the electronic;transition symmetries, Eu X Eu =
Alg vaZg + Blg + BZg' Because of the:high §ymmetry of the molecule,
Alg modes are ineffective in mixing thé tranéition moments (40). The

remaining three symmetries are all représented among the modes observed

in Q-band resonance Raman spectra. (B “and B

modes cannot be readily
ig 2g

distingushed, since both give depolarized Raman bands, but they can be

identified, via symmetry lowering, in the shape-line fluorescence (15)

21



or resbnance Raman spectra (41) of free—baséfporphyrins, since Blg - Ag

2h')

Of particular interest are the A2g modes, which give andmalously"

but Bzg-— B1g when the D4h symmetry is lowered to D

polarized resonance Raman bands (15). ' For randomly oriented molecules,
the depolarization ratio, which is the intensity ratio of scattered
lightjwith polarization perpendicular and parallel to the incident

polarization, is (7,15)

2

2 a2
I, 3. + syag

2 2
1 450 + 4 Js

where_’C)(2 is the isotropic part of the Raman tensor, a;z'is the
symmetric anisotropy and.)az is the antisymmetric anisotropy.
In nonresonant scattering the Raman tensor is symmetric, leading to
]é§)=_0, and’/Q cannot exceed 3/4. Nén—totally—symmetric modes have
zeroﬁdiagonal tensor elements, and gi&e polarized bands, /O = 3/4.
Totaily symmetric modes have Cj2= 0 and”give polarized bands, /9= 3/4.
In resonance Raman scattering, however, the tensor need not be
symmetric. 1f aéz =0, a band may be anomalously polarized,'/0= 3/4.
All of the porphyrin modes come into resonance at the QO maximum
(O—O) (42) and then again at the Ql position expected for the vibration
being'monitored (0-1) (15). For B-term‘scattering equal enhancement is
expected at resonance with the 0-0 and 0-1 transitions, since the
numef%tors of the first two terms in Equation (12), <ﬁ|Q|d><b|0> and
<}|lj}<}‘Q\O>, are equal in magnitude.i_ They have the same sign for

symmetric (Blg and BZg) and opposite sign for antisymmetric (AZg) modes.
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Since the frequency denominator of Equation (12) changes sign as the
incident frequency passes through a resonance, the two terms interfere

destructively for Blg and Bzg modes buf constructively for A, modes, at

; 2g
freqﬁéncies between the 0-0 and 0-1 transitions. For lower symmetries,
modes‘of mixed polarization show a diséérsion of the polarization ratio,
which maximizes at _Lb= ( 1%04-)40 )/2 (44), as has been observed for
vporph?fins (28-32). {(Depolarization ~dispersion can also reflect
spliffing of the x and y components of the Q-band (45)). Off
resonénce, the terms cancel for antisymmetric vibrations at wavelengths
outside the absorption band (42). This cancellation is the reason that

anomalous polarization of vibrational bands is only seen under rigorous

resonance conditions.

In aétual QO and Ql excitation profiles,vthe 0-0 and 0-1 maxima are
not always of equal height, Higher O;l maxima have been attributed to
non-adiabatic effects, whereby extra enhancement at higher vibrational
level is predicted via nuclear-electronfcoupling with higher electronic
states (46,47). Higher 0-0 maxima haVé been attributed to Jahn-Teller
effect in the degenerate Q-state. If a mode  is active in both
interstate and intrastate (Jahn—Tellef) coupling, then there can be
interferences between the two méchanisms thét affect the excitation

profiles (48,49,50).

2. Out-of-Plane Enhancement

(a) Porphyrin Out—of-Plane Deformation

The out-of-plane modes of a planar metalloporphyrin involve bending

of the in-plane bonds, and are all expected at low frequencies, <1000
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-1

cm .o In D4h symmetry? they span thg representations Alu’ A2u’ Blu’
B2u’ and Eg' |
Ofvthese, only the_Eg modes are Ramah—active. There is no mechanism

for ngenhancement via the in-plane electronic transitions alone. They

can, however, be enhanced by vibronic mixing of in-plane (Eu) and

out-of-plane (A, ) electronic transitions: E x A, = E_. An example
- 2u u 2u g

of this enhancement mechanism has recently been found (51) 'in the

2+PP (imH = imidazole, PP =

resonance Raman spectrum of (ImH)zFe
protoporphyrin IX). When excited at 457.9 nm, this complex shows a band
at 841 cm_1 which disappears upon deuteration of the methine carbon
atoms of the porphyrin ring, and whicﬁcis assignable to out-of-plane
bending of the methine C-H bonds_ (52). From oriented-crystal
spectroscopy, low-spin Fe2+ hemoproteins are known to have weak
z-polarized (AZh) absorptions near 457r9 nm,‘which are assigned (36) to
porphyrin(azu)—e Fe(dZZ, alg) charge-transfer (CT) transitions. The
A2u orbital concentrates electron density on the methine carbon atoms
(53),_Cm, and it is suggested (51) thatfthe Eg Cm—H mode is effective in
mixiné the out-of-plane CT transitioﬁ: with the nearby din-plane
B—tréﬁsition.

2+OEP)+ (OEP = octaethylporphyrin) resonance

A band in the ((ImH)zFe
Raman.spectrum, at 320 cm~1, also disaﬁpears when ImH is replaced by
CN . - This band shifts down by 10 cm_l:when the methine carbon atoms
are deuterated; and is assigned to oqt—of-plane deformation of the

methine bridges. Its activation in parallel with the 255 and 359 cm—l

A, modes likewise suggests ‘an A

94 u assignment, It may be the same mode

2
sy -1, " 3+
with that observed at 330 cm = in resonance Raman spectra of Mn™ gp (gp

=etioporphyrin) halide complexes by Asher and Sauer (55), and assigned
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as outiof—plane because its intensity increased with increasing size of
the halide ligands (F < €1 < Br < I_).’ and, presumably, with the
out~of~plane displacement of the Mn3+ ibn. Also, its frequency shifted

up slightly (~.1 cm_l) on 37/35Cl_

suﬁstitution, indicating coupling
withvthe Mn-Cl stretching mode (286 ?»282 cm_l) (54). In FePP
complexes as well, the 320 cm_l-band intensifies for five-coordinated
out—of;plane structures (51). |

Oﬁf—of—plane aséignments have been suggested for Mn3+Mb resonance
Raman bands at 170 and 280kcm—1, which;ére activated upon azide binding

, o 3+
to manganese-substituted heme (56). In Fe3 Mb, resonance Raman bands in

the 450 cm_l region which shift down upon vinyl deuteration are
assignable to ﬁyrrole—folding modes (51). In hemoproteins, direct

. ale
coupling of out-of-plane modes to the TU-TL transitions can result from

loss of the porphyrin mirror plane via assymmetric ligation,

protéinéinduced distortion of the porphyrin ring (57,58), or asymmetric

electrostatic fields in the heme-binding region (59).

(b) Axial-ligand Modes

. R
1) TL=TC Resonance

Metalloporphyrins' can bind one or_btwo ‘ligands at the axial
coordination sites of the central metai iomn, Since the physical or
chemical nature of heme group is moduiated drastically by the axiail
ligaﬁds, it has been a matter of great interest to didentify the
metal?ligand stretching modes in the resonance Raman spectra. Although

these modes are generally weak, it has . proved possible to assign a
number of them, using isotopic frequency shifts. It is dimportant to

clarify the enhancement mechanisms available to these modes, in order to
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find oﬁfimal conditions for detecting them, or, more importantly, to
reveal;the exact electronic structure of heme.

It has been conventional wisdom that the in-plane porphyrin
electrénic transitions do not enhance M-L stretching modes, since. the

latter are out-of-plane vibrations. ‘Unlike the porphyrin out-of-plane

deformations, however, the M-L stretchs are not restricted by symmetry

from ﬁoupling to the in-plane electronic transitions. If a D4h

metalloporphyrin has two identical axial ligands, the M-L_, symmétric

2

stretch has Alg symmetry (the asymmetric stretch, A is infrared but

2u’
not Raman-active, unless the mirror plane is destroyed). If the

ligands are not the same, or if there is only one axial ligand, the

and the M-L stretch remains A.. Thus a

point group is lowered to C4v’ 1

M-L sfretching mode can be enhanced bylan in-plane transition, provided
that the excitation alters the M-L boné length (in other words, not
enhanéed via B' term).

Tﬁe feasibility of this enhgncement.mechanism is demonstrated by the
excitation profile for the Fe—O2 sﬁretching mode of HbO2
(oxyﬁémoglobin). The Fe-0, stretching frequency, which has been

2
assigned to 567 cm_1 band by Brunnef (60) with 1802 isotopic
substitution technique was the first axial mode to be discovered. This
modefis enhanced strongly in the B—bané, and more weakly in the region
of the Q-bands and this excitation péofile roughly follows the

absorption spectrum of HbO, and is in proportion to their transition

2
moments. This observation was first made-by Tsubaki et al. (61,62),
and later confirmed by Walters and Spiro (63). The coupling of

*

y(Fe;Oz) to the in-plane JC-TL transitiond can be understood on the

basis of the electronic structure of oxy heme.
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Tﬁé high Fe—O2 stretching frequency, around 570 cm—l, bears on the
long sﬁanding controveréy (64-69) over the electronic structure of oxy
heme.; While this complex is formed from Ozvand Fe2+ porphyrin, many
spectroscopic properties, including the high-frequency resonance Raman
spectrum (70,71), are more consi;tent_with 1ow—spin Fe3+ than Fe2+, and
the O;O stretching frequency observed By infrared spectroscopy (72-74),
is iﬁ'aécord with an Fe3+—02_ formulation. The transfer of a dor
electron to 02 appears to be essentialiy complete, but, of course, this

transfer is compensated by U -donation from O to Fe;

2
electronic-structure calculations (75)1indicate that the net transfer of
charge is small.

The enhancement of LKFe—OZ) stretching frequency was expected earlier
(11) to be due to z-polarized transitions, which have been identified in
thg MbO2 crystal spectrum (36,76). Thé z-polarized band at ~ 475 nm,
cloéé to the excitation wavelength initially used for the study of
V(Fé;oz) (60), has been assigned to eiﬁher O2 - Fe charge transfer (77)
or ﬁorphyrin Tt(azu) - Fe dZZ(alg) chérge—transfer (78-80). Either
transition should enhance y(Fe—Oz), siﬁ;e either the bonding O2 or the
antibonding Fe(dZZ) orbitals are invélved;i} The excitation profile,
however, is flat in the region of this:absorption, and the conclusion
seéﬁs inescapable that charge transfer enhancement must be less than or
combarable to the preresonagce enhancément from the B-transitionm,
preéumably because the charge transfer transition moment, if any, is so
small.

A similar T[—'Tf\ enhancement mechanism can be expected for the

stretéhing mode of other T[-acceptor 1ligands. Indeed, the Fe-CO

stretching frequency of HbCO and MbCO discovered via its CO isotopic
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shifts by Tsubaki et al. (61,62) and the Fe-NO stretch of HbNO,

15/MNOShift by Chottard and Mansuy (81), also show

discovéred via its
intensification in the B and Q1>bands, and have flat profiles in
betweeﬁ.

ThevT[—acceptor character of O2 ligaﬁd competes effectively with the
porphyrin ring for back-bonding of the;iron dTE electrons (71). The
extent of back donation depends sensitively on the match of dn:and 7{
orbitai energies, and may be affected, ‘for example, by alterations in
the t?ans axial ligand (69) (Fig. A-3). For the diatomic ligands
that bind to deoxyHb and deoxyMb, the Fe-XY stretching frequencies

increase in the order CO NOL O (507;1551, 567 cm~1, respectively).

2

: ) . *
This is also the order of.decreasing “ﬂ;~orbital energies (i.e. O2 is

the Bést][—acceptor among these), and the stretching frequencies reflect

’the expected trend of Fe d1E back donation to these TJ[-acceptor ligands.
The As;me trend is seen in the T[-sensitive porphyrin skeletal
frequencies (i.e. 1360 cm“1 band), which reflect the competition between
porphyrin and axial-ligand j{% orbitals, for the d4y electrons
(71,82,83). When the trans axial ligand of NO-heme is lost, )/(Fe~NO)
increéses by the amount expected on tﬁe basis of the decreased Fe-NO
distaﬁce observed in TPP crystal structﬁres (84,85), which is associated
with fhe NO trans effect.

Récently the )/(Fe(III)—CN_) vibration in carp cyanomet Hb was
idenfified at 455 cm_l via 12C15N isofope shift by Tsubaki and Yu
(unpﬁblished results cited in ref. 61) énd at 452 cm_1 in human cyanomet
Hb by.Rousseau and coworkers (86,87). . Further, Yu et al. (88) found

§(Fe(I1I)-C-N) bending vibration at 412,cm—1, However , there‘is no

enhancement of bound C-N stretching mode expécted at 2130 cmﬁl.
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A éimilar7f—7[% enhancement mechanism must be apllicable for this
case. The lone pair electrons of both CN  and CO ligands coordinate to
the QZZ(Fe) orbital to form a 0"—bond;t However, in cyanomef complex,
- there may be a weaker J[-bonding between d- (Fe) and‘“nf(CN—), than that
in carbonmmonooxy complex due to diminiéhedfﬂ}back bonding in_Fe3+ heme;
leadihg to the weaker Raman enhancemeﬁt of )KFe(III)—CN_) stretching
vibréfion. | ﬁ

Bééause the heme iron atom is bound to an imidazole group in most .
hemop;oteins, the Fe-ImH stretching fréquency is of particular
impoftance, but it has also proved té be elusive. Because the
effective mass of the rigid imidazoléiring is high, Fe—ImH modes aré
expeéfed to fall in the 200-300 cm—1 range; where low-frequency
porphyrin modes interfere, Metal-imidazole modes are generally found
in tﬁis region (89).

As will be described later, vforl the bis-pyridine complex
(py)zFe2+MP, the symmetric py-Fe-py stfetch (py = pyridine) was located
at 179 — via the 5 cm_ldownshift upon ligand perdeuteration. A
norméi—coordinate aﬁalysis showed this mbde to be a breathing motion of
esse@fially rigid py rings (90). Inaeed, the frequency was well
approkimated with a linear triatom calculation, using the same Fe-py
forcefconstant, in which the py "atomf.was given the full mass of the
ring,' The mass of the ImH ring is onl§ slightly less than that of py,
and the symmetric ImH-Fe-ImH modg has now been located at a slightly

15

- P EE
higher frequency, 200 cm 1, for (ImH)ZFe2 PP via ImH N (91) and —d3

(92) isotope shifts.

» . : R
Surprisingly, it is found at the same frequency for ((ImH)zFe3 PP)

(91,92), although the increase in oxidation state would have been
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"expected to increase the bond stfengfh, and therefore the stretching
frequ;ncy. Apparently the extrdg electron in (ImH)ZFe2+PP is completelyA?
delocalized to the porphyrin ring, és;reflected in the lowest porphyrin
skelefal frequencies (83), leaving thé'Fe—ImH bond strength unaltered.

3-*-OEP)JP has been

The ‘imH—Fe—ImH asymmetric stretch of ((ImH)zFe
idengified at 377 cm-'1 in the i.r. spébtrum, via its 54Fe shift (93).
The large frequency difference between the in- and out-of-phase
stretphes, which depends largely on the ligand-metal mass ratio, is a
further evidence of the high effectiQe mass of the ImH ligand. A
triaﬁémic calculation with the full ImH mass gives a reasonable Fe-ImH
force'¢onstant, K=1.63 mdyn/z (91,925.'

For the Fe2+ complex, this mode, ?ithough weak, shows observable
enhéncement upon direct B-band excitation. ImH is not an effective
T[—acceptor , but strétching of fhe Fe-ImH bond should nevertheless
loWe?_the dq--orbital energies, via poiérization, and therefore modulate
thekstrong.Fe2+”ﬂ}béck donation to the porphyrin eg—orbitals (71,82,83).
Inifhe case of Fe3+, however, the modg is gét seen with B-excitation,
but 6nly with 457.9 mm in aqueous sdiution, at the edge of the
(aggfegation—induced) split- B-band (91?92); The enhancement mechanism
is uﬁcertain; it may involve vibronicjﬁoupling. But the lack of of
direct 7[—7{? enhancement is consistenﬁ with the diminished
T[fbéckbonding in Fe3+ hemes.

fFor deoxy  Hb (94,95)‘and deoxy Mb (96) and their modelkadduct,
‘fivefCOordinated high-spin Fe2+ porphyfins‘prepared with the sterically
hindéred imidazole, 2—MéImHk(97), the Fe—IﬁH frequenéy has been loéated
arouné 220 (:m_1 via its shift oﬁ 1igand perdeuterétion (94) or on'saFe

- substitution (95,96,98). This mode can be enhanced quite strongly upon
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"~ excitation near the B-band. Therefore, it is very 1likely that the
similar enhancement mechanism expecﬁéd for symmetric ImH-Fe~ImH stretch
in (IﬁH)zFe2+?P complex, However Spifo proposed another mechaniém for
7{}'ﬂ§ coupling. In this five—COordinéted_heme, the. Fe atom is out of
the pgrphyrin plane by 2 0.05 mm (99,100), and when the‘Fe—ImH bond is
sfret&hed, the Fe atom moves toward the plane, thereby altering the
interaction of the Fe orbitals withvfhé‘porphyrin TC and “H? orbitals.

’Kitagawa et al. (101) have suggesfgd that vibrational coupling with
low frequency in-plane porphyrin»modes might account for axial-mode
enhaﬁéements.‘ Vibrational coupling is>expected to'be.weak, however,
since the internalvcoordinates are orthogonal, or nearly so. If the
metal.atom is in the plane, then there is no kinematic coupling depends
on aﬁial—in-plane interaction conétants; which are expected to be small.
Therefore, it seems probable that the -direct éoﬁpling of the axial
stréﬁéhes to the in-plane electronic transition is a more important
factor in the enhancement.

A diatomic calculation, using the full 2-MeImH mass, gave a for¢e
constant of 0.96 mdyn/Z (94). ‘Tﬁis is;sﬁbstantially smaller than that

+o ’ 2+
3 PP) , as expected, since the Fe2 ion is

obtéiﬁed, for ((ImH)zFe
high-spin and the Fe-N(2-MeImH) bond is lengthened (99,100). The
réasbn that the Fe-ImH mode nevertheless appears at a higher frequency
for a diatom fe—L, namely (1/mFe + l/mi)_l; is less than the reduced
mass for the symmetric mode of a>linear triatom, L-Fe-L, which is just
m  (89). '

vit would be very useful to be ablefto‘monitor thé internal modes of

bound -imidazole, in view of the ubiquitous occurence of imidazole in

hemoproteins, but such modes have not‘been reported, despite the
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extensive resonance Raman spectroscopy of hemoproteins and imidazole

complexes. Both ImH - Fe and Fe -. ImH charge~transfer transition
‘should occur somewhere in the u.v.-visible region, but it is difficult

to predict their locations, and the intensities may be quite low (see

also1Ligand—M Charge —Transfer).

ii) Charge-Transfer Resonance

‘Porphyriﬁ - M. Charge-Transfer Because transition-metal ions have
parfially fiiled d-orbitals, a variety of charge—-transfer transitions
are'possible for their complexes‘with porphyrins. Figure A-3 is a
quaiitative orbital energy diagram, wﬁich includes a set of d-orbitals
and’the four porphyrin frontierkorbitéls that "dominate in the visible
and near-u.v. spectrum. The rélatiye’ordefing bf theée orbitals has

been examined (27) for a wide range of. complexes, using extended Huckel

calﬁsulations and the available spectfoscopic data. The’center df
gfa&éfy of the d-orbitals drops with iﬁcreasing effective nuclear charge
on the metal, from left to right across the periodic table, and from
lower to higher oxidation states.

Ihe Splitting of the d-orbitals debénds on the ligand field of the
porﬁhyrin and axial ligands. The strong in-plane porphyrin fields drives
the:dXZ_y2 orbital up, usually a?ove the porphyrin eg* orbitals (Fig.
A—3). The position‘of the dZZ orbita} is highly variable, depending on
the axial ligands. Strong~field 1igaﬁds, such as NO or CN , drive it
up to or beyond dx2_y2, while,for weak.field or absent axial ligands it
falls toward the d7t(dxz aﬁd dyz)kand;ﬂxy Qrbitals. The position of
the_dnprbitals, relativé to ﬁhe nonbonding dxy’ is influenced by

Ti-bonding. They are stabilized by 7[récceptor ligands such as NO and O2
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and by}fhe porphyrin ring, and destabilized by 7[—donor ligands such as
OH ani halides.

Chafge transfer can take place from the filled porphyrin orbitals,
294 anﬁ ay to d-orbital vacancies, ofvfrom,occupied d—orbifals to the
vacant porphyrin‘orbitals, eg*. Theblatter process is, however,
parity%forbidden. This restriction can be removed by mixing in metal
p-orbital character, for complexes lacking inversion symmetry, but it is
unlikeiyvthaﬁ d - eg* trensitions cae.eontribute significantly to
resonance Raman enhancement. | The azu—ﬁ dZZ transition is allowed (a1u
—9d22?and aj,’ aéu_»‘dxz_yz are not), bﬁt the orbital overlap is poor.
The tfansition is weak, but it can beridentified in polarized-crystal
spectra via its z—polarization; and several'a2u - dZZ assignments have

been.suggested (36).

2u’ alu'—é dTE

transitions are allowed , and are polarized in the plane. These have

The a , a, —>d transitions are ‘forbidden, but a
VAT lu Xy ‘ ‘

been assigned near 600 nm for high—spiniFe3+vand around 1200 to 1500 nm
for low-spin Fe3+ (27,36). The largetredeetion in traneitionkenergy
between - high- and low-spin Fe3+ is ettributable eo
intefelectronic—repulsion effects (27)°; The CYNE alu—% dqr transitions
have'eot-been identified in the spectra of high-spin Fe2+ porphyrins
(36). For low-spin Fe2+;,they are neeessarily absent, since the d
orbitals are coﬁpletely filled. %F}

Ae.neted,above, absorption baéds neaf 600 nm have been ettributed to

a

: il +
20’ ‘alu'~} d?t transitions of high-spin Fe3 hemes. -~ They are

comparable in intensity to the Q-bands; with which they are no doubt
strongly mixed. Asher et al. (102) reported specific enhancement of

; ‘ ' - +
Fe-axial-ligand modes between 400 and 500 cm 1 for methemoglobin (Hb3 )
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complexes of fluoride, hydrokide, and azide. The Fe-OH assignment, at

497 em ' in Hb TOH and 490 em ™t in MboToH (103), was confirmed by its

18 . -~ _ -
OH -shift (102,104). - Two bands, 471 and 443 cm 1, have been assigned

: - ) :
to Fe~F stretching in Hb3 F , based on their excitation profiles (102);

therlower frequency was suggesfed to be due to H-bonding to a water
molecﬁle having partialkoccupahcy of a.sité in the heme pocket (102).
Both-frequehcies are ‘appreciably lowef in Mb: 461 and 422 cm—l. The
highetjfrequency band has been shown (104) to have a 2 cm_1 54Fe isotope
shift, confirmingrthé Fe~-F assignment;ﬂ

Léter Tsubaki et al. (105) confirmed by 15N substitution that the

3
411 cm_l band in Mb3+N3 (413 cm—1 in Hb3+N3 (102)) was indeed due to

Fe—NB:Stretching, but they also showed;ivia its temperature dependence,
that  this. band was associated with the low-spin rather than the

. N :
high—-spin component of Mb3 N3. Therefore its enhancement at 647.1 mm

could not be due to the a5y’ a1u~4>d7c charge transfer transitions,

: +
which are at much lower energy for low-spin Fe3 hemes. It was

; ; - g
attributed instead to a Nj —,Fe3v(low—spin) charge transfer transition.

A similar assignment has to be considered for the Fe-OH band of

3 3

Hb +OH and Mb +OH, which also containispin mixtures, but Asher and

‘ - +
Schuster (103) showed  that the Fe-OH excitation profile of Mb3 OH

trackéd those of the high-spin porphyrin skeletal modes,  at 1545 and
1608tcm_l, while the low-spin mode at 1644 cm_l peaked at higher energy,

580 nm, where the low-spin Q-band is e#pected. Thus enhancement via

3

: : : ‘ + +
- d“: transitions seems likely. Hb™ F and Mb3 F

the high spin a0 21y

contain purely high-spin hemes, and the - enhancement via the strong 600

nm band (103) must be attributed to the a2u, ajy " doe Fran51t10n (Fr -

Fe3+ charge transfer being most unlikely at "this low an energy); the
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QO—band has been assigned (33,106) at 528 nm. Tsubaki et al. (105)

argue; however, that Fe-ligand modes are unlikelykto be strongly

, invoived in the a5y’ alu~—}dm’excite4 states énd point to. the lack of
an id_éntifiable Fe-ligand stretch in the resonance Raman spectrum of
high—_spin‘acid f’erricytochrome‘ Cs whvervp eicited in its 620 nm absorption
band i.(107). | i
‘Tﬁe. Fe-F frequency ‘seen'for 5—codr’dinated heme fluoride is much
highe_f, 606 cm_‘l, because the absenée of a 1;,r'ans axial ligand allows the
,Fe3+_ion to move out of the heme plane and form a strong bond to F
(102 )'. The 5—coofdinated N3_~ frequency, 42i cm_l, is only slightly
higher than that seen for Hb3+N3~, ref_lecting the compensating effects
of the absence‘of‘a trans ligand, and t.he high ~» low-spin transition.

1, of

The recently assigned (108) Fe3+—S(C:}:rsk) stretch, 351 cm
substrate-bound cytochrome P_450cam is at nearly the same frequency as
the Fe-Cl stretch in (Cl_)Fe3+OEP (109), 360 cm_l, confirming

five-coordination of the heme ‘in this form of the protein (108).

Ligand - M Charge-Transfer » Chargé—transfer transitions are also

possibrle t(v)' or from the axial ligandvs. of metalloporphyrins. The
situétion is shown diagramatically on .the right side of Figure A-3.
Transitioné are possible from filled T[:or a orbitals on the ligands to
vacanéies in any of the d-orbitals (L\— M charge-transfer), or from

(partially) filled d-orbitals to "T[“—orbitals on the ligands (M - L

charge-transfer). All of these tranSitions are ,allowéd (strictly

speaking, only one of the linear combinations of each pair of 0,TC, or

TE orbitals on a symmetric ML, unit ‘can take part in an allowed

2

transition), but their intensities will vary with the extent of orbital
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overlqs. Highest dintensities are gxbected for L(g~) - M(dZZ), L) -
M(d7t); and M(dp) - L(“ﬂ?) trénsif?ons. " The energies of these
transitions are not easy to anticipaté,‘sincekthe d-orbital energies are
influénced by their interéctions with #he porphyrin and with the axial
ligaﬁds in a concerted manner. Frém the properties of simple
compiéxes, it is expected that’for Fe3+, L - M chérge—transfer
tranéitions will occur in the visible region for oxidizable'ligandé such
as B%—, RS~ and N3~, while Qisible fégion M'-kL charge-transfer
franéition can oécur‘from low-spin Fez+ toiligands with low-lying
1T$—orbitals. ‘For many ML combinations, the transitions shown in
Figure A-3 lie in the near or far u.v.

Beﬁause metalloporphyrin absorpfionfspectra'are dominated by the
intense, broad 7[-'ﬂ? transitions, it is difficult to locate L - M or M
- L charge—-transfer absorptions, and the fewvcaSes where they are
believed to provide resonance Raman enhancements were found
sereﬁdipitously.‘ Thus early ‘studieé 'of”ﬁpis—pyridine(py) Fe2+
ﬁofphyrins (""hemochromes") éhowed stroﬁg'enﬁancement of internal modes

of the bound pyridine ligands (83). These modes, as well as py-Fe-py

symmetric stretch located at 179 cm_l,fwere identified via their
fredﬁency shifts upbn perdeuteration of py (90). Their excitation
profiles weré distinct from those éf;the~porphyrih modes - (90), and
coinéided with a bump on the absorption'spectrum at 490 mm, which had
been suggested (110) to arise from ah Fe2+ - py. charge-transfer
transition. This assignment wés‘supportéd by an‘intensity analysis

(90) of the py modes of (py)zFe2+MP, énd of its py-d. analog, which

5
showed the excited-state geometry to be consistent with population of

% .
the first py T[ -orbital. Consistent. with this assignment, an
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analysis of the relative intensities indicated é patfern of bond-length
changes in the excited state similar to that expécted for occupation of
the lowest pyridine *—orbital (90)5~-

Yu énd Téubaki (56) obsefvéd resona;ce Raman bands at 2039 and 650

cm—1 for the azide complex of Mn3+—substituted Mb, whose strong 15N3
’shifté implicated them as internal azide modes. They were both
depolarized, implying that the modes are not totally symmetric with
respett to the local (linear) N3— geomeﬁry (the complex as a whole has
‘onlyvmirror symmetry, since the MnN3 unit is undoubtedly bent, as in
other azides). ‘They were assigned as the antisymmetric N3_ stretch and
- ‘ . 3+ . 3+ -
the in-plane N-N-N bend. As with other Mn™ porphyrins, Mn Mb(N3 )

shows strong absorptions at 380 and 470"nm, due to mixed Ay My " di s
% B 7 S ’
eg transitions (see above), but the internal azide modes were found to

be enhanced between these bands, implying enhancement via an additional
charge-transfer transition involving .the azide; the enhancement
mechanism was attributed to vibronic ‘mixing between this extra

chargéFtransfer transition and the intense in-plane transitions. Yu

and Téubaki (56) suggested that the extra charge-transfer transition was
- ) . * o -
N3 (Tf) - porphyrlp(jt_) rather than N3>(TE) - Mn(dZZ) or N3 (n) -~

Mn(déZ) in character, since no band attributable to Mn-N. stretching

3
was ‘observed. Inview of the probablefproximity’of porphyrin egn and
Mn3+ dW:-orbitals, N3_(j[) - Mn(th) charcter is also likely. Lack of
Mn—N3—’enhancement via such a transition would not be surprising on the
precedent of the transferrin tesonance_Raman spectrum (111), which shows
Lo 3+ ‘ ST 3+
no strong Fe” -ligand modes upon excitation into a phenolate - Fe (d7[)
charge-transfer band, although phenolate-ring modes are strongly

enhanced; the excitation was suggested -(111) not alter the Fe-0 bond

37



length appreciably because of the nonbonding character of the initial
(phenoléte’ﬂ[) and final (Fe3+d7t) orbitals.

3+

The Fe -N3— mode is seen in the azide complex of Fe3+ myoglobin, as

mentibned above, and was shown by Tsubaki et al. (105) to be due to the
low~spin form. It is enhanced in the‘ﬁicinity-of 600 nm (105), and
since no porphyrin - Fe3+ charge—transfér transition is expected at this

ST - + '
wavelength, a N3 - Fe3 transition may be responsible. But another

- + , . - ‘s

N3 - Fe3 charge-transfer transition seems definitely to be located
near 406.7 nm, the position of the B—bahd, since at this wavelength the
resonénce Raman spectrum revealed the antisymmetric N3— stretch at 2024

cm (low-spin form) and a depolérized; 15N3——sensitive band, assigned
to fhevout—of—plane N-N-N bend (105). (;it had previously been thought
to be.the Fe—N3 sﬁretch (104)). Aéain vibronic mixing of the
charge#transfer and B-bands was .invoked to explain the depolarized
enhanéement.v Tsubaki et al. assigned the 400 mm éharge¥transfer
transition‘tb N3—(TE) - Fe3+(d22) andithe 600 nm charge—transfef
transition to N3—(n) - Fe3+(d22), on the grounds that enhancements of
internal azide'lnodes are expected fo£ N3—(TE) but not N3—(n)
excitations, and none are seén. with i 600 * nm excitation. This
assignment places an azide n—orbitai ~ 8000 cm—l above the TTL-orbital;
fhis level'ordering could presumably :esult from the sp2 hybridization
of»thé terminal N atom, aséociated with-a bent Fe—N3 unit, which would.
leave a rglativeiy high-energy lomne pair n—orbital.

‘TSub%?i and Yu (112) found that'exéitation of Co-substituted MbO2
and HbOé%at 406.7 nm produces enhancement of both Co—O2 and - 0-0
'stretching modes, as already describéd ‘briefly. | Two )/(0—0)

freqhencies are observed, suggesting different CoO2 conformations. One
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of them interacts with a coincident porphyrin mode, producing a pair of

bands. at 1103 and 1137 cm-l; 1802 substitution deéouples the
‘interaction, shifting Y(0-0) to 1069_cm—l, and leaving the porphyrin.

| -1 . . N S . :
band at 1123 cm with increased intensity. In view of the enhancement

of bétﬁ y(Co—Oz) and y(O;O),.resonance with a 02('ﬂ§) - Co(dZZ)
charge—transfer transition near 400 nm was suggested. A similar
transition was earlier assigned by Nakamoto et al. (113) fo 500 nm
bands of the binuclear 02 adducts (LCo(salen))O2 L = pyridiﬁe,
pyridine—N—oxide, and dimethylférmamide; salen =
N,N'-ethylenebié(salic&lideniminate)) on the basis of resonance Raman
enhancemen£s of ‘H(Co~02) and );(O—O) in these complexes. Because the
highgr 02‘“n?—orbital is empty in Fe2+ porphyrin adducts, the analogous
traﬁSition is absent for MbO2 or Hb02; Tsubaki and Yu did, however, find
evidence for a similar )(0-0)-porphyrin’ mode intefaction in the

inteﬁsification of the MbO2 1125 cm—l band upon 18O2 substitution (112).
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Figure A-3. Schematic diagram of the frontier orbitals
of a low-spin Fe2+ pdrphyrin with axial ligands. -~ The. - . .

arrows represent dllowed transitions.
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Part B. Resonance Raman Investigation of Carbon Monoxide Bonding in HbCO

and MbCO

" 0. Imtroduction

Car#on monoxide, a competitive inhibitor for oxygen-binding
hemopfbteiﬁs, is a useful probe for Heﬁe environment around the distal
site.i Unlike dioxjgen, it is incapabie of oxidizing the heme. The
bound;C—O stretching vibragion, )}(C—O), can be readily detected by
infraféd (IR) spectroscopy. Carbon m&noxide bound to hemoglobin A
(HbA);shows a shafp single absorption Bénd at 1951 cm_1 (1), whereas in
humanthemoglobin variants, Hb Zurich (dt63 E7FHis —> Arg) exhibits its
bound_:V(CfO) at 1958 (B) and 1951 (Ci) cm_l, and carbonmonoxy HbM
Saskatoon (f363‘E7 His = Tyr) absorbs a§'1970 (f3) and 1951 (N) cm“l
(2,3). Thus, the substitution of disﬁal His E7 by other amino acid
residues alteré the )/(C-0) frequency in the mutant subunits but not in
the ﬁdrmal subunits. More interesting'is the observation of multiple
VY (C-0) frequencies (1933, 1944, and 1967 cm_l) in the IR spectrum of
tﬁe mbﬁomeric CO complex of sperm_whale.myoglobin, which was interpreted
as igdicating three different heme—carbényl conformers in the same heme
caVity.(&), although only one conformer ‘has been reported iﬁ crystals by
neutfon diffraction studies (5).

Unlike infrared spectroscopy,ldetection of axial ligand vibrations by
resohénce Raman scattering of hemoproteins in dilute aqueous solution is
not réstricted to the narrow "window" région because water is a weak
Raman .scatterer (6). In fact, several iron—ligand stretching

| 2+ 2 3 3+ ’

3 : -}
vibrations such as Fe -02, Fe +—NO, Fe”+—0H, Fe —N3, and Fe3 —CN have

been identified by resonance Raman specfroscopy with the ligand isotope

47



substieution technique (7-10). Moreover, internal ligand vibrations
can aiSo be resonance enhanced by tuning the excitation wevelength into
a responsibie charge-transfer band (10-12).

Thﬁs, resonance Raman spectroscopy appears to be a powerful technique
to stﬁdy the direct interaction betweeﬁ the heme and its axial ligands.
Howefef, its application to HbCO or MbCO has‘been limited to pulse laser
transient kinetic studies (13—18), alfhoegh a preliminary work using
confihuous wave laser excitation was feported by Rimai et al (19).
Identification of ) (Fe-CO) has been difficult because carbon monoxide
disseciates from heme easily upon ‘ifiumination. of laser 1light,
generéting deoxy species which interfere with the observation of signals
from unphotolyzed complexes.

in this part, the feasibility of onaining high—quelity resonance
Ramaﬁjspectra of HbCO and MbCQ which contain negligible contribution
fromb photolyzed deoxy species will be demonstrated. With the
exeitetion wavelength at 406.7 nm, two Raman lines at 507 (512) and 578
(577-).:_cm—l in HbCO (MbCO) are sensitive.to CO isotope substitution. On
the besis ef a linear Fe-C-0 configulation (tilted away from the heme
normai by 13°) as revealed by the X—rey crystallographic studies of
human HbACO (at 2.7 Z resolution) (20),1the pattern of observed isotope
shifts and norma1>coordinate calculatiens permit us to establish that
the most intense line at 507 g512) cm—l;(in the 100—650'(:m—1 region) is
the jQ(Fe—CO) stretching, and the weaker oﬁe at 578 (577) cm—1 is a
> (Fe-C-0) bending mode. Further the;resonance enhancement of the
bound M(C-0) vibration at 1951 (1944) em—l in HbCO (MbCO) was observed

in agreement with those observed by idinfrared spectroscopy. In
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addition, a significant broadening of' the LKFe—CO) line in carp HbCO

upon quaternary structure change from R to T could be found..

I. Experimental

1. Preparation of Proteins

Sperm whale myoglobin (Sigma) was p@rified in the carbon monoxy form
as deééribed previously (10). Human hémoglobin A (HbA) was prepared in
oxybﬁorm by the usual procedure from whole blood (21)and, then, was
convefted to the.carbon monoxy form. .Carp Hb was kindly donated by Dr.
R.W.Noble and was prepared from washedAred‘bléod cell by lysis (22).
Becaﬁse‘considerable amounts of oxidized carp Hb were formed during
transPortation, complete reduction of carp Hb was. performed by using
sodium dithionite under a carbon'monéxide atmosphere followed by
anaerobic gel filtration (Sephadex G—25f, Whatman) to form carp HbCO.
Separétion of each carp Hb fraction wasapérformed by the method of Tan
et al; (22) with slight modification. ECarp Hb hemolysate in the carbon
mongxy form was charged onto a DEAE—cellulose (DE—Sé, Whatman) column, 2
x 20 ém, equilibrated with‘Z mM sodjum borate buffer, pH 9.0. The
fractibns were eluted by a linear gradiént of borate concentration at pH
9.0 a£ 4°C, the starting buffer being L:L of 2 mM sodium borate and the
finai buffer being 1 L of 20 mM sodium_Eorate buffer. The flow rate
was 3C mL/h, and all the buffers uséd fér fractionation had been buBbled
by carbon monoxide gas to avoid the oxidation‘of heme. Hb Kansas was a
kind'éift from Dr. K.Nagai. All the hemoglobin samples used were gel

filtered against 1 mM Na HPO4 and deionized by passage through a Dintzis

2
column (23).
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2. Preparation of Carbon Monoxide Derivatives

.Hbf(or Mb) solution was diluted with an appropriate buffer and
tranférred into a cylindrical quartifRaman cell with rubber septum.
The sélution was deoxygenated by repééted evacuation and flushing of
pure nitrogen and, then, carbon monoxidevgas was introduced to ensure
that -all hemes were saturated with CO. This  procedure is necessary
becagse residual dioxygen. in the solution could ‘replace the carbon

monoxide upon laser illumination. - The quantum yield for
photodissociation of carbon monoxide derivatives is much higher than

thosévof oxygenated hemoproteins. Exfreme care was taken to avoid the
formation of oxidized heme in solutioﬁ especially at low pH, which ﬁay
affect the Raman spectrum significantly beca&ée of the closer proximity
of.‘fhe Soret maxima of oxidized der;vatives to the excitation
wa&elength. The exteﬁt of oxidation:can be estimated from Raman
spectra in both higher frequency (1200-1700 cm_l) and lower frequency
(100-700 cm_l) regions. Althogh the spectra were compared with and
withﬁut sodium dithionite under an atmésphere qf carbdn monoxide gas, no
difference was observed between them.

Carbon monoxide was obtained from the following manufacturers: 12Cl60

from Matheson (CP grade), 130160 from’Bio—Rad (93.1 atom % 13
lZC]‘_80 13C180 from Prochem (99.0 étom % 18O, 91.7 atom % 13C, and

C), and
and

98.5 atom % 18O, respectively).

3. Measurement of Raman Spectra

The Raman cell (diameter 1.95 cm) was kept in a rotating ( 2000 rpm)
cell holder for laser irradiation to avoid local heating and to reduce

the photodissociation, and a 90°_scattering geometry was used to obtain

Raman spectra at room temperature. Under the spinning condition, the
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time féquired for the sample to passithrough a 20—micrometer laser beam
is.«Jld_s s. The 406.7> nm emission of a krypton. ion laser
(Spect;a—Physics Model 171-01) was eﬁﬁloyed for excitation, and the
laser power was maintained at 10 mW at sample point unless otherwise
stated. The scattered light was analyzed by using a multichannel Raman
system which consists of a dry ice—codled silicon-intensified target‘
‘(SIT) detéctbr, a detector‘controller, a microprocessor-based OMA 2

consoie (PAR 1215), and a Spex 1402 O.85—m Czerny-Turner double

monochrometer. This Raman system has been described in detail
previously (24). All the wavenumbers reported here are accurate to +1

Cm—l for sharp lines and + 2 cm—l for broad lines.

I11. Results

1. High-Frequency Region Spectra

IntFigure B-1 are presented two sets of Raman spectra in the
1250—1750 cm”1 region: the first set (cﬁrves 1 and 2) for HbLACO and the
second set (curves 3 and 4) for MbCO. i Curvgs 1 and 3 were obtained
with a lower laser power ( 6 mW) than:curveévZ and 4 ( 15 mW). With
incréasing laser power, intensity increases at 1357 (1357), 1471 (1472),
and 1566 (1565) em™* in the spectra of" HbACO (MbCO) whereas the 1586
cm—lviine shows an intensity reduction. - These Raman intensity changes
are dﬁe to the formation of deoxy HbA (deoxy Mb) caused by partial
photodissociation of bound  CO. The deéxy HbA spectrum (Figure B-2,
upper panel) excited at the same wavelength support this interpretation;
the 158‘7--cm_1 liné disappears, and the 1358- and l473—<:m-1 lines are
dominant in the spectrum. Since the quantum yields for

photodissociation of MbCO (0.97) and HbACO (0.46) are high, significant
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amounts of deoxy derivatives are exﬁected to be formed upon laser
irradiation (25-27). However, closer proximity of the excitation
wavel;ngth (406.7 om) to the Soret band maxima of the carbon monoxy
derivétives than to those of the deoxy derivatives gives rise to much
stronéer Raman scattering intensity in the region below 700-—cm_1 for
carboﬁ monoxy. derivatives. With the assumption that the Soret band
maxia are very close to the 0-0 origin, the theories of resonance Raman
scattéring intensity (28) predict somewhat enhanced intensity for deoxy
HbA Raman modes in the 1300—1700—cm_l region because these modes are
expécfed to have their 0-1 excitation_profilé maxima at 406.7 nm.
Resonance Raman spectra of HbACO (Figure B-1, curve 1) and oxy-HbA
v(Figﬁre B-2, lower panel) in the 1250.-'-1750—cm-'l region e#ﬁibit both
simiiarities and differences. The most noticeable differences occur at

1498 = 1506, 1633 - 1640, and 1372 - 1377 em—L.

2. Detection of Bound C-0 Stretch
The bound CO internal stretching vibration of HbACO was detected as a

single line as shown in Figure B-3. Its frequency shifts from 1951

12 16 1316 12 13 1 13C180

(77C770) to 1908 ("7cT70), 1908 (~°C7T0), and 186l-cm * ( ). The

first three frequencies are in good agreement with the results obtained
by infrared spectroscopy (1,2,29). The corresponding spectra forvsperm

whale MbCO are shown in Figure B-4, where the main )/ (C-0) stretch

appears at 1944 cm  yipp 4 shoulder near 1933-cm ' in the spectrum of

Mb120160. Upon isotope substitution, the main )/(C-0) stretch shifts

1 13Cl6O 12 18 1 1318

to 1896-cm” - (both and ““C 0) and 1850-cm = ( °C'°0), all of

them with a shoulder at the lower frequency side.
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- 3. Detection of Fe-CO Stretch and Fe-C-0 Bending Frequencies

ﬁower frequency regioo spectré ofodeoxy—HbA and -Mb excited at 406.7_
nm ore extremely weak ant featureleés except for lines around 220 cm-_-1
whioh have been assigned as an Fe—Nngis F8)rstretching vibration in the
deo*y state (30). The Raman scatoéring cross section of the deoxy
speoies is far smaller than that of " the carbon monoxy derivatives.
Indeed, lower frequency region (100—700 cm_l) spectra of HbACO and MbCO :
are‘olmost independent of excitation}iaser power (10-40 mW). The lower :

' 1216

frequency region spectrum of HbA™“C 0 is dominated by the appearance of

a sharp and polarized (/p = 0.055) line atﬁ507 cm_ (Figure B-5), which

was hoticed by Rimai et al. (1975) with near-Soret excitation (441.6 nm)
although they interpreted it as a porphyrin ring mode correspondingvto

the 485—cm—>1 line in HbAOz. HoweVer, carbon monoxide isotope

substitution experiments revealed clearly that this line exhibits a

monotonous frequency shift toward 1ower energy with the mass of carbon

monoxide increasing from 12C16O to 13C180 (Figure B-5). In addition,
another isotope-sensitive line-with much weaker intensity at 578-Cm—1

for HbA12016O could be notlced ‘which shifts to 563—cm_l upon

13C16 -1 12C18

substitution by 0, to 576-cm by

13C180.

0, and to 560-—cm_1 by

In the spectra of MbCO (Figure B- 6), the two 1sotope—sen31tlve lines
appear at 512 and 57]-cm l. The one at 512-cm’ -1 shows a monotonous
frequency shift towatd lower energy, whereaslthe one at 577--cm-1 shows

"zigzag" frequency shifts in the order 120160 - 13C160 - 120180 -

' l30,180

For the Fe-CO stretching vibrétion; the carbon and oxygen .atoms can

be treated as a dynamic unit because the C-0 stretching force constant
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is much.larger than the Fe-C stretcﬁing force constant. Thus, one
wouldféXPect that the Fe-CO stretching frequency is simply dependent on
the sum of the masses of both carbon - and oxygen, Indeed, this appears
to be the case for the line at 507- (HbA12C16O) or 512—cm_1 (Mb12C16O).
On thé other hand; for an Fe-C-0 beﬁding mode, the amplitude of
vibration of the bound carbqn is far greater than that of the terminal
oxygeﬁ, since the moments of oscillation of these two atoms around the
much heavier iron atom must approximatély cancel. Therefore, one would
predict that the effects of isotope éﬁbstitution for terminal oxygen
upon.iX(Fe—C—O) frequency can be relatively small if compared to those
for Béund carbon. Accordingly, the’ Raman line_at.578-cm—1 for

HbA12C16O and at 577—cm—1 for Mb12Cl60 are assignable to an Fe-C-0

bending mode.

To confirm these assignments, a normal coordinate analysis Based on
the simplified model; imidazole-Fe-C-O was calculated. The pofphyrin
ringiﬁas neglected in this model because the porphyrin plane is assumed
to Eé;pérpendicular to the plane contafﬁing the fifth and sixth ligands
of irpn, i.e., imidazole and carbon monoxide. It is further assumed
that the out-of-plane porphyrin riﬁg mode is not significantly coupled
with’ligand—related vibrations. Imidézole was treated as a single
dynamical unit with a méss of 68 amu. = The structural parameters used
in this model are as follows: r(Fe-Im) = 2.Q0 Z, r(Fe-C) = 1;80 K,
r(C—O):= 1.30 Z, ﬁ(lm—Fe—C) = 167.0°,_and ¢(fe—C—O) = 180.0°. These
numbers afe based on the results of X-ray aﬁd neutron crystallographic
studieé on HbACO and MbCO (20,5). Thé:Uréy—Bradley force field was
used for the potential function, and tﬂe force constants used were

transferred from similar systems with a slight adjustment for best fit.
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| . .
These force constants (in mdyn/A) are K(Fe-Im) = 1.33, K(Fe-C) = 2.85,

K(C-0) = 15.80, H(Im-Fe-C) = 0.57, H(Fe-C-0). = 0.50, and

in plane

H(Fe~C-0) = 0.50. Stretéhing—étretching interaction force

out of plane v
constants between two adjacent bonds afe F((In-Fe)-(Fe-C)) = 0.10 mdyn/g
and ZF((Fe—C)—(C—O)) = 1.20 mdynlz. ?i The deformation~deformation
interaction between two angles was negiécted in: the calculations. The
nofméi mode analysis was performed according to Wilson’s GF-matrix

method (31). There are total of six normal vibrations in this model,

~and each normal vibration was defined in terms of the following internal

coordinate: R1 = Y (Im-Fe), R2 = }/ (Fe-C), R3 = )y (C-0), R4 =
g(Inge-c), R, = §‘in plane(Fe-c-O), and R, = S(NJt of plane(Fe—c—o).
Listed in Table B-I are the observed and calculated frequencies. The

1316, 12,18, 13 18

pattern of isotope shifts for and C" 70 agrees well

>
between observed and calculated values;

Thére méy be a question of whether the carbon atom indeed binds
directly to iron (1). Normal coordinate analysis, based on the model
Im—Fe¥O—C, has been performed with its fesults also listed in Table B-I.
The structural parameters are the same except for the exchange of carbon
and,b#ygen. ~To fit the experimeptallfﬁobserved frequencies, following
foréé'constants were used (in mdyn/Z): K(Fe—Im) = 1.33, K(Fe-0) = 2.60,
K(Q;é) = 15.80, H(In-Fe-0) = 0.57, H(Fe-0-C). - 1.1,

in plane

H(Ee—C—O)Ou

F((Fe~0)-(0-C)) = 1.2. It is readily éeen that the isotope shifts for
)% (Table B-I) based on this model do not agrée with the observed ones.
. This may be taken as independent evidence that carbon rather than oxygen

binds directly to iron in HbACO and MbCO.
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Careful examination of lower? freqnency region spectra reveals
addifibnal important information. (l)‘The line width of the )J/(Fe-CO)
modeiin MbCO is considerébly greater_fhan that of HbACO, indicating
multi?le )} (Fe-CO) stretching frequenciés, consistent with the multiple
})(CQQ) stretching frequencies observed by IR spectroscopy and in the
preseﬁt Raman study. Multiple y(C—Q) frequencies have been ascribed
to three heme-carbonyl coﬁformers due to different local environments of
the iton-carbonyl group (4). (2) The' porphyrin ring mode at 586 cm—1

9 :
n Mb12C16O and Mb1 0180 exhibits an anomalous intensity increase (see

Figure B-6) which is presumably caused by being too close to the
S(Fé—C—O) bending vibration at 576 Cm_l (weak resonance interaction,

resulting in intensity borrowing).

4. Quaternary Structure Change

Ihe effect of quaternary structure changgxon the strength of the
Fe—ligand bond is of particular importénce in ﬁnderstanding the nature
of éboperative oxygen binding to hemogfobin. In the absence of bonding.
geometry changé, the Fe-ligand stretchipg frequency is a measure of the
Fe—ligand bond strength. Here, the influence of the quaternary
struéture change on ) (Fe-CO) in HbCO was examined, which may be
considered as an ideal model for oxyhéﬁoglobin. Human oxy HbA and
HbACO are known to be\in the R sfruqture even in the presence of
inositol hexaphosphate (IHP) (32). Iﬁ Figure B-7, the resonance Raman
spectra (100—700—cm_1) of HbACO at pH 8.3 (upper spectrum), 6.0 (middle
speéﬁrum), and 6.0 ﬁith IHP (lower spéctrum) were presented. These
thfeé.spectra are essentially identicai, i.e.,.no noticeable changes

(within +1 cm_l) in V(Fe—CO) and &(Fe—C—O). Examination of the
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V(C—bj mode at 1951 cm_1 under the same conditions also revealed no‘
detectable changes, as expected. Somewhat unexpected was the
obsetvation that addition of IHP also produced n§ detectable effect on.
the‘HbCO Kansas spectrum (Figure B-8), although Kincaid et al. (33)
reported a small decrease ( 0.7 cm_l)_in the IR )/(C-0) frequency. Hb
Kansas ié an-interesting human Hb variant whose quaternary structure can -
be switched in its ligated forms frém the R to the T state by IHP
(34—37). Under preéent expérimental conditions (heme concentration 100

/pM), some dimer formation (as much as 50 %) may be expected (38).

. . . -1
However, the absence of asymmetric line broadening at 507 cm
o led us to

coﬁélude that the ))(Fe-CO) vibration (hence the Fe-C bond strength) is
the same in both R and T forms. Thus, no significant change in e1ther
Fe-C or C-0 bond energy.is induced by sw1tch1ng the quaternary structure
from the R to the T form in HbCO Kansas. The absence of bond tension
between the iron atom and the proximal histidine is also suggested (see
Discﬁssion).

Carp Hb is another interesting hemoglobin which is a mixture of three
compoﬁents; its quaternary structure in the  ligated state can also be
converted to the T structure upon addition of THP at lower pH, even in
relatlvely low protein concentration, atd the addition of IHP stabilizes
the ligated molecule completely in thé T structure (22,39-41). In

| Figure B-9 are shown the spectra (100—700—cm_l) of carp HbCO at pH 8.3
and 6.0 with IHP. Without Inp, thei p(Fg—CO) mode at 508—-(:m_1
exhibited a very slight broadening wheh{thevﬁﬁ was changed from 8;3 to
6.0. However, the addition of IHP (2;4 mM) at PH 6.0 induced a more
pronounced broadening on the lower enetgy side of the y(Fe-CO) mode

(see Figure B-9, upper panel), The results suggest the presence-of a
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new conformer (or conformers). To make sure that this broadening was
not caused by partial ox1dat10n of the heme, resonance Raman spectra of
carp . aquomet Hb with IHP at pH 6. 0 were measured for comparison (Figure
B~-9, lower’panel). In addition, three components of carp Hb (denotes
as fractiOns A, B, and C follow1ng the notatlon of Tan et al.(22)) were
separated and examined for their resonance Faman spectra. It is
concluded that the broadening of the _D(Fe—CO) stretching from Rkto the
T state is common to all three components. Figure B-10 shows‘only

results from fractions A and B.

ITI. Discussion

1. Porphyrin Ring Vibrations

Soret and Q ( O and ¢8 ) absorption bands are due to TC- ‘ﬂ:

: %
tran51t10ns in the porphyrln from the alu and a5, to the eg orbitals

* %
(42,42), and the S eg and ‘' a - e transitions have similar

2u g
transition dipoles so that their intrinsic intensities before mixing are -
also similar. Since the two transition-moments belong to the same
representation of the symmetry’ group (E ), these two states can be mixed

by configuration interaction. Of the two new excited states, the

higher energy state generates the Soret band while the lower _energy

%

state glves rise to the Q (Y and uf) bands. Based on symmetry, eg
can 1nteract with the dTE(d «, and dyz) orbitals'through back-donation,
and asja result, charge 1s transferred from the metal orbital to the
porphyrin 'ﬂ: orbitals.

Although the gross electronic structure of heme is similar in HbCO

and oxy Hb the frequencies  and relative' intensities of the
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correSponding lines are somewhat different as first noticed_by‘Rimai et :
al. (19) Several porphyrin ring modes (1372 ‘1471, 1498, and 1633
cﬁ ) in the spectrum of HbACO eXhlblt lower frequencies than those
correspondlng modes (1377, 1473 1506 and 1640 cm ) in the oxy Hb
spectrum; " This may be explalned by the extent of the dTL(Fe)—
jt(porphyrln) 1nteract10n, ‘the frequenc1es’are raised when the axial
llgands are replaced by better'ﬂ;acceptors, which compete with the
porphyrln 'ﬂ; orbitals for the dTL(Fe) electrons
Slnce the lowest empty orbital of CO is relatively hlgher than
T[(O ) orbitals in energy, the 1nteract10n between d7E(Fe) and 7[.(CO)
is weaker than that’ between dT[(Fe) and "ﬂ:(O ), causing stronger

‘1nteract10n between th(Fe) and ﬂL(Porphyrln) Thus, the resulting

hlgher electron population in 'TE porphyrln orbltals leads to lower

frequenc1es of porphyrin rlng modes. in. HbCO

'1-2. Fe-CO Stretching Vibration

Through the d"W (Fe) - Tté(porphyrin) orbital interaction, the
electronlc excitation at the porphyrln rlng’by the 1llum1nat10n of laser
llght at the Soret or Q (fx and ﬁ ) bands can affect the d7t(Fe) -
7{_(11gand) interaction 1nd1rectly, leadlng to the photodissociation of

the SlXth ligand. The'external ligands such as NO, €O, O., or alkyl

23
1socyan1des are bound to heme 1ron(II) through the d (Fe)-Tr*(ligand)
interaction in addltlon to the d 2(Fe) 7t (11gand) 1nteract10n (44,45),

whereas ligands such as CN, N and 1m1dazole llgate to the heme

3
iron(III) almost entlrely by the d 2(Fe) - lone—pair(ligand)

interaction. Thus, "ferric llke" reduced hexacoordlnated Hbs (such as

oxy Hb, HbCO, and HbNO) are known to be:photodisSociable more or less,
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while‘ilow—spin oxidized derivativeé»’are photoinsensitive. The
dlfference in photodissociability among oxy: Hb, HbCO, HbNO, Hb- (alkyl
1socyan1de) is presumably due to’ ‘the relatlve degree of contrlbutlon of
" the djE(Fe) - TE (llgand) interaction’in the Fe—ligand bond. As
mentioned in  the preceding section,lthe absolute strength of the d
(Fe) 1{,(CO) interaction itself is smaller than that of the th(Fe)~
71(02) interaction, but  the dZZ(Fe) —5lone—pair(ligand) interaction,
which is a primary interaction in the.Fe~02_bond, is so weak in the
Fe—CO‘bond because of bonding geometr?tthat the contribution of the dyt
(Fe)—"ﬁ?(CO) interaction‘in the Fe-CO bond is much larger than that of dy
(Fe)ffﬂf(oz) in - the Fe-—O2 bondr | Indeed; this may be the reason why
HbCO is the most photodissociabie among the ferric-like reduced
hexacoordinated Hbs. |
Since 02 is both a better’ﬁ;acceptor*and a donor than CO, one would
expect a scronger Fe-0 bond. Tbis isbconsistent with the observation
that bhe y(Fe—Oz) stretching‘frequencyi(k570—cm—1) is higber than the
V(FefCO) stretching frequency (507—512—cm—1). (Comparison of force
constants for Fe-C and Fe-0 bonds inkhenogiobin is difficult because of .
the nncertainty in CO bonding geometry.; However, in the Fe(IIj’"picket
fence”:system, the force constants are estimated as 2.61 mdyn/x for the
Fe—Obbond and 2.51 mdyn/z for  the Fe;C bond.) This may seem

2°

The difficulty is removed when one conslders the charge reorganization

paradox1cal since the afflnlty for CO is much higher" than that for 0

among ‘'several bonds (i.e., C O bond Fe prox1mal histidine, and
porphyrln skeleton) upon llgand b1nd1ng Since the overall free-energy
change associated with ligand binding,-which”determines,the binding

affinity, is not localized at the iron—ligand bond, the iron-ligand bond
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strength alone may not be a good indication of binding affinity. In
fact;iKerr et al. (46) found that the l

)/(Fe¥co) for low-affinity Fe (TprPP)(l 2- Me Im) is higher than that
for the high-affinty Fe (TprPP)(l MeIm), whereas the )%Fe—oz) is
lower for the low-affinity heme.

Preliminary studies of excitation"profiles of the Fe-ligand
stretching modes such as LKFe—OZ), YV (Fe-C0), and )/ (Fe-NO) revealed
that'these modes can be enhanced everyﬁhere from the Soret to theCXband,
and their Raman intensities follow the profiles of visible absorption
spectra. This phenomenon can be easily understood if one considers the
importance of the dTC(Fe) ]— (11gand) 1nteract10n which is indirectly
1nfluenced by the electronic configuratlon change in the porphyrin ring
through the d,L(Fe) 1\ C (porphyrin) 1nteract10n Laser excitation into
the Tt- TE_ porphyrln transition may lead to the elongation (or |
dissociation) of the Fe-CO bond in the;excited state, which should be
effective in shifting the origin of the potential energy curve along
thlS coordlnate Thus, through the Franck—Condon scattering mechanism,
one cbuld observe the resonance enhancement of the Fe-CO stretching
vibration (28). In this regard, the strong Raman intensity of the
Fe-CO Stretching mode might be a éood indicator for the extent of the
relative contribution of the dj—(Fe) - TC (CO) interaction in the Fe-CO

bond.

3. Fe-C-0 Bending Vibration

The (S(Fe—C—O) bending  vibration at 577 c:m—1 detected in our present
study of HbCO and MbCO adds an interesting dimension to the CO binding

studies. Both intensity and frequency are expected to be sensitive to
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the CO. bonding geometry, i.e., lineaf perpendicular, linear tilted, or
bent with varying Fe-C-0 angles. At present, there are still some
questions about the detailed Fe-CO ‘geometry in carbon monoxy
hemopfoteins (47-50,20). Resonance Raman techniques may become a
powerful tool to probe the exact naturé.of the bending or tilting of the
coordinated CO ligand.

Another intersting aspect of thé Sé(Fe—C—O) bend is its position
relative to the ))(Fe-CO) stretch. In MbCO and HbCO, the S‘(Fe—C—O)
bend appears at 577—cm—l, which is higher than the )/ (Fe~CO) stretch at
510—cm-l. However, in a nonheme Fe—CO system, it is known that the

S(Fé%C—O) frequency is lower than the¢ y(Fe—CO) frequency (51).

- 4. Carp HbCO and Quaternary Structure Change

At_neutral pH, carp Hb exﬁibits theiUsﬁal“cooperative ligand binding,
characteristic of the T - R quaternaryvétructure transition. At lower
pH (16.0), in the presence of organié phosphate such as THP, both
liganded and unliganded derivatives adépt the T structure according to
equilibrium and kinetic studies'(22,39f41). Thus, this Hb provides a
gobd oppqrtunity for examining the effects of quaternary structure
change on heme-associated vibrations,; particularly the iron-ligand
strétéhing mode by resonance Raman spectroscopy.

Tﬁé ifon—ligand stretching frequenc§ provides the most valuable and
direct information about the nature‘of.the heme-ligand interaction.
This frequency is expected to respond‘to any changes in electron

donation to the iron. 0f particular interest is the sensitivity of

this vibration to bond tension between the iron atom and the proximal

histidine. Kerr et al. (46) studied the effect bf'proximal tension on
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the ))(Fe—CO) frequency in the CO'coﬁplexes of Fe(II) "picket fence"
porphyrin, Fe2+(TpivPP). Whenzthe proximél_base is changed from
l—metﬁylimidazole (unhindered) ‘to l;Z—dimethylimidazole (sterically
hindéréd), the .LKFe-CO) increases from 489 to 496—cm—1 (in benzene).
_ In tﬁé case of oxy complexes, they foﬁhd a reverse effect; i.e., the
proxiﬁal tension is to decrease the L&Fe—oz) from 571 to 565 cm_1 (also
in bénzene). This confirms the earlier report by Walters et al. (52)
that . there is a 4—cm_1 differencéf in )/(Fe-0.,) between
. 2
Fe?t (TpivPP) (1-MeIm) (0,) and Fe2+(TpiirPP)(1,2_—Me21m) (0,) (in CH,CL,).
In contrast, Hori and Kitagawa (53) found the insensitivity of ))(Fe—OZ)
to such a proximal tension in thé same¥heme system.
Carbon monoxide is an excellent re;bnance Raman visible ligand for

stud?ing the effects of quaternary strtcture change because the

M(FE—CO) stretching mode is very stroﬁg in the resonancé Raman spectfa.
The-ébserved asymmetric broadening on the lower energy side of the
| y(Fefco) mode in the T state‘of carp HbCO (see Figure B-9) is a very
intéresting phenomenon. ~What can be the cause of this broadening? We
éould definitely rule out . the possibilitieé'of partial oxidation,
conttibution of deoxy species, and tﬁe formation of intermediate of
photbproducts. The éﬁéctral feature; are independent of laser power
(5—3Q,mw), the addition of excess sodium dithionite, and the rotating
speed'bf our Raman cell (500-2000 rpmi. It appears . that in the
T—state carp HbCO, there is a small fraction of_minér conformer (or
conformers) with weaker Fe-CO bond or a somewhat different CO distortion

in equilibrium with the major conformer which has the same Fe-CO bond as

in the R-state. If -the broadening were caused by the proximal base

tension, one would expect it to appear on the higher energy side instead
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of thé lower energy side as is actuaiiy observed. This implies that
therelis ﬁo appreciable Fe—NE(Hi F8) bbnd tension in the T-state carp
HbCO. At present, no complete data are available on the factors
affecting the )Y (Fe-CO) frequency. HoweVgr, recent studies on
"strapped" hemes with steric hindrance on the distal side (54) revealed
that £he V(Fe-C0) frequency is lower with less CO distortion (55).

A&ditional evidence for the absence of localized bond tension in the
T—staée Hb is provided by the work of Nagai et al. (30,56), who observed
thatufhe y(Fe—Oz) frequency is the séme between the R-state (oxy HbA)
and fhe T-state (oxy Hb Kansas and oxy HbM Milwaukee in the presence of
THP at iow pH) . Comparison of y(Fe—Oz) in the R and T states of carp
Hb ié'difficult because carp oxy.Hb is readiiy oxidized in the presence
of_IﬂP at lower pH (57). Present stﬁdies on the T-state HbCO Kansas
(Figure B-8) also indicate the absence bf 1océlized bond tension between
the heme iron and proximal histidine.

Finally, the insensitivity qf tﬁe iron-ligand vibration to quaternary
structure change was also found in carp cyanomet-Hb. vThe Fe3+—CN
stretéhing vibration, identified at ".455—c:m_1 by the isotope
substitution, did not exhibit any nqticeable change upon R - T
convérsion . However, we do not know at present if the )J(Fe-CN)

frequency is sensitive to the proximal base tension.
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Figure B-1. Higher frequency region (1250~1750 cm™) spectra of
{carbon monoxy)HbA (upper portion) and (carbon monoxy)Mb (lower
portion). Conditions were the following: excitation wavelength, 406.7
nm; laser power, 5, 20, 7.5, and 12.5 mW at the sample in descending
order (curves 1 — 4); slit width, 100 pm: slit height, 0.2 cm; delay,
10000 (303 s). Sample conditions were ~60 M (carbon mon-
oxy)HbA or -Mb (heme basis) in 0.05 M. Tris-HC], pH 8.4, buffer.
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Figure B-2. Higher frequency region (1250~1750 cm™) spectra of
deoxy-HbA (upper panel) and oxy-HbA (lower panel). Conditions
are the same as in Figure 1, except for the excitation laser powers
which are 15 mW for deoxy-HbA and .18 mW for oxy-HbA.
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Figure B-3. Carbon monoxide isotope effects on higher frequency region
(1500-2100 cm™!) spectra of (carbon monoxy)HbA. The spectra are
arranged in the order of masses of carbon monoxide isotopes. Con-
ditions are the same as in Figure 1 except for the excitation laser power,
which is 10 mW. |
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B~4.  Carbon monoxide isotope effects on.higher frequency region
(1500-2100 cm™) spectra of (carbon monoxy)Mb. The spectra are
arranged in the order of masses of carbon monoxide isotopes. ‘Con-
ditions are the same as in Figure 1 except for the excitation laser power,
which is 10 mW. _ o 3 ’
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Figure B-5. ", Carbon monoxide isotope effects on lower frequency region
t. (100700 cm™!) spectra of (carbon monoxy)HbA. The spectra are

_ arranged in the order of masses of carbon monoxide. Other conditions

are the same as in Figure 1.
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Figure B~6. Carbon monoxide isotope effects on lower frequency region

~ (100~700 cm™) spectra of (carbon mon
“arranged in the order of masses of carbon monoxide isotopes. Other

conditions are the same as in Figure 1.
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Figure B-7. pH and IHP effects on the lower frequency region (100-700
cm™) spectra of (carbon monoxy)HbA. Conditions were ~60 uM
(carbon monoxy) HbA (heme basis) in-0.05 M Tris-HCI, pH 8.4,
buffer (upper spectrum), 0.05 M citrate-phosphate, pH 6.0, buffer
(middle spectrum), and 0.05 M citrate—phosphate, pH 6.0, buffer in
the presence of [HP (10 mM) (lower spectrum). Other conditions
are the same as in Figure 1.’ :
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Figure B-8. oY and IHP effects on the lower frequency region (100-700
cm™) spectra of (carbon monoxy)Hb Kansas.  Conditions were ~100
uM (carbon monoxy)Hb Kansas (heme basis) in 0.05 M citrate—
phosphate, pH 6.0, buffer in the presence of IHP (10 mM) (upper
spectrum) and 0.05 M Tris-HCI, pH 8.4, buffer (lower spectrum).
Other conditions are the same as in Figure 1.
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Figure B-9. pH and IHP effects on the lower frequency region (100-700
.cm™) spectra of carp (carbon monoxy)Hb (upper panel). Conditions
were ~60 pM carp (carbon monoxy)Hb (heme basis) in 0.05 M
Tris-HCI, pH 8.4, buffer (upper spectrum) and 0.05 M citrate—"
- phosphate, pH 6.0, buffer in the presence of IHP (2.4 mM) (lower
spectrum). Other conditions are the same as in Figure 1. Lower

. frequency region (100-700 cm) spectra of carp aquomet-Hb in 0.05
M citrate-phosphate, pH 6.0, buffer in the presence of IHP (2.5 mM).
‘Other conditions are the same as in Figure 1 (lower panel).
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e Figure B-10. pH and IHP effects on lower frequency region (100-700

. ‘v cm™) spectra of carp (carbon monoxy)Hb fraction A (upper portion)

and fraction B (lower portion). Conditions were 60 #M carp (carbon

-~ monoxy)Hb (heme basis) in 0.05 M Tris-HCI, pH 8.4, buffer (upper

" spectra of each portion) and in 0.05 M citrate-phosphate, pH 6.0,

‘. buffer in the presence of IHP (2.5 mM) (lower spectra of each pdrtion).
:". Other conditions are the same as in Figure 1.




Table B-I. Comparison of Observed and Calculated
Frequencies in HbCO :

”C”O- : nclsol"' léclso T
no. '2C'*Q  (shift) (shift) (shift)  assignment?

(A) Observed Frequencies (cm™)

v, 1951 1908 (43) 1908(43) 1861 (90) »(C-0)
v, 578 563(15) 576(2) 560 (18) &(Fe-C-0)
v, 507  503(4) 498 (9) . 494 (13) w(Fe-C)

- (B). Calculated Frequencies (cm™!), Based on the
. C°/o
Model Im-Fe<=1-13

v, 1948 1904 (44) 1905 (43) 1858 (90)
. 579 S61(18) 574(5). 556 (23)
. 507 502(S)  496(l1) 491 (16)

NN

(©) Calculated Frequencies (cm™'), Based on the

C,/c
Model Im—Fe=L-13

v, 1947 19504 (43) 1899 (48) 1856 (91)

v, 5716  570(6) 554 (22) 548 (28)

v, 506 501 (5) 495 (11). 490°(16)

% v(A-B), stretching of bond A-B; 8 (A-B~C), bending of bond
angle A-B-C. : } v ’ )




Part C. Resonance Raman Detection_of‘a )/(Fe—CO) Stretching Frequency in

 Cytochrome P-450 1
. sce

0. Introduction

Resénance‘Raman spectroscopy is a powefful technique for‘probing the
oxygen{binding site of hemopfopeiﬁs (1;2) as mentioned in Part A.
Although the use of ‘carbon monoxide ;1a_competi£ive inhibitor for
oxygen%binding hemoproteins; in resonaﬁce'Raman spectroscopy had been
liﬁited to pﬁise> laser ,traﬁsient kinetic 'studies due to its
photodissociability;’recently it ﬁas bééome available as the. ligand for
contiéuoUs—wave (cwW) laserfexciteé resonance Raman study. Tsubaki et
al.(3>‘first demonstrated the feasibility of obtaining high-quality
resonance Raman spectra of HbCO (and MBCO), which contain negligible
céntributioﬁ from photolyzed species. ‘With the excitation wavelength
at Sofet band, three Raman lines, thchkare sensitive to CO disotope
subsfitutidn, could be,observed siﬁulténuously>atk507(512), 578(577),
and'1§51(1944) cm_l; and each line iévassignable to the )/(Fe-CO)

stretching, the S(Fe—c—o) bending, and the bound Y (C-0) stretching

Footnotes

Abbreviations: cytochrome P—QSOSCC; mitoch0ndrial cytochrome P-450
whiéhicatalyzes the cholesterol side Chain,cleavagé reaction to form
pregnenolone; thochrome‘P‘45°cam, the camphor-hydroxylating cytochrome

P-450 isolated from Pseudomonas putida.
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frequencies, respectively. V(These’obSérvations were described in detail. :.
in;Paft B.) Thus, CO is énﬁidéal ligéﬁd éf choice for resonance Raman
studylof oxygen-binding site'in hemopf&teins.

Cyﬁoéhrome P—450 is én. uniqﬁe féﬁily’ in the class of diron
protoﬁbrphyrin IX—conﬁaining,hemopfotéiné, because its ferrqus—carbonyl
compléx has a Soret band maximumraround 450~pm, which is apﬁfoximately
30 nm{longer'than thaﬁ observablé for the ééher members of thisvélass
(4,55f " This anomaly had beeﬁ ascribéd to the cysteinyl heme axial
ligand trans téJCO (6-9). Actuallyvﬁhis Fe-S bond was detected by

resonance Raman spectroscopy using isoﬁopically labeled (54Fe and 34

S)
: sampiés of the oxidized cytqchfome P%éSQcam—substrate complex (10)ﬁ
Moreo&er this ))(Fe—S)4stretcﬁingvmode dBéerved at 351—cm_1 disappears
upon aepletion of the substrate, indiéating that the substrate binding
produces a significant éhange in'the Féjslinferaction (10).

| Tﬁé present study was conducted tékprobe, by‘resonance Raman
specproscopy, thé'&ioxygen binding sitévof cytochrome P—450SCC using CO
as the observable ligand;_ Cytochromg;P—4SOscc exists in mitochondrial
inner»memBrane of adrenai éortex‘and éatélyzes the cholesterol side
chaiﬁ cleavage reactiog to form pfegnenolone,("scc" étands for side

‘chain cleavage).

1. Experimental

‘1. Preparation of Cytochrome P-450
: b=l

ce

Cytochrome P—450S was isolatéd,;and puiified,'from bovine

cc
adrenocortical mitochondria according to the method as described in part

D.” The purified preparation was hom@genuous‘upon SDS-polyacrylamide
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gel eiectroﬁhoresis (11) and its monomeric molecular3§eight value was
estim;ted to be 50,000. The heme coﬁtent was 20.0 gmoles/mg protein.
Amin& acid composition of this preparétion was essentially the same as
Ogisﬁima et al.(12) The NH2—terminél sequence was determined by
autométed Edman degradation on a gas-phase protein éequencer (Applied
Biosystems, Model 470A) and the sequence coincided with that of Ogishima ;f
et al, (12) up tb 15 cycles. The enéymatic activity of the side-chain

cleavage of cholesterol was determined}by the method of Ando and Horie

(13). The specific activity was 10.0 nmoles/min/nmol of cytochrome

P—4SOSCC. The concentration of cytochrome P—450SCC was caluculated
frmnuthe CO difference spectra of the reduced enzyme, using the

extinction coéfficient of 91.0 mM_lémjl betWeen 448 and 490 nm (5).

All -spectral measurements were performed in 200 mM potassium phosphate

buffer (pH 7.4), 20% (v/v) glycerol, O.IXVEmulgen 913, 0.25% sodium

cholate and 0.1 mM EDTA.

2.Preparation of Carbon monoxide Form of Cytochrome P-450
P ey e

Reduction of cytochrome P—450Scc wag performed in a cylindrical Raman
cell, after bubbling with CO gas for d" while, by adding some grains of
soiid dithionite, and the cell was keprin an anaerobic condition during
the ﬁeaéurements. For isotope experiments,‘O.ZS ml of enzyme solution
was;ﬂfifst, transferred to a 1.0 ml air-tight syringe; and , then, 0.5

ml of isotopically labeled CO gas was intrdduced. Then, a 10‘p1 volume

of ‘aqueous sodium dithionite (approximately a 5-fold molar excess of
rediucing agent to enzyme) was added, and the sample was mixed gently for
a while to ensure complete formation of ferrous-—carbonyl complex.. The

samﬁle was, then, transfered directly to the Raman cell. Optical
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absorption spectra of the reduced CO complex were measured on a Shimadzu -
UV—24O spectrophotometer equipped with an automatic wavelength
calibrator (+ 0.3 om) before and after recording the resonance Raman

spectra.

3. Measurement of Resonance Raman Spectra

Egcitation wavelengths empioyed fof.resonance Ramanfmeasurements were -
441.6 nm from a He-Cd laser (Kimmon Electric, Model CDT4801R) and 457.9
nm from an Ar laser (NEC, Model GLG,33QO); the épectra_were recorded on
a JASCO R-800D Raman spectrophotometér. Calibration éf the Raman
spectrophotometer was carried out with?indene or fenchone as standard.

Témperature of the sample Wésbmafﬁtained at around -18.5°C by a
speﬁifically designed cell holder. Pﬁotodissociation of CO from native
eﬂzyﬁe‘upon laser illumination was neéligible even without spinning of
the Raman cell. The loﬁ.photodissociability of CO from cytochrome
P—450 has already been reported (L4—16). The subzero temperature is
esééntial for measurements of the férréus—carbunyl complex of cytochrome
'P—4SOSCC§ at room temperature, the native ferrous-carbonyl complex form
is easily converted to its denatured form, cytochrome P—420, during the
lasef illumination (16). |

CO was purchased from Seitetsu Kagaku, Tokyo (12C160) and from Shoko

12C180, 997% enriched)._._All other chemicals and reagents

TsuSho, Tokyo (
used were of the highest quality commercially available and were used

without further purification.
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III. Results

1. Detection of Fe—-CO Stretch

iﬁ'Figure C-1 we present the 1ower;frequency region (200—600—cm—1)
RamaﬁJSpectra of CO-complexed cytochrome'P—éﬁoscc obtained with 441.6 mm
excit;fion. There are at least six Raman b;nds at 237, 284, 316, 350,
380 aﬁd 477 cm_1 in this region.. A Réman band around 426 ém_l is due
to ginerol in the solvent, and there is another glycerol Raman band at
486 cm-1 with coﬁparable intensity to the 420 cm—1 feature beneath the

strong Raman band at 477 cm-l. When the spectrum of 12C160 complex is

compared directly with the spectrum of 12C180 complex, only the Raman
band at 477 cm“l shows a 7—c:mnl doenshift, indicating that this band is

aséignable to the’ ))(Fe—CO) stretching frequency. This 7—cm"1

dqwnéhift upon isotopic.substitution is very close to that of the
))(Fé—CO) stretching frequency in HbCO.(a 9—cm-1 downshift from 507 to
498-—cm_1 upon the same isotopic substitution) (3). This band is most
inténse in the lower—frequency fegion,fénd similar spectra were obtained
whéniexcited at 457.9 nm.. This situ;tion is véry close to those of
HbCO and MbCO upon Soret excitation (3),' .There may be some weak Raman
bandé‘of porphyrin ring (such as pyrrole .folding modes) in the 400-500
cm_"fegion; but the strong 477 cm—1 baﬁd and two glycerol Raman. bands
at 420 and 484 cm * préventéd the;r obsérvation;

More detailed stﬁdies on 10wer—fre§uency fegion spectra of cytochrome
P—4505cc-will be presented Part D. H;gh—frequency region (1200-1700
cm_l) spectra of cytochrome P—450Scc héve already been reported by

Shimizu et al.(17), and, therefore, not included in this part.
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2. Detection of Bound C—OEStrétch
‘The bound CO internal stretching vibration was detected as shown in

.Figure Cc-2. Its frequenéy shifts from 1953 (120160) to 1‘907_cm--1

'(IZCISO) upon isotope substitution. The observed frequency is in good
agreement with those of O’Keéfe et al.(18) obtained for cytochrome
P—45dcam with substrate (1940 cm—l), cytochrom% P-450 from rabbit liver
pretféated'with phenobarbital (1948 tm—l) and cytochrome P?448 from
rabbit liyer pretreated with 3?methylcholanthrene (1954-cm-1) by
inf?éfed spectroécopy. Again the situation is quite similar to that of
HbCO; the bound CO internal stretchinglin HbCO can be resonance enhanced
upon Soret excitationf Moreover, its frequency shift is practically
fhe same as in this case; i.e., from 1951 (120180) to 1908—cm—1(12C180)
3. |

FIhese similarities imply the resonance enhancement of the
8(Fé4C—O) bendihg vibration in 500—606—cm_}2region.v However, we could

not detect any such band in this region.

III. Discussion

1. Fe-C-0 Bonding Geometry

Thé stretching frequencies, either Y(Fe-CO) .or Y(C-0), may be
influenced by numerous factors. However, the stretching vibrétions of
the Fe-C-0 system are‘not expected t6 couple significantly ;o the
in-plane porphyrin ring vibrations. f Thus,: to a reasonable
approgimation, the Fe-C-0 system may be btreated as an isolated
thrée—body oscillator model, although.fhere are distinct interactions

with .trans Fe-S linkage, as will be discussed later. The Fe~C-0
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bendiﬁg force constants are generally much smaller than the stretching
force constants for Fe-C and C-0 and, thus, may be neglected. The
expression for the two stretching vibrations ( }ﬁ for Fe-CO; L& for

c-0) ﬁay be given by (10):

_ Ay + 4]y ' 2
Moo= S (Refuy + '%2//“2) i“jl:(’g-i//ui +'%2//‘A2)'
.. ' a Y2 / N E3
— 42,8, ( i/M + Ain G/Mg‘)] -
2 ' N2 S
where l\ bl 4_;-“:2( s ))1) ) 12 s 4_TE2<CV2) ;
¢ is’ the speed-of light;JAﬁ, k1 and/uz, k2 are the reduced masses and
force constants of Fe-C and C-0 gystems, respectively; m, is the carbon
mass and M2 is given by:

2
M f (mFemcmo)/(mF + m, + mo) | (2)

e
and .~ is Fe-C-0 bond angle.
The plus sign in Equation (1) corresponds to the C-0 stretching

vibfation and the minus sign corresponds to the Fe-CO stretching

yibration.

Aﬁ this point, we do not know a value of the Fe-C-0 bond angle,
@,»in the ferrous-carbonyl complex df cytochrome P—ASOSCC. Howeler,
in’this case, CO is expected to bind_fo the heme jron in a linear and
perpendicuiar fashion for the following:reaéons.

(a).X—ray crystallographic stﬁdy of‘é model for the ferrous cérbonyl
st;té of cytochrome Pf450 (SCZHSFe2+TiP(CO)1; where TTP dénotes the

dianion of tetra-p-tolylporphyrin) indicateé a linear and perpendicular

fashion in CO binding to the heme iron (19).
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(b) In'general, the active site of CYtochfome P-450 (proto heme IX) is
considered to be located in a large, relatively open, hydrophobic cleft

or deﬁression in the surface of the apoprotein (20).

(c)‘ Even C-22 substituted steroi& derivatives, such as
22-amin-23,24-bisnor-5-cholen-3 -0l (22-ABC) which is more than 10 A in
lengtﬁ, can directly bind to the heme_iron”ef'cytochrome P--450SC in
very;high affinity (21). |

(d) ‘It is known that the bent configuration of the Fe-CO linkage is
favqurable fbr the photodisSogiatio; (15). Thus, the low’i
photo&iséociability of CO from ferroué4carbonyl compléx qf cytochrome
P—4505CCimay suggest the linear bonding of co.

(e)Ait”ié known that the distortion of the Fe;C—O linkage enhances the
intéﬁsity of the Fe-C-0 bending mode%relative to that of the Fe-CO
strefghing mode (22). E Thérefofe, thé.abéeﬁce of the Fe-C-0 bending
modé in the spectra may be an indirect.évidence of the linear bonding of
carbon monoxide.

'Thus, it is reasonable to assume the Fe-C-0 bond angle, 69, to be

180° in Equation(l)° Then we can obtain the following equations:
e by, 24,02 2 o
16T V7Y, 2 = Kk, (3)
=2 2 2 .y, 2y _ o
SISOV T+ Vo) = My + kM, 4y

From these two equations we can estimate each stretching force

12C16O

constant, k1 and k2, using the observed:data. In the case of s

for . example, kl and k2 are calculated. to be 2.67 and 14.43 mdyn/A,

respectively. To compare these values with other wusual
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ferrous-carbonyl complexes (i.e.; with imidazole as fifth ligand) with

no steric interactions; we chose thevferrous?carbonyl complex of Heme 5‘ﬂ
with N—methyl imidazole as a fifth 1igand trans to CO. In this model
compléx, CO is known to bind to the;heme iron in a liﬁear and
perpendicular fashion as expected in cytochrome.P—450Scc CO-complex
(22).  1In the case of 120160 as the ligand, it ﬁas found that )Y (Fe-C0)
= 495 cm_1 and ) (C-0) = 1954 (:m_1 (22), which correspond to 2.88 and
14.41Amdyn/z for the values of kl and k2, respectiﬁely. It is very
interesting to note that the Fe-CO stfétching force constant is reduced

by approximately 7.3% in the cytochrome P—450Scc system, whereas the

bound:C—O stretching force constant is practically the same. The cause

of the reduction in the Fe-CO stretching force constant must be

ascribed, therefoe, to the heme axial ligand trans to CO.

2. Effect of Cysteinyl Axial Ligand on the Fe-CO Stretch

The implication of a cysteinyl heme axial ligand in cytochrome P-450
sysfem was first suppdrted by ' the Similarilty of the electron
parémagnetic resonance spectra of ﬂ;tive ’cytochrome P-450 and
metmyoglobin complexed with exogenous thiol coﬁtaining ligands (6).
Muéh'spectroscopic evidence of Fe-S éoordination has accumulated (7-9).
?he'unique physicochemical and enzymatic properties common to various
ﬁole@ular species of cytdchrome P—450 can be attributed to common
primary structure. The most important, and hence probably most
conSefved, region iévthe active centef that.contains thé heme—binding
‘residue. It was reportedvthat dnly 6£e region is markedly conserved
thrbughout the six species of cytochrome P—456, whose complete primary

structures have been determined (23,24). Furthermore, a cysteine
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residue near the center of this region is common to all the cytochrome

P-450 sequences. Thus, this cysteine residue is most 1likely the

heme-binding amino acid residue.

Another direct e?idence for the Fe—é— bond in cytochrome P-450 system
was provided by resonance Raman spectfoscopy using isotopically. labeled
(54Fé}and 34S) samples of the oxidized cytochroﬁe P—450cam—substrate
comp;ex (10). A Raman band at 351 cm'l was assigned to the ))(Fé—S)
stretching force mode. |

Thus, it is most likely that the fhiolategiigation trans to CO causes
the ﬁeakening of Fe-CO bond strength‘cdmpareé to those of HbCO or MbCO.

To.visualize the effect of cysteinyl:heme axial ligation on the
)/(FefCO) stretching and bound :V(C-O) stretching frequencies, we
p}otﬁed the )/ (Fe-CO) stretching freqﬁencies vs. the V(C-0) stretching
ffeaﬁencies for several ferrous—porphyfin CO-complex with nitrogen atom
as fhe fifth ligand as shown in Figuté C-3. ‘We found well—behavéd

lineaf relationship:
Y(C-0) = K( V(Fe-CO) - A ) (em™D) | (5)

whefé K = -1.38326 and A = 1914.56. "This relationship was first
suggésted by Yu et al (22). As the distal steric hindrance increases,
the ) (Fe-CO) frequency increases withia concomitant decreasing of the
boun& Y (C-0) frequénCy. Thus, variops férrous—porphyrin—CO complex,
having a nitrogen atom as a fifth ligénd with different Fe-CO
disgdrtion, can be located along the line in Figure C-3. At this pointj.‘i
we must emphasize thaf the linear and perpendicular configﬁration of CO |

binding in cytochrome_P—450SCC contributes partly to the reduction in
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y(Fe—CO) frequency compared to those of HbCO and MbCO (507 and 512 cm—l,

respeetively), which showed a distorted Fe—C:O linkage with respect to
the porphyrin ring in X;ray diffracfion studies. This distortion"
causes the increase in }(Fe-CO) freqeency’by 12-17 cm—1 compared to
that%ef the ferrous-carbonyl complex ef Heme 5, which is expected to
have a comparable Fe-C-0 configuration:ﬁith cytochrome P—450S

When the data point for the cytochfome P—4SOSCC-CO complex was
plotted in the same manner, we found?that this complex cannot be
claséified into ferrousfporphyrih—CO eempleXeslwith a nitrogen atom as
the fifth ligand, as shown in Figure C-3, which shows a substantial
divergence towards the left side of the line. This indicates that the
bonding configuration of Fe-C-0 alone  cannot explain the unusual
decreese in ) (Fe-CO) stretching frequencyﬁof cytochrome P—450scc and
that there is a distinct difference in Fe-CO bonding nature between '
cytoehrome P—450scc and other usual heme complexes.

COv is bound to ferrous heme iron ithrough dy (Fe) - "ﬂ:*(CO)
inferaction in additioﬁ to dZZ(Fe) - jtf(CO)_interaction (3), and both
inte:actions determine the strenéth of . -the Fe-CO bond. On the other
hand; a cysteinyl thiolate anion (S—)fﬁas two lone pairs available for
bondihg‘(for example, 3py and 3pz), and cae bind to the heme iron
threegh 3by - d interaction (TE—boneing) in addition to 3pz - dZZ
inﬁerection (0" -bonding). The 3p22 f‘dz2 interactioh is common to
usuai heme comple# with a nitrogen atom as fifth ligand. Thus,
addiﬁional interaction in Fe-S linkage causes the weakening of d-p (Fe)
—'ﬂ:*(CO) interaction es a result of the competition for dqr (Fe)
electfon, leading to weaker bond strengfh of the Fe-CO bond. . In other

words, the strong Fe-Sf bond ceuses'the weeker Fe~CO bond.
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A similar conclusion, that weaker the proximal Fe-ligand bond, the

stronger the Fe-CO bond, was deduced from the studies on Fe2+(mesotetra

(o0 ool —o—pivalamidophenyl)porphyrih)—tetrahydrofuran—COqcomplex, in

which’ tetrahydrofuran has the weakest field and weakest ligaﬁd and leads

to'a‘stronger thanusual bonding of CO to the heme iron (25). The
)/(Fe-CO) frequency appeared at 527—cmt1. Unfortunately, no data are
available for the bound )/(C-0) frequency of this complex. However, in

a similar complex, Fe2+¥deuteroporphypin—tetrahydrofuran—CO, the bound
)/ (C-0) frequency is reported at 1955 cm—l by infrared spectroscopy
(26).  Assuming that )V (Fe-CO) freqqeﬁcy and Y (C~0) frequency are the
same in both complexes, we may plot this point in Figure C-3 and find a
considerable divergencé(towards the.fight side of the line, in a
direétion just opposite to that observ%é_féy the cytochrome P—ASOSCC—CO

complex. This is consistent with our conclusion.

.
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Figure

Figure C-2
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C-1. CO isotope effect:on resonance Raman spectra of the
ferrous-carbonyl complex of cytochrome P-450, in the lower-
frequency region (200-600 cm! ~ ). Excitation wavelength, 441,
6 nm; laser power, 18 mW at sample point; entrance slit width
and height, 250 pm and 12 mm, respectively; protein con-
centration, 30 M on heme basis.
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« CO isotoge effect on resonance Raman spectra of the
ferrous-carbogyl complex of cytochrome:P-450,__ in 1800-2000
cm ™! region. Conditions are the same as for Fig. 1.
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c-3. #(Fe-CO) frequency vs. bound »(C-0) frequency plots
for various ferrous-heme-carbonyl complexes. W, data points
for native heme proteins: sperm whale myoglobin (Mb), human
hemoglobin A (Hb A), leg hemoglobin (LHb), and hemoglobin
from insect larvae of ‘Chironomus thummi thummi (Hb CTT
111); data taken from Refs. 3, 27, 28 and 29. @, various heme
model complexes; data are taken from Refs. 22, 25, 26, 30 and
31. O, data point for cytochrome P-450,.



Part D. Effects of Cholesterol and Adrenodoxin on the Heme Moiety of

Cytochrome P-4SOSCC: A Resonance Raman Study

Footnotes

Abbreviations used are: cytochrome P—4SOSCC, cytochrome P-450 in
mitochondria of adrenal cortex which functions in cholesterol side-chain

cleavage reaction; cytochrome P—450cam; cytochrome P-450 obtained from

Pseudomonas putida grown on D-camphor as the sole carbon source;
cytochrome P—45011ﬁ’ cytochrome P-450 in mitochondria of adrenal cortex

which functions in steroid 1l#i-hydroxylation; cytochrome P-450 the

M2’

major phenobarbital-inducible cytocﬁrome P-450 in rabbit. liver
microsomes.

.2 ‘The concentration of cholesterol ié the maximum assuming
cholesterol is fully solved. Howevef, low soiﬁbility in aqueous
solution and the non—épecific binding to protéin‘other than the
substrate binding site may reduce its actual géncentration.

3 The designation of porphyrin ring modes are based on Kitagawa et

al.(35) and Abe et al.(36).
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0. Introduction

Side chain cleavage of cholesterol to pregnenolone is the

rate-iimiting step in steroid hormone biosynthesis (1).° This process

is catalyzed by mitochondrial cytochrome P—4SOS l, together with its

cc
NADPH-specific electron transport system (adrenodoxiﬁbreductase plus
adrenpdoxin)(Z). It is known: tﬁat; although heme iron of
cholééterol—free cytochrome P—45OSCC :is fully low spin state,
choiééterol—binding to the substrate binding site of cytochrome P—450S
causeé the spin state conversion from iow to high (2).

‘Adrenodoxin, an iron-sulfur protein, forms 1:1 complexes with both
NADPH-adrenodoxin reductase and cytochrome_P-hSOscc. While the binding
of adrenodoxin and chqlesterol to cytqchrqme P_45Oécc exhibits strong
posifiye cooperativity; adrenodoxinlﬁeﬁeftheless binds to cholesterol-
freeiﬁytochrome (3). During eléctroh transfer, the complexes‘appear
to function sequentially by "adrenodoxin shuttléxmechanism" (2,3) rather

than via a ternary complex of all three proteins (4): i.e. adrenodoxin

first: forms its complex with and acceptsﬁén electron from adrenodoxin

reductase, then dissociates, and finally forms a 1:1 complex with and

transfers an electron to cytochrome P—-450S Total of six electrons

ce
are:necessary for the oxidative side chain‘¢leavage of cholesterol by
thié éystem.

" 'Resonance Raman scattering frombhémoproteins can provide some
imbortant informations on the structure of the Heme moiety (5-8).
Recent studies on cytochrome P—ASOSCCfCO—chplex, we observed, for the
first time, the resonance enhancement of Fe;CO stretéhing frequency and

bound C-0 stretching frequency at 477 and 1953 cm~l, respectively’ -

(9,10). This unusually low Fe-CO stretching frequency, compared to
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_ ‘ o S . -1
those of carbonmonoxy hemoglobin and myoglobin (507 and 512 em

respectively) (11), wés interpreted as a direct indication of a weaker
Fe-CO bond strength caused by a cysteinyl thiolate ligand trans to CO

and a linear and perpendicular coordination of CO to the heme.

In this study, we report the resonance Raman spectra cytochrome
P—ASOSCC in oxidized and CO-reduced states, and discuss the effects of

cholesterol (substrate) and adrenodoxin-binding ‘on the heme moiety of

both states.

I. Experimental

1. Purification of Cytochrome P-450

,Cytochrome.Pf4SOscc was pﬁrified aéffollows. Bovine adrenal glands
we;e‘obtained from local slaughterhouse; Their connective tissues and
fatvtis;ﬁes were removed with scissors as possible as we can, then the
glands were separated carefully into adrenocortexes and medullas. The
capsﬁles of the cortexes ﬁére ascréped off with razor. The
mitochondrial fractiqn waslobtained.ffom the adrenocortexes by the
methoa of:Hiwatashi et al. (12). | |

.Adrendcortical mitochondria depléted of adrenodoxin and
NAbPH—adrenodoxin reductase with sonication were suspended in 100 mM
potasium phosphate buffer (pH 7.4) congaining 20%(v/v) glycerol and 1 mM
EDTA. - Sodium cholate was added to the suspension (about 12-16 mg
protein/ml) at the ratio of protein:sodium éholate of 2:1 (w/w). The
solution was stirred for 45’ﬁin at 4°C and, then, spun at 78,740 x g
(30,000 rpm) for 90 min,on-é Béckman\LfS ultracentrifuge. " The |
supernatapt was incubatea at room temﬁérature for 30 min, then, mixed

with a slurry of DEAE-cellulose previbusly‘equilibrated with 10 mM
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potassium phosphate buffer (pH 7.8) containing 20%(v/v) glycerol,

0.1%(v/v) Emulgen 913, 0.25%(w/v) sodium cholate and 0.1 mM EDTA (buffer

Z). . The slurry was’poured into a glass column. After the packing, the
column was washed extensively with buffgr A (about 2000 ml) over night.
When'a clear reddiéh band waé formed in thelbottom of the column, the
columﬁ'was treated with a 2000 leiinedf gradient of NaCl concentration
(O—Oﬁé M) in buffer~A.;v The eluate wés collected with 17 ml fractions
autométically. Cytochrome P—ASOscc-fich fractions were eluted during
this;treatment as a sharp peak, and were combined and directly applied
to a column of hydroiyl apatite gel previéusly equilibrated with buffer
A. The»cytochrome was adéorped at Ehe pop of the column as a clear
red béna. The column was washed succeedingly with"SOO ml each of 10,
20, and 40 mM of potaséium phosphate:buffer (pH 7.8) containing the'same
ingrédients with buffer‘A. vThe cytoc_hromebP—ASOSCC was, then,‘eluted
with 80 mM potassium phoépha£e buffer (pH 7.4) containing 20% glycerol,
0.1% Emulgen 913, 0.25% sodium cholate, and 0.1 mM EDTA. The eluate
was dialyzed extensively against 10 mﬁ_potassium phosphaté buffer (pH
6.5) contéining 20% glygerql, 0.1% Emulgen 913, and 0.1 mM EDTA (buffer
B) at 4° C. The dialyzate was applied to ‘a column of CM-Sepharose
CL-6B previously equilibrated with buffer B. The cytochrome was
adsorped in the column as é:dérk red band; and the column was washed
with Bﬁffer B, then with iO mMzéotassiﬁm phosphate buffer (pH 7.4)
containing 20% glycerol, 0.1% Emulgen;913, aﬁd 0.1 mM EDTA. The
cytochrome was desorped by a 600 ml-linear gradient of NaCl concentation
(0—043 M) in 10 mM potassium phosphate buffer (pH 7.4) containing 20%
glyéefol, 0.1%7 Emulgen 913, and 0.1 mM‘EDTA. - The eluate was collected

with 110 ml fractions autométigally, ~and cy tochrome P—4508CC—rich
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fractions Qere analyzed with SDS—pblyacrylamide gel electrophoresis and

fractions with a single protein—staining baﬁd were combined.
SbS—polyacrylamide gel glectfopho%esis'was performed as Laemmli (13)

and the molecular weight of cytqchroﬁe P—4SOSCC was estimated to be

53,000 daltons.

“2. Depletion-of Emulgen 913 from the Purified Cytochrome P-450
b=)

Lol Wy

Eﬁulgen 913 din purified sample was removed by an

: adrenodoxin—Sepharose 4B column chromatography (14,15). Cytochrome
P—450Scc was dialyzed extensively against 300 volumes of 10 mM potassium
phosphate buffer (pH 7:4) containing 20% glycerol and 0.1 mM EDTA at 4°
Ckwifh séveral changes. : The‘dialyzéte was loaded onto a column of
adrenqdoxin—Sepharose 4B pféviousiy eduilibrated with the same buffer;
the_pytochrome was adsorpea atkthe toé of the column as a reddish band.
Thevcolumn was washed with the equilibrating buffer (10 column volumes)
follqwed by the same buffer containing 85 mM NaCl until the absorption
at 280 nm of the eluate decreased lower than 0.025. The adsorped
cytochrome was eluted With the eduilibrati;g buffer containing 0.20%

sodium cholate and 300 mM NaCl. The eluate was collected and peak

fractions were combined, dialyzed agéinst 10 mM potassium phosphate
buffer containing 20% glycerol and 0.1 mM EDTA. The resulting sample
was in a pure low spin form and practically free from Emulgen 913

judgéd by the absorption spectra in the ultraviolet region.

3. Measurements of Opticai Absorption. Spectra

Optical absorption spectra of cytochrome P—450SCC were measured on a

Shimadzu UV-240 spectrophotometer equipped with an automatic wavelength
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calibrator (+ 0.3 om). The temperature of the sample was maintained by

a circulation of water from thermo-bath to water—jacketed cell holder.

4, Measurements of Resonance Raman Spectra

Excitation Wavelengths used for résonanée Raman measurements were
441.6knm from a He~Cd lasef (Kimmon Eléctric, ﬁodel CD 4801R) and 457.9
and,488.0 nm from an Ar laéer (NEC, Model GLG 3300); aﬁd the spectra
were yecorded on a JASCQ RrSOOD Ramaﬁ.speétrophotometer. Calibration
of thé Raman spectrophotometer was carried out with indene or fenchone
as sfandard. Sample sélution in a cylindrical Raman cell was épun at
1000 ‘rpmb to minimize 1local heatipé, photodecomposition and
phofodissociation. A11 spectral measurements wefe performed in 10 mM
potaésiuﬁ phospﬂate buffer (pH 7.4) containing 20% (v/v) glycerol, 100
mM NaCl and 0.1 mM EDTAvat the protéin concentration of 47.5 PM’

ofherwise indicated.

II. RESULTS

" 1. Oxidized Form

Béfore the depletion of Emulgen 913, the sample was pure low spin
form judged by visible absorption specﬁrum. ’ In this stage; cytocﬁrome
P—ASQSCC coq}d not be converted to high_épin fprm even a saturafed
amoﬁnt of chﬁies;erol waé added. This is due to the inhibitory effect
‘of Eﬁulen 913>against substrate binding (16). - Thus, it was necessary  _“
to rémove Emulgen 913 from the purified‘saméle to study the effect of
choiesterol—bindipg on the heme moiety.v We employed - an
adrenodoxin—éepharose 4B éolumn to remove Emulgen 913; . this technique

has been successfully used for the‘ fina1 'purificatioﬁ step of
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mitoch?ﬁdrial cytochromes - P~450, such as cytochrome P_45011y8 and
P—450;§C. The recoyéred enzyme from the adrenodoxin-Sepharose 4B
columﬁ:was pure low spin form, having‘ébsorpfidn maxima at 567, 534, 417
and 360 nm identical to those 6f cytqéhrome P-QSOSCC in the,présence of
Emulgén 913 (0.1%) (Figure D-1, one dotted chain line). .The absence of
Emulgén 913 in the sample’was élearly_indicated by the weak absorption
inteﬁéity at 278 nm, which was. lower ﬁﬁan Soret absorption at 417 om and
Fhe.ratio of A278/A417 was compérabié}to, oraeven lower than, the
cytocﬁroﬁé P—450SCC sample purified in other laboratory (17).

Upon addition of cholesterol? (28.6.PM, and protein concentration
12.6 PM), the Emulgen—depleted cy tochrome P—ﬁSOéCC could be converted to
high‘épin form (approx. 50% high_spiﬁ ét 25° C)(Figure D-2a). To make
100% high spin form at this concenﬁration,;fhe temperature had to be
loﬁéréd less than 10° C (Figure‘D—i, solid line). This strong
températuré'dependency of spin state was already reported (18).

Thé effect of adrenodoxin on the absorption spectra of cholesterol-
‘bound'cytochrome P—450SCC can be cleafly seen in Figure D-2b. To
maximize cholesterol—bind%ﬁg to cytoghrbme'P;45OSCC at room temperature
we used relatively high ionic is:trength (100 mM NaCl) in buffer
throughout because high ionic strengfh causes a decrease of apparent Kd
for cholesterol (19). 7 But it is also known that the strength of
interaction between gdrenodoxin gnd ¢ytochrome P~450SCC is reduced_
considerably at high dionic strength becauéé’their interaction is
elecérostatic (19).‘ Neyertheiess only a 2.26 PM of adrenodoxin caused
a significant increase of‘high spin coﬁtent as “shown in Figures D-2a and
b (cytochrome P—450Scc concentration 12.6.PM); this indicates tﬁat
adrenodoxin has high affinity for cholesterol—boundPcytochrome P--450S

cc
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even - in this condition (100 mM NacCl) and forms a  tight
cholésterol—cytochrome P—ASOSCC—adrenodoxin complex go stabilize
cytochrome P—450SCC heme completely iQ high spin state (3).

Tﬁe resonance Raman spectra of é?tochrome P—&SOSCc for higher
frquency region (1300—1700 cm_l) in various states as described above
(but with a different protein concentration,,iLEL_47;5 Pﬁ) are presented
'in Figure D-3. Excitation wavelength used was 441.6‘nmkfrom a He-Cd
lasef. As expected, in cholesterol;frée;staie, the Lio line3 appeaﬁéd
at 1638 cm_l in the Raman spectrum, i;g;, at the normal frequency of éhe

ferric low spin state. Other spin state markers, yg and Lﬁg lines,

can be seen at 1503 and 1584 cmfl, reébectively, characteristic for the
ferfic low spin state (Figure:Df3, uppér\speCtrum). When cholésterol
wés added (cholesterol‘concentrafion, 278'1 PM)’ the cytochrome P—&SOSCC
heme spin state was converted almost in high spin (approx. 70% high spin ;;
at 10° C) judged by visible absorption spectra. . In this condition the
reséﬁance Raman spectrum of the cytochromerexhibited the mixture of low
~and high spin statesv(Figure D—s, middle»spectrum). When 36.3/uM of
'adfénodoxin was addedbaddiﬁionélly, thé spectrum was‘completely devoid"
of iow spin siénals (Figure D-3, loWer spectrum). The }ﬁo line‘
shifted to 1620 cm_1 and }19 line disépbeared. The }g line shiftedbto
around 1485 cm—1 and was overlaéped with a strong glycerol band at 1470
cm—la' The )ﬁl linevappearéd at 1567 cm_1. The frequencies of .,
Lio, and Lﬁl are in accordéﬁce with high’spin nature of cytéchrome
P—4SOSCC heme. When a 488.0 nm line from an:Ar—ion laser was employed
for fhé excitation, essentially the same spectra were obtained for

cholesterol-free state and cholesterol‘and adrenodoxin~bound state, but

with much reduced Raman intensities (data not Shown). The decrease in
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freduency of lﬁ liné by 2 cm_1 in Figures D—3vupon spin conversion from
low to:ﬁigh state was not consistent with the result observed by Shimizu‘
et al;(Zd); in which they observed thg freqﬁency increase of lz line by
2 cmf  upon conversion from low to high spin state. | However the
decreaSe of the )ﬁ frequency upon sﬁin conQersiQn_from iow to high is a
right direction judged by the empiricél»relatipnship observed for other
hemoﬁ?éteins. | |

We.cduld observe only two Raman lines ét 346 and 380 c:m—1 in lower
frequéncy region spectrum of cholesterol-free form except for the lines
from glycerol (Figure D-4). Since bxidized adrenodoxin itself has
Ramaﬁ.lines at 289, 346 and 391 cm.1 with.almost the same intensities
~each other at this excitation wavelength @isubaki, unpublished
observation; 21), the major part of Raﬁén’intensities at 348 cm_1 in the
lowet:spectrum in Figure D-4 is expected to be dué to adreﬁodoxin.
Cholesterol—~cytochrome P—4508cc—adrenodoxin complex stabilize cytochrome
P—ASO%CC heme completely in high spi@state>a§d, thus, the Raman
intehéities of 346 and 380 cm—1 modes;of cytochrome P—450SCC mﬁst;be
e#tréﬁely weak in the Raman spectra éf highvspin state cytochrome

P-450 .
scc

2. Carbon Monoxide Reduced Form and Tts Conversin to P-420

“Form in the Absence of Cholésterol

The CO—Compiex of feduced cytochromekP-—lgSOSCC gave rise to )i mode at
1368 cm_1(Figure D-5, upper'spectrum)ib Tbisvfrequency is consistent
with that reported by Shimizu et al.v(ZO).and cloée to those of
 CO—cémplexes of other cytochromes P—450‘(22)., These slightly lower

 freqﬁency of )Z mode in CO-complex of reduced cytochrome P-450 compared
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to those of carbonmonoxy hemoglobin and myoglobin (1372 and 1370 cm
respectively) was considerediaue‘to the sﬁrong'ﬂ}donor retained in its'
‘C04c6mplex as the fiftﬁ{ligand of heme iron.

‘During the laser dillumination at ¥oom temperature‘(25° C), this
CO—cgmplex of reducgd cytochrome P?ASOSCC (cholesterol-free) was
‘ conQerted to its denatured "P_420" form even. the sample was kept in a

spinning cell. Several hours of laser illumination caused an almost

comp;ete cbnverion ofVCytochromé P—450SCC to "P-420" form judged by
yisible absorption spectra. This éénversion was clearly indicatéd in -
the Raman spectra by a significant broading’of the 1368 cm_1 line
toWafds lower frequency,»suggesting the photodiséociation of CO~-complex
of reduced "P-420" (data not shown); - It is well known that the bound
carbén monoxide molecule of 'CO-P-420" is easily photodissociated
(20;23) and resulting photodigsociated (or reduced) "P-420" is
char;ctefized by the appearance of 12 Raman line at 1357 cm_1 with a
very strong intensity (Figure D}6,.lower spectrum) (22,24) .

vIn the lower frequenﬁy region sﬁéctra of CO-complex of reduﬁéd
cytoéhrdme P—4SOSCC, there is a strong Ramén line at 477 cm_1 which ﬁas
assigned to the Fe-CO stretching frequency on the basis of frequency
shift by‘carbon moqoxide isotope sﬁbstitution (Figure D-7, upper.
spectrum). This 477 cm_l line reduced its intensity upon conve?sion to -
"P-420" form. This intensity reducpion, was accompanied by the
disappearance of 318 and 280 cm—l 1iné$- - The Raman spectra of "P-420"
form:in lower frequency’region were qhafacterized by the appearance of
224 cm—1 line. This 1iﬁé may be Aﬁe to photodissbciated form of
"P;420" because there was a relatively éharp_Raman line at 225 cm_1 in

the spectra of reduced "P—420"i(data not shown).'
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3. Effect of Cholesterol and Adrénod;xin on the CO-Reduced Form
Although the presence of cholestefbl showed no effect on the visible
absbrption spectra of CO-reduced form of cytochrome P—4SOSCC, there were
some éignificant influences on the resbnance Raman spectra. The most
significant effect of cholesterol—binding én the spectra of CO-reduced
fbrm»wgs an increasé‘of photodissociability of bound carbon monoxide.
Thié'éhenomenon is clearly. seen in Figﬁre D-5. The strong LZ line at
1368 cm_1 and several Raman .lines’ around 1550-1650 cm—1 region reduced
their intensities in the presence of cholesterol (278.1 PM) and the
spectfa in this higher frequency regian bééame similar to that of
reduced cytochrome P—4508Cé (compare Figure D-5, middle spectru@Awith
Figure D-6, upper spectrum). Since the speptrum‘of reduced "P-420"
form ér CO-photodissociated "P-42Q" form waévcompletely différent from
these specta, this effect could‘not be‘éscribed to the denaturation to-
"P-420". The effect of photodissociafion in the Raman spectrum due to
cholesterol-binding was clearlykobservéd in lower frequency region also
(Figure D—7,’middle spectrum). ; The Fe~-CO stretchiné frequency at 477
cm—'1 iost its strong intensity slightl§ and showed a clear éhift to 483
em " even considering the effect of glycerol Raman lines at 484 and 420
cm—1 with almost the same intensities éach other, the former overlapping
with the Fe-CO strétching line. T
Oﬁ the other hand, the 'addition of adrenqdoxin to cholesterol-bound
CO-reduced form caused no additional;effeét én the resonance Raman
spectra in both higher and lower frequéncy:fegiOn as .shown in Figures
D—S'énd 7, suggesting a weaker interaction between adrenodoxin and
tholééterol—bound CO—feduced cytgchrome P—ASOSCC. It.must be ﬁgted

that adrenodoxin was invréduced form in this. condition.
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We' tried to see the effect of chélesterol and adrenodoxin on the
bdund C~0 stretching frequency. In the absence of cholesteroi the
bound:C—O stretching frequency could be observed at 1953 cm_1 by
resoﬁance Raman spectroscopy butfwith;a much weak intensity compared to
that . of Fe-CO stretching frequencyl(IO). However we could notfdete;t
any correéponding bound C-=0 stretching frequency around in this region
in the presence of cholesterol aloﬁe or both chélesterol and
adrehpdoxip. This is presumably due to the strong photodissociability
ofréérbon monoxide of CO-complex of cjﬁochrome P—450Scc in the presence

of cholesterol.

IIT. DISCUSSION -

1. Oxidized Form

The optical spectral change of the oxidized cytochrome P—450SCC from
low to high spin state upon cholesterol binding is considered to
indicate directly the cholesterol binding to the substrate binding site.
Howeﬁer it is known ‘that the 1:1 molar complex of cholesterol and
cytochrome P—4508CC displays é high: to lngspin transition upon
température elevation; this is in an opposite direction observed for
other cytochrome P-450 such as cytochrome P—450Cam and cytochrome
P—ﬁ?OLMZ (25,26). Since the hydrophobic affinity of cholesterol for
substrate-free cytochrome P—4SOSCC is enhanced with increasing
temperature (19,27), the temperatureédependent high to low spin
conyersion of cholesterol-bound cytochromgi’-—éSOsCC appears to be
related to unknown structural changes‘fathér than the simple release of
choiesterol from the enzyme, 'Thﬁs,'Hasumi et al.(17) speculated that

temperature modulates specific interactions between the cytochrome
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P—ASOSCE and bound cholesterol’(such éé a subtle movement of cholesterol
in the vicinity of tpe heme) and thag bouﬁd cholesterol is not released
from the cytochrome.P—l;SOSCC by increasing temperature.

Thére is no suitable way to verify this hypothesis conclusively.
Howevér our obsefvation during this st@dy supports this hypothesis (data
not éhown); in which the rate of spin ¢onversion from low to high spin
upoﬁ decreasing temperature was muéhrfaster’than that of corresponding
spin CHange upon additibn.of cholestetol to substrate—free cytochrome
P—4SOSCC; the latter is directly indiéating'the cholesterol-binding to
the substrate binding site of cytocﬁrome'P—4SOSCC

Whatever the true nature of this spin conversion is, the present
study clearly indicates that choleéferol—binding can  affect a
configuration arouﬁd thé oxidiégd heme of cytochrome P—ASOS
significaptly. Adrenodozin alone has no effect on the heme spin state,
although there is a substantial interaction between adrenodoxin and
substrate—free cy tochrome P—4SOSCC as evidenced by a successful
prepéfation of cholestérol—free cytoéhrome P~4SOSCC using an
adrenodoxin-Sepharose 4B column chromatography in the present study.
Thus adrenodoxin can affect the heme électronic structure only when
cholesterél is bound to the substrate binding site. In the context of
Hasumi et al. (17), binding of adrenodgxiﬁ to cholesterol-bound
cytdchrome P—450SCC can induce a subtlévmovement of bound cholesterol in
the Qicinity of the heme leading tb the co&plete sﬁin conversion to high
spiﬁ.:

'The )&O mode of oxidized.cytochro‘mebe-fZ;SOSCC in high spin state

observed at 1620 cm_l, slightly higer than ﬁhe value reported by Shimizu

et ali(20), is still in the reported rénge'dﬁ.hexa—coordinated high-spin
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compléx (1608-1623 cm—l)'as'suggested_by Shimizu et al. (20). The Lg :
mode,:_which is overlapped with glycefol'Raﬁan line at 1470 cm_l, is
exﬁected to iocate around 1485 cm_l és described in RESULTS. This
freqdéncy is also in the fénge of hexé—coordinated complex (1475-1488
cm—l); On the basis of the empificgi relétionship betweenvphe L{o
freqﬁency and the coordinated atom (28), Sﬁimizu et al.(ZO) suggested
that'ﬁhe sixth ligand of the heme ‘iron of cytochréme P—4505CC in high
spin;étate would be an oxygen atom, mbsﬁ likely oxygen from a water
moleéﬁle. .

Thé resonance Ramaﬁ spectrum in the lower frequency region (200-600
cm;lj is quite informative sincekthévFe¥ligand stretching modes of
hemqﬁroteins usually apbear in this région.f Indeed Champion et al.
(29)° detected the Fe-S  stretching frequéncy at 351 cm_l by resonance
Ramaﬁ spectroscopy using isotopically labeled (54Fe and 345) sampleS of
the oxidized cytochrome P—&SOcam—substfgte complex. Moreover this
y(Fe%S_) stretching band disappeared ﬁpon depletion of the substrate,
indicating that the sﬁbstrateébindingfproduces a significant change in
the Fe—S— interéction, The 346 Cm—l line in the Raman spectra of
oxidiéed cytochrome P—ASOSCC may correspond to'the 351 cm'-1 Fe-S
stretching line in cytochrome P~450cam;' But the 346 cm~1 line reduced
its intensity upon depletion of cholesterol (substrate) contrarybto the
351 Cm—l mode in cytochrome P—450C3m,'ﬁsing glycerol Raman lines at 420

and . 484 cm_1 as internal standards. ‘:Because Champion et al.(29) used

the laser wavelength at 363.8 nm, it must be very careful to qompare

directly our observation with them.  As an plausible explanation, the
U(Fefs-) stretching mode appears only at near ultraviolet excitation and

thé‘346 cm_l mode in cytochrome P—ASOScc may be -a porphyrin ring mode.
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2. CO-Reduced Form

We‘had assigned Fe-CO sfretching frequency of the CO—cdmplex of
.cytocﬁrome P—-Z;SOSCC at 477 cm—l in tﬁe Pfevious paper on the basis of
the ffequency shift upon carbon monoxide ;sotope substitution; i.e.,
from 477 cm_l for 12C16O to 470 cmf} fbf 12C180 (10). This frequency
is much lower than the corresponding frequenéies in carbonmonoxy
hemoglébin and myogiobin at 507 andf512 cm—l, respectively (11). This
unusually low frequency could be explained méinly in terms of dy(Fe)-

7[(C0)'interaction which is weaker in c&tochrome P—450SCC than in usual
hemoproteins due to a strong J[-interaction in Fe-S bond. Other
factor which causes this unusually low Fe-CO stretching frequency is a
linear and perpendicular bonding of cafbon monoxide to the heme. It
is known that the distorted Fe-C-0 linkage with respect to the porphyrin
ring causes the increase .in L(Fe—CO) stretching frequency with a
concémitant_ decrease of Bouﬁd C;O 'stretchéng frequency. X-ray
diffréction st;dies révealed a distortion of Fe-C-0 linkage in
carbonmonoxy hembglobin and myoglobing this-diétortion causes the
increése in )/ (Fe-CO0) frequency by 12~17 cm_1 compared to that of
ferréus—carbonyl complgx of Heme 5 which ‘is expected to have a linear
and perpendicular Fe-C-0 structure (3Q) and, therefore, to have a
compafable Fe-~-C-0 configur;tion wi;h thpchrome P—450SCC in the absence
of chblesterol (10).

>Recently Uno. et al;(31) repofted thét thé Fe—CO stretching frequency

in substrate-free cytochrome P—450cam—C0—compléx lieé aFv464 cmfl.
Upoﬁ addition of ;ubstrate, camphor,"the Fe—CO stretchigg’frequency
shifted to 481 cm_1 and to 483 cm"1 upon forming a bimolecular complex
with putidaredoxin and thié frequency éhift towards higher frequency was

§
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accompanied by a concomitant decrease of bound C-0 stretching frequency
from 1963 cm—l to 1940 and 1932 cm_l, respectively.

As:seenvin Figure D-8, our previous data and those of Uno et al.(31)
can be_plotteg along a line pararell to. the one obtained for various
ferroue heme-carbonyl complexes with eitreéen atom as a fifth ligand.
The departure of these two lines ere ﬁtobabiy not due to the Fe-C-0
confiéuration, but due to Fhe differenees inrbonding nature between heme
iron and fifth ligands (10). |

From this parallelism we cen speculatevthet substrate (camphor or
cholesterol) binding causes a distortioh‘of Fe-C-0 linkage with respect

to pdfphyrin ring on the basis. of ourﬂprevious proposal; i.e. as the

distal steric steric hihdrance increases, the )/(Fe-C0) frequency
increases with a concomitant decreaéing of the bound Y(C-0) frequency

(10). It is very likely that almost the same mechanism is operative on

Fe—-C-0 1linkage in CO-complex of cytdchfome P-450 .
: o as in cytochrome

cam

P—4SOS€C complex upon’eubstrate—bindiné}b Indeed the increase of
Fe—CQ'stretching frequency by 6 c:m“l in" the pfesence of cholesterol, as
observed in the present study, is a rigﬁt direction on the view of our
previous proposal. It is known ehat eholesterolvbinding site is'so
close:to the heme that C-22 of cholesterol side chain is at very
viciﬁity of heme iron when cholesterei is bound, from a series of
studies using synthesized steroid deri?ativee having the potential to
intereet with both the subsfrate binding site and the heme-iron
catalYtic siee of the enzyme:(32—34). .Thus‘it is very likely that the
side chain group of;cholesferol'opposes a iinear and perpendicular

binding of carbon monoxide to the heme iron of -cytochrome P—ASOSCC.
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Increased photodlssoc1ab111ty of carbon mononlde from CO ~complex ofe
cytochrome P~ 450 sec - upon addition of cholesterol can be . easily
understood in.“this -context. (_ It ié ‘known that the;’electronic
Vexcitation at the{porphyrin ring.by the illnmination‘of laser 1ight,at
thevSoret”or,Q écland#?) bands can_atfect the dﬁﬁFe)—7t?CO) interaction
indirectly throughcthe dﬁfFe)—jf?porphyrin) orbital interaction, leading
,to the photodissociation of the sixth:ligand carbon monoxide (11).
in the dlstorted Fe=C-0. conflguratlon,’the contrlbutlon of U -type
(d Z(Fe) 7E(CO)) 1nteract10n may decreased s1gn1f1cantly in Fe-CO bond
due to the bondlng geometry, and the resultlng increase of7[;type

( dT{Fe) TE(CO)) 1nteract10n in Fe—CO ‘bond may be the reason. of the

‘enhanCed photodissociability upon choleéterol—binding.

v,Other(aspect of,thejeffeCtVof’choleeterol oanO—complex of cytochrome
’ P—450 ce Was the enhanced stablllty of natlve (”P 450”) state.
Wlthout cholesterol the CO—complex of cytochrome P-450 cce became its
denatured form (CO—complex of "P 420”) steadily as descrlbed To the
contrary, in the presencerof chodesterol, the COecomplex of cytochrome
'P:4SOSCC mas extremelyjatahle:forcmore’than eeveral hours even -kept
irradiated by 1aser_ldght~at rOom'temperature‘(data not shown). To
reveal the nature of this effect-is heyond our'scope‘in the present
:study.> :}wé can onlyvsayvat this stage thaticholesterol bound to the
'snbétrate hinding site may‘stabiiizehthe»tertiary:structure around the
hemer‘"

Ihe abeence of‘theiadddtional effect:of.adrenodoxin,in”theﬂresonance

Raman'spectra of COFrednced formtdf,CYECCthmé.P—45OéCC is'noteworthy;
"7,‘It 1nust bé noted that adrenodox1n 1é~ in .reducedv formy‘in ’thie

experlmental condltlon.,_ However 1t 1s known that the reductlon state
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of adrénodoxin:does not appear to‘havéamajor éffects’on its association
'_Qitﬁ cytqchrgme'P%ASOSC;; rédgction oftgdrenodoxih ?ctually;;esults‘in a,ﬁt
' ,slight’weékening,-by‘a fa¢tor bf'Z,’bf the interaction with both
 oxidizéd‘aﬁdfgéAﬁEEd‘éifdghromévf;4508;; (3j;‘  :
 ‘ Théie is ndiaQaiiabié‘data:fﬁkéstiﬁété‘the,ihtéraCﬁiéﬁ,BetWéén‘
badrenaﬁogiﬁ’énd choleéterol—bouﬁd C04réagé§d c;tééhrpme P—ASOSQC othér 
'fhén‘?feégnt stuéy} ; HoQévef, from:th€'vi¢w point of a’physﬁolOgicaiv 
'mébhaﬁism‘of’sterdidogenié,eléctrqn tt?ﬁéport, sfronger inferactioﬁ 
: bet@één adfénddoxind and 'cholestéfol—béﬁnd CO—fedﬁcéd fomn,@ust be‘
Vfayéted,iBecaqse:cﬁolesferol—boﬁnd‘CQ—rédqéedffbrm can. be coﬁsidered,as
a1nicé model fof‘aﬁ‘oxygenéted iﬁtermédiate‘complex,dufing'the initial

phase of the side chain cleavage reaction. :
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Conclusions

(l) F*For the first time the direct identification of the iron-carbon
‘kbond .1n (carbonmonoxy)hemoglobin (HbCO) and -myoglobin] (MbCO) by
resonance Raman spectroscopy was made. The Fe—CO stretching,'Fe—C 0
‘bending, and bound Cc-0 stretching. v1brations have been detected at
507(512), 578(577), and 1951(1944) cm }, respectiVely, in human’ (carbon
monoxy)HbA (sperm whale MbCO) upon exc1tat10n at 406.7 nm w1th1n the
Soret band. These' a851gnments nere made on the basis of frequency
shifts with the 1sotopesv13 l6 ,_12’1§ , .and 13C180. Calculated
isot0pe~shifts‘according to the model%imeejC—O (but' not Im-Fe-0-C)
agreeiwell with the observed data{v The possiple mechanism of resonance
RamandEnhaneEment ofrthesefvibrétions aré discussed in terms of the
d7;(FE)-”T[*(CO)k.interaction.‘ Careful- examination of the 'Fe—CO
VStretching‘node at 507 cm..1 1n‘both (carbon monoxy) HbA and (carbon’
monoxy) Hb Kansas w1th and w1thout 1n031tol hexaphosphate (IHP) reveals
no changes in ' frequency and kintensity.' This . implies that no
4‘signifiCant'change in’the Fe;C bondvenergy‘is induced by switching the
quaternary structure from the{ﬁito T’form'in‘ligated (carbon monoxy)Hb
Kansas; Tne abSence‘ofrbound'tension’petneen the‘iron atom and the
proxinal histidine is suggested. . HoweVer, the resonance Raman spectrum
of‘carp (carbon nonoxy)ﬂb exnibits a.broadening‘of the Fe-CO stretching
mode on the lower energy side upon R —VT conversion with THP, Suggesting
the presence of a new conformer;(or'conrormers) with a weaker Fe-CO bond

or a somewhat different,COrdistortion,v
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(2) Resonance Raman scattering experiments on CO-complexed cytochrome
P- 450 ’from’ bovinej adrenocorthal dmitochondria.vdemonstrate the
51multaneous enhancement of the }KFe—CO) stretchlng and bound p(c 0)
stretchlng frequenc1es at 477,andc1953 cm l,yrespectlvely. - These .
a551gnments were made on the ba81s of frequency shifts w1th the isotope
12 18 0. Thisvunusually 1ow yfFe—CO) stretching frequency in cytochrome
P¥450’;c, compared with other CO—complexed hemoproteins such as
CO-hemoglobin and —myoglobln, is presumably due to the thlolate llgatlon
to the‘hemeplron trans_to CO . and due to the 11near and‘perpendlcular

'jconfiguration of CO>binding to the'heme:

»(3) The effects of ‘cholesterol- and adrenodoxin4hinding on resonance
Raman spectra of cytochrome‘P 450’CC in both oxidized and CO—reduced
'states were examlned. Upon cholesterol blndlng, oxidized cytochrome
3—450éccpshowed a signiflcant shift othpin!equilibrium from low spin to
high;spinhstate;f Additionhof adrenodoXin caused a complete conversion
~ of cholestérol—bdund oxidized cytochrome Pf450 éé to‘a pure high‘spin
fstate whlch was con31dered to be.in hexa—coordrnated state as judged by
the 1{0 mode ‘at 1620 cm =k and L/ mode around 1485 cm 1.’ Cholesterol in
substrate blndlng 51te may. oppose a llnear and perpendlcular binding of
carbon;monoxide to the reduced heme iron’leading to thevdistorted Fe-C-0
linkage.’ This is based on the follwing observationsi (a) increase of
the Fe}CO stretching frequency‘to 483 cm_l from 477 cm_1 upon addition
of‘ choleSterol" (b) enhanced photodlssociablllty of bound carbon
mbnogidé of CO complex of‘cytochrome P 450 f; 1n the presence of -

cholesterol As an other aspect of the effect of cholesterol on

CO-complex form of cytochrome P%ASOéCé, the enhanced stability of ‘native



form (ﬁP—ASO" form) was observed. There was no additional effect of .
reducédgadrenodoxin'on the spectra of3CO—reduced form of cytochrome

P-450_ .
scc
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