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ABSTRACT The photoactivated metastable triplet states of the porphyrin (free-base, i.e., metal-free) zinc and tin derivatives
of horse cytochrome ¢ were investigated using electron paramagnetic resonance. Zero-field splitting parameters, line shape,
and Jahn-Teller distortion in the temperature range 3.8-150 K are discussed in terms of porphyrin—protein interactions. The
zero-field splitting parameters | D1 for the free-base, Zn and Sn derivatives are 465 X 107, 342 X 107, and 353 X 10 cm™,
respectively, and are temperature invariant over the temperature ranges studied. An | E| value at 4 K of 73 X 10~ cm™"' was
obtained for Zn cytochrome c, larger than any previously found for Zn porphyrin derivatives of hemeproteins, showing that the
heme site of cytochrome ¢ imposes an asymmetric field. Though the | E1 value for Zn cytochrome c is large, the geometry of
the site appears quite constrained, as indicated by a spectral line shape showing a single species. Intersystem crossing occurred
predominantly to the | T,) zero-field spin sublevel. EPR line shape changes with respect to temperature of Zn cyt care interpreted
in terms of vibronic coupling, and a maximum Jahn-Teller crystal-field splitting of approximately 180 cm™' is obtained. Sn
cytochrome ¢ in comparison with the Zn protein exhibits a photoactivated triplet line shape that is less well resolved in the X-Y
region. The | E| value is approximately 60 X 10~ cm™' at 4 K; its value rapidly tends toward zero with increasing temperature,
from which a value for the Jahn—Teller crystal-field splitting of =40 cm™' is estimated. In contrast to those for the metal cyto-
chromes, the | E| value for the free-base derivative was essentially zero at all temperatures studied. This finding is discussed

as a consequence of an excited-state tautomerization process that occurs even at 4 K.

INTRODUCTION

Cytochromes c, single polypeptide chain heme-containing
proteins, are key “players” in biological electron transport
processes. All organisms utilizing photosynthesis or mito-
chondrial oxidative phosphorylation have c-type cyto-
chromes (Pettigrew and Moore, 1987). In mammalian sys-
tems, it is the penultimate electron transfer protein, shuttling
electrons between its reductase (ubiquinol-cyt ¢ reductase)
and cyt ¢ oxidase. Cytochromes c are unusual in that not only
is the prosthetic heme moiety attached by covalent coordi-
nation to the protein through axial ligation on the central
metal but the heme side groups also have covalent bonds to
the protein. In the case of mammalian systems these bonds
arise through condensation of the two viny!l attachments with
cysteine 14 and 17. This biological modification allows the
iron in cytochromes c to be replaced without removal of the
porphyrin, unlike in other hemeproteins such as myoglobin,
hemoglobin, and b-type cytochromes, in which there is no
covalent attachment to the protein other than through axial
ligation.
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Removing the iron or replacing it with other metals,
such as zinc and tin, renders the porphyrin of cyt ¢ fluo-
rescent and phosphorescent, with emission lifetimes
spanning approximately 6 orders of magnitude (10 ns to
20 ms, respectively, for fluorescence and phosphores-
cence). This modification has made it amenable to studies
using high-resolution optical spectroscopy (Angiolillo et
al., 1982; Logovinsky et al., 1993; Leeson et al., 1994;
Friedrich et al., 1994) in attempts to uncover
chromophore—protein interactions as manifested in the
electronic and vibronic structure. The further employ-
ment of these closed-shell metal derivatives of hemepro-
teins as photoactivatable models for energy and electron
transfer with its natural and cross-species redox partners
has provided a powerful approach and continues to grow
(Elias et al., 1988; Zang and Maki, 1990; Wallin et al.,
1991; Casimiro et al., 1993; Horie et al., 1984; vander Est,
1993; Zhou and Kostic, 1993a,b; Meier et al., 1994). In
particular, the excited triplet state of these derivatives has
been implicated in some of the proposed excited-state
transfer mechanisms.

Despite the interest in the properties and reactions of ex-
cited states of porphyrin proteins, information outlining the
photophysics of the excited states, in particular the meta-
stable triplet state, has been lacking. Furthermore, advantage
has not been taken of the information that might be gleaned
about porphyrin—protein interactions from looking specifi-
cally at the triplet state.

Zn cyt ¢ and Sn cyt c, like the free-base porphyrin de-
rivative of cyt ¢ (H cyt ¢), are diamagnetic in the ground state
(S = 0). With visible wavelength excitation into the first
excited singlet manifold and subsequent intersystem crossing
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(ISC), a metastable triplet state is formed. Because the triplet
state has a net spin of unity (§ = 1), it is amenable to study
by electron paramagnetic resonance (EPR) and optically de-
tected magnetic resonance (ODMR).

In this paper we look at the photoactivated triplet state of
the free-base zinc(II) and tin(IV) derivatives of cyt ¢ (horse),
from the standpoint of assessing local geometry and the spin
dynamics, as manifested in the line-shape and zero field split-
ting (ZFS) parameters. Also, through the temperature de-
pendencies of the ZFSs, the validity of the vibronic coupling
scheme, as it applies to proteins, is investigated.

PORPHYRIN TRIPLET PHOTOPHYSICS
EPR line shape

The magnetic resonance of the lowest triplet excited state in
porphyrins is that of a correlated (S = 1) spin system (Welt-
ner, 1983). The spin Hamiltonian is governed mainly by the
Zeeman interaction and the dipolar spin~spin interaction of
the two electrons in the triplet molecular orbital. The nuclear
hyperfine couplings are rarely, if ever, seen in randomly ori-
ented triplets in external field because of the large anisotropy.
Within the molecular axis system, the total spin Hamiltonian
describing the Zeeman interaction and the interaction be-
tween the two spins is

H,=BH-g-S+S-D-S, (1)

where H is the applied magnetic field, S is the total spin, g
is the g-value tensor, and D is the ZFS tensor. For most
organic triplets, the g-tensor can be replaced with the value
for the free electron, g, = 2.0023, as the orbital angular
momentum is essentially quenched (Schlicter, 1991). In a
molecular axis system chosen such that the zero-field tensor
is diagonal, the Hamiltonian becomes

Hy =g BH S — XS — Y52 - ZS%, @

where X, Y, and Z are the eigenvalues of the spin-spin in-
teraction matrix and S, (i = x, y, z) are the total spin angular
momenta projections along the principal axes in zero mag-
netic field. Inasmuch as the ZFS tensor is traceless, i.e., X +
Y + Z = 0, the Hamiltonian can be recast by using two
independent parameters, D and E, giving the familiar phe-
nomenological spin Hamiltonian

1
Hy=gBH-S+ D<Sf - 352> +ES;-S). ()

The ZFS parameter D is a “measure” of the electron spatial
distribution of the triplet molecular orbital and E is a “meas-
ure” of distortion from tetragonal symmetry.

The line shape for randomly oriented triplets was previ-
ously described (Kottis and Lefebvre, 1963, 1964; Wasser-
man et al., 1964). For each case, where the applied magnetic
field is aligned with a principal molecular axis, three tran-
sitions are possible among the triplet sublevels (Fig. 1). In the
strong-field limit, the triplet spin eigenfunctions are quan-
tized along the axis of the applied field and are adequately

Biophysical Journal

Volume 68 June 1995

Bllz

l+1>

Zero-Field Splitting

Energy (1/cm)
g
|

05— 1>

I I ! i |
3000 4000 5000
B (G)

FIGURE 1 Energy diagram for the triplet-state spin components of the
lowest triplet state of a metalloporphyrin as a function of applied magnetic
field for one of the three canonical orientations (H || Z). X-band frequency
(~9 GHz) assumed. The exploded view to the left shows the hypothetical
splitting of the triplet manifold in zero applied magnetic field in a rhombic
environment. The assumptions are D > 0, E > 0.

given by
[+1) = |, a,),
10) = 1/(2)"(1 o, B,) + | B, ),
I=1) = 1B,B,),

where M = 1, 0, -1 are the Z components of the spin angular
momentum along the axis of quantization and | o) and B) are
the one electron spin eigenstates.

In zero applied field, the eigenfunctions have their spin
quantized along the principal axes, which usually correspond
to axes of symmetry. For porphyrins, as in other planar aro-
matic 7—m* systems, the z axis is taken as the out-of-plane
axis with the x and y axes lying in plane normally along the
axes of symmetry. The zero-field spin states, which diago-
nalize the ZFS tensor, are related to the strong-field eigen-
functions through the following transformation (Hameka and
Oosterhoff, 1958):

IT,) = —(27) (1 +1) — 1 —1)),
1T,) = i272) (1 +1) + | —1)),
1T,y = 10).

Thus, the eigenfunctions | T,), | T,), and |T,) have energies
X, Y, and Z, respectively, with the following conventional
ordering X > Y > Z (van der Waals et al., 1979).
Historically, the most prominent feature seen in the triplet
EPR spectrum is an almost isotropic transition at g =~
4, which corresponds to the pseudo |AM| = 2 transition
| +1) < | -1) (Fig. 1). Transitions in the | AM | = 1 region,
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[0) «> | +1) and |0) « |~1), are symmetrically separated
around g, = 2.0023.

The anisotropy of the ZFSs, in general, leads to six
observable lines or turning points in the first derivative
spectrum in the g, = 2 region, Z,, Y}, X,, X,, Y, and Z,,
going from low field to high field (Fig. 1). Assuming that
D is positive, which is the usual assumption for flat planar
aromatics, the 10) < | +1) transition has components
at field positions displaced from the field position for a
free electron (hv/g B,) by -D, +(D - 3E)/2, and +(D +
3E)/2. Likewise, the 10) <> |-1) transition has lines at
field positions displaced from g, by + D, -(D - 3E)/2,
and —(D + 3E)/2, respectively. Thus, from the resulting
“powder” spectrum, the ZFS parameters are readily extract-
able and are AH, = 21D, AHy = ID + El,and AH, =
I|D - E|, where AH, (i = x, y, 7) are the separations of the
pair of transitions (in Gauss).

Dynamic Jahn-Teller effect in a “crystal-field”

For square planar central metal porphyrins, the lowest triplet
should be spatially degenerate and in the D, point group
would have a representation of °E,. The special character-
istics of porphyrin-excited triplet states are reviewed by van
der Waals et al. (1979). Because a porphyrin with C, or S,
symmetry is JT unstable, it is subject to symmetry-relieving
interactions resulting in two energy equivalent triplet states.
JT instability alone is not enough to relieve the energy de-
generacy of the triplet state, but interactions with axial li-
gands or porphyrin substituents or interaction with environ-
mental asymmetries may stabilize one state with respect to
the other by an energy of 8. The resulting “powder” pattern
EPR spectrum, when §;; > kT, will show a static distortion
with a nonzero | E|, with a splitting between the Y and X
transitions (AH, ) equal to 3| E|. However, at temperatures
that are comparable with or exceed the JT splitting energy,
the X and Y transitions will merge, with complete coales-
cence occurring when both states are equally populated and
when the exchange frequency, vyq, is greater than the sepa-
ration of the X and Y transitions, i.e., when v;; > g B.AH, /h
(Carrington and McLachlan, 1967). This temperature depen-
dence of the X and Y transitions has been termed the dynamic
Jahn-Teller effect.

One theory to account for the dynamic JT effect involves
coupling to one of the in-plane porphyrin vibrational modes,
giving rise to two vibronic triplets separated in energy by 8,
(de Groot et al., 1969; van der Waals et al., 1979). The popu-
lations of the vibronic triplet states are governed by the Boltz-
mann distribution law and the in-plane anisotropy, as meas-
ured by the ZFS parameter |E| will be temperature
dependent. For square planar porphyrins of D,, symmetry,
coupling to either b,, or b,, vibrational modes has the effect
of merely changing the sign of E, with | E| unchanged. The
distortions are equivalent to an interchange of the x and y
molecular axes. The ramification is that, as kT >> &, the
E value should approach zero and a coalescence of the ¥ and
X transitions should occur. Thus, the in-plane anisotropy, as
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measured by the E ZFS parameter in Eq. 4, reduces to

E = E, tanh o 4
= E, tan %,T ) 4)

where E is the value of E when kgT > §;.

MATERIALS AND METHODS

Horse-heart cyt ¢ (Type III) was purchased from Sigma Chemical Co. (St.
Louis, MO). The free-base and metallo derivatives of cyt ¢ were prepared
by methods previously described (Vanderkooi et al., 1976; Vanderkooi and
Erecinska, 1975). Protoporphyrin IX dimethyl ester (PP) and mesoporphyrin
IX dimethyl ester (MP) were purchased from Porphyrin Products (Logan,
UT) or Mid-Century (Posen, IL) and used without further purification. All
solvents were spectral grade and degassed before use.

Instrumentation

EPR was performed on a Bruker ESP300E spectrometer. Intracavity illu-
mination was performed directly through the front louvers with fiber optics
using a 150-W Kuda quartz-halogen illuminator. Temperatures that ranged
from 3.8 K upward were obtained by an Oxford ESR 900 continuous-flow
cryostat controlled with an Oxford ITC4 temperature controller. Frequency
was measured with a Hewlett-Packard 5350B microwave frequency
counter. All experiments were conducted at microwave powers that ensured
that there was no saturation of resonances. The spectra are presented as the
resultants of light minus dark spectra; this procedure removed the contri-
bution of a paramagnetic contamination present in the cavity. In most cases
the irradiation procedure caused no permanent changes in the sample as
monitored by absorption and emission spectra before and after intracavity
irradiation. For Zn cyt ¢, in particular, prolonged irradiation at the highest
temperatures led to the appearance of increased free-radical intensity, which
allowed for internal field calibration.

Phosphorescence lifetimes were measured with the instrument described
by Vanderkooi et al. (1987). Lifetimes were measured at 77 K in the same
glassy matrices used for EPR with excitation at the Soret maximum and
emission measured at the maximum of the (0~0) of the phosphorescence
spectrum. Lifetimes were determined from decay profiles by analysis with
the asysTanT program (Macmillan Software Co., New York, NY).

RESULTS
EPR spectra of Zn, Sn, and H cyt ¢

The EPR spectra of the photoactivated triplet state of Zn, Sn,
and H cyt c at 4 K are given in Fig. 2. The | AM | = 2 region
for all three derivatives (Fig 2, left) shows absorptive, nearly
isotropic signals of line width 15 G (AH,)) and g values of
4.038, 4.038, and 4.048 for Zn, Sn, and H cyt c, respectively.

The spectrum at 4 K in the |AM | = 1 region for Zn cyt
c (Fig. 2 A, right) exhibits a typical six-line pattern char-
acteristic of a randomly oriented nondegenerate triplet state
with rhombic symmetry and possessing well-defined ZFS
parameters, |D| and | E|,0f342 X 10™*and 73 X 10*cm™,
respectively. The spectral line shapes are narrow, showing
that the geometry of the site is quite constrained and that there
is effectively only one species. The polarization pattern from
low field to high field is aaa—eee.

The Sn cyt ¢ spectrum at the same temperature (Fig. 2 B,
right) also shows spin polarization for the Z transitions, in-
dicating that ISC occurs with some degree of spin selectivity;
however, because of the less well-resolved and partially
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FIGURE 2 X-band EPR of the photoactivated triplet state of Zn, Sn, and
free-base cyt ¢ at 4 K. Experimental conditions for | AM = 11 region: (A)
500-mM Zn cyt ¢ in 50% glycerol aqueous glass, 50-uM KCI pH 7, mi-
crowave power 2 uW, modulation amplitude 20 G (100 kHz); (B) 1-mM
Sncyt ¢ in 50% glycerol aqueous glass, 50-mM KCl pH 7, microwave power
2 nwW, modulation amplitude 20 G (100 kHz); (C) 1-mM free-base cyt ¢
in 50% glycerol aqueous glass, 50-mM KCl pH 7, microwave power 2 uW,
modulation amplitude 20 G (100 kHz); | AM = 21 region: (A) microwave
power 50 uW, (B) microwave power 50 uW, (C) microwave power 100
uW. For A—C the modulation amplitude is 10 G (100 kHz). a indicates an
absorptive transition and ¢ an emissive transition.

thermalized high-field XY region of the Sn cyt ¢ triplet
spectrum at 4 K, the exact nature of ISC cannot be de-
termined. A 1D value of 353 X 10™* cm™ is obtained at
this temperature. In contrast to those for the triplet in Zn
cyt ¢, the canonical X and Y transitions of the spectrum
are broadened even at 4 K, indicating environmental dis-
order at the porphyrin site or motional broadening of the
vibronic triplet states. The | E| value can be estimated to
be ~60 X 10™* cm™.

The spectrum at 4 K for H cyt ¢ (Fig. 3 C, right) dem-
onstrates a four-line “powder” pattern with a ZFS parameter
| E'l of approximately zero. Such a case arises when there is
in-plane symmetry. The polarization pattern of the free-base
derivative from low field to high field is aa—ee. A | D | value
of 465 X 107 em™ is obtained for H cyt c.

For Zn cyt c the triplet EPR spectral features were inde-
pendent of concentration in the range 30 uM to 1 mM. For
reasons of sensitivity, only concentrations >100 uM could be
used for the Sn and free-base derivatives, but their spectra too
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showed an independence of concentration. It can be con-
cluded that the porphyrin, by virtue of being buried in the
heme crevice of cyt ¢, creates a system whereby the chro-
mophore can be considered to be in an infinitely dilute matrix
without the complication of chromophore—chromophore en-
ergy transfer.

Temperature dependence

Fig. 3 shows the 1AM | = 1 region of the triplet state of Zn
cyt ¢, under steady-state illumination, as a function of

dX"/dB (a.u.)

55

3200 3400 3600 3800

B(G)

FIGURE 3 X-band EPR of the photoactivated triplet state of Zn cyt c. (4)
4 K, (B) 20 K, (C) 40 K, (D) 60 K, (E) 105K, (F) 130K, (G) 150 K.
Experimental conditions: concentration ~1 mM in 50% glycerol aqueous
glass, 50-mM KCl glass. Modulation amplitude 20 G, modulation frequency
100 kHz, and microwave power as follows: (A) 2 uW, (B) 10 uW, (C) 100
uW, (D) 10 mW, (E) 50 mW, (F) 100 mW, (G) 200 mW.

3000
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temperature. The ZFS parameter | D1 is independent of tem-
perature from 4 to 150 K. The Z transition linewidth for the
low-field and high-field transitions is 30 G and is also in-
dependent of temperature. A temperature dependence is seen
in that the spin polarization, evident at 4 K, gives way to
thermal equilibrium by 60 K, as indicated by the high-field
emissions becoming absorptive in nature when the | -1) and
| +1) spin sublevels become appreciably populated with in-
creasing temperature (see Fig. 1). Consistent with this in-
terpretation, the | AM | = 2 transition signal demonstrates an
increasing intensity relative to the 1AM | = 1 region with
increasing temperature (data not shown). The line width for
the Y and X transitions at 4 K are 26 and 34 G, respectively.
Unlike the Z components of the field positions, which were
invariant with temperature, the X and Y canonical transitions
exhibit a temperature dependence, and the changes in line
shape give evidence of motional broadening from 4 to 150
K. In this temperature range, the X and Y canonical transitions
show a tendency to coalesce, and there is the emergence of
transitions (shown by arrows in Fig. 3 D), indicating that
there are triplet states possessing an effective axial symme-
try, ie., |El = 0.

Fig. 4 (inset) shows the field positions of the canonical
transitions X, Y, and Z determined from the data presented in
Fig. 3. From these data, the ZFS parameters were determined.
Fig. 4 shows a plot of the nonzero | E| as a function of T,
with the solid curve representing the functional dependence
of | E| with temperature given by Eq. 5 with a JT splitting,
8y, of 180 cm™.
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FIGURE 4 E zero-field splitting parameter as a function of reciprocal
absolute temperature (K™') for Zn cyt c. @, Experimental conditions given
in Fig. 2. Solid curve, a fit to 73 tanh (180/2kpT). Inset: stationary field
position as a function of temperature.
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The |AM|1 = 1 region of the photoactivated triplet state
of Sn cyt c as a function of temperature is presented in Fig.
5. The { D1 ZFS parameter, as in Zn cyt ¢, is independent
of temperature over the range 4-60 K. At 4 K the high-field
Y transition is absorptive, signifying that at 4 K there is not
the degree of non-Boltzmann entry into the triplet manifold
that exists for the Zn derivative. By 60 K there is almost
complete coalescence of the X and Y transitions, yielding an
axially symmetric line shape (E = 0). An estimated value of
| E| of approximately 60 X 10™*cm™! was obtained from the
10- and 20-K spectra, where the X and Y transitions are
visible (shown by the asterisks in Fig. 5). Because axial
symmetry is achieved by 60 K, the JT splitting can be
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FIGURE 5 X-band EPR spectra of the photoactivated triplet state of Sn
cyt c. (A) 4 K, (B) 10 X, (C) 20 K, (D) 40 K, (E) 60 K. Experimental
conditions: concentration ~1 mM in 50% glycerol aqueous glass, 50-mM
KCl, pH 7, modulation amplitude 20 G, modulation frequency 100 kHz,
microwave power (A) 2 uW, (B) 10 pW, (C) 500 uW, (D) 5 mW, (E)
20 mW.
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estimated to be =40 cm™. The line width for the Z transitions
of Sn cyt ¢ is 30 G.

The EPR spectra of the triplet state of H cyt c at various
temperatures are shown in Fig. 6. The 1 D! value was found
to be 465 X 10~ cm™. This value compares favorably with
those of free-base porphyrins in model systems; for example
the | D| value for free-base mesoporphyrin in solvent at 77
K is 480 X 10~ cm™ (van der Waals et al., 1979). The | E|
ZFS parameter over the entire temperature range is, within
experimental error, zero. The sample exhibits spin polariza-
tion, which is essentially relieved by 20 K; but, interestingly,
the XY high-field emissive transition attains thermal equi-
librium before the Z high-field transition (compare Fig. 6 C
and D). This would indicate an anisotropy in the spin lattice

dX"/dB (a.u.)
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FIGURE 6 X-band EPR spectra of the photoactivated triplet state of por-
phyrin (free-base) cytochrome c. (4) 4 K, (B) 10 K, (C) 20K, (D) 40 K.
Experimental conditions: concentration ~1 mM in 50% glycerol aqueous
glass, 50-mM KCI pH 7, modulation amplitude 20 G, modulation frequency
100 kHz, microwave power (A) 2 uW, (B) 5 uW, (C) 50 uW, (D) 1 mW.
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relaxation. The line widths for the Z and XY transitions are
37 and 69 G, respectively. No changes in the line widths were
seen over this temperature range.

Comparison with metalloporphyrin model
compounds

To examine what parameters of the spectra are affected by
the protein, the photoactivated excited triplet of porphyrin
model compounds under various conditions were compared
with the porphyrin proteins. The |AM| = 1 region of the
photoactivated triplet state of ZnMP (mesoporphyrin IX di-
methy] ester) is shown for the sample in two solvents (Fig.
7 A and B) and at two temperatures (Fig. 7 B and C). The
ID| values are the same regardless of solvent, but the spin
polarization is different; in 100% toluene the spectrum

]

dX"/dB (a.u.)

i

2400 2700 3000 3300 3600 3900 4200
B (G)

FIGURE 7 X-band EPR spectra of the photoactivated triplet state of
ZoMP: (A) in 100% toluene glass at 4 K, microwave power 2 uW, (B) in
10% pyridine-toluene glass at 4 K, microwave power 2 uW, (C) in 10%
pyridine-toluene glass at 77 K, microwave power 1 mW. ZnMP concen-
trations were approximately 500 uM.
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showed decreased spin polarization at 4 K (Fig. 7 A), in
contrast to the sample containing pyridine (Fig. 7 B). Coa-
lescence of the X and Y canonical directions is evident in
going from 4 to 77 K (Fig. 7 B and C). This coalescence
occurs at a much lower temperature than for Zn cyt c, as can
be seen by the contrast between its spectra at 60 and 105 K
(Fig. 3) with that of MP (Fig. 7 C).

The excited triplet spectrum of Zn PP (protoporphyrin IX
dimethyl ester) is shown at two temperatures in Fig. 8. The
spectrum at 4 K shows spin polarization with a polarization
pattern of aaa—eee, which is relieved by 77 K. At 77 K, in
contrast to the spectrum for Zn MP (Fig. 7 C), the spectrum
for ZnPP shows motional broadening in the X and Y ca-
nonical transitions, but coalescence is incomplete (Fig. 8 B),
indicating that 8, > 50 cm™.

Finally, the EPR spectra of the triplet state of Sn MP and
Sn PP in two solvents at 4 K are shown in Fig. 9. At this
temperature the spin polarization is less significant than for

dX"/dB (a.u.)
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FIGURE 8 X-band EPR spectra of the photoactivated triplet state of
ZnPP: (A) in 10% pyridine-toluene glass at 4 K, microwave power 2 uW,
(B) in 10% pyridine-toluene glass at 77 K, microwave power 1 mW. Modu-
lation amplitude in all spectra was 20 G (100 kHz). ZnPP concentrations
were approximately 1 mM.
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FIGURE 9 X-band EPR spectra of the photoactivated tripiet state of Sn
porphyrin model compounds: (A) SnMP in 50% pyridine-toluene glass at
4 K, microwave power 50 uW, (B) SnMP in dimethylformamide at 4 K,
microwave power 20 mW, (C) SnPP in 50% pyridine-toluene glass at 4 K,
microwave power 20 uW, (D) SnPP in dimethylformamide at 4 K, mi-
crowave power 20 pW. Modulation amplitude in all spectra was 20 G (100
kHz). All concentrations were approximately 4 mM.

the corresponding Zn derivatives. From the X, Y regions there
is demonstrated dynamic behavior, indicating that for these
Sn models the JT splitting is small and of the order of kT
at 4 K. This is in stark contrast to the behavior of Zn de-
rivatives in general, where the JT splittings (especially for
ZnPP) are larger. The | D1 values for StMP and SnPP are
also larger than that found for Sn cyt ¢ (Table 1).

To summarize, the values of the ZFS parameters that were
found in our study are tabulated in Table 1. The ZFS pa-
rameters for Zn cyt ¢ found in this study are identical to those
obtained from ODMR (Zang and Maki, 1990). ODMR is
contingent upon non-Boltzmann distribution in the triplet
manifold and thus is limited to small excursions in tempera-
ture above 4 K. With EPR we were able to show that the 1 D |
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TABLE 1 Zero-field splittings and phosphorescence lifetimes
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T (K) IDI¢ IEl® Solvent lifetime (ms)” Reference®
Transition
a, e 360 +166 1
ay = e, 203 -100-+66 1
by — €, 417 +100 1
Compound
Zncytc 42 342 73 glycerol/H,O 20 2
Zncytc 150 342 43, 04 glycerol/H,0 2
Zn cyt c* 1.2 343 73 glycerol/H,O 3
Zn PPHb 42 365 57 glycerol/H,0 4
Zn MPHb 42 383 37 glycerol/H,0 4
Zn PPMb 42 348 69 glycerol/H,0O 4
Zn MPMb 4.2 372 64 glycerol/H,O 4
Zn PPHb 77 358, 3644 ~47, 504 glycerol/H,0 4
Zn MPHb 77 360, 3784 0 glycerol/H,0 4
Zn PPMb 77 349 70 glycerol/H,0 4
Zn MP 4 361 b 50% pyr/tol 50 2
Zn MP 77 361 0 50% pyr/tol 2
Zn PP 4 351 70 50% pyr/tol 50 2
Zn PP 77 349 65, 04 50% pyr/tol 2
Sn cyt ¢ 4.2 355 b glycerol/H,0 17 2
Sncyt ¢ 10 352 56, 0¢ glycerol/H,0 2
Sn cyt ¢ 77 354 ~0 glycerol/H,O 2
Sn MP 4 333 b DMF 24 2
Sn MP 4 320 b 50% pyr/tol 24 2
Sn PP 4 336 b DMF 18 2
Sn PP 4 332 b 50% pyr/tol 19 2
Heceytc 4.2-30 465 0 glycerol/H,0 7 2
H,P* 1342 435, 4407 63, 694 n-octane 5
H,P 77 437 64 ethanol 5
H,TPP 100 369 82 ethanol/ether 6
H,MP 77 480 <5 ethanol 5

2 x10** + 0.001 cm™.
b Lifetimes at 77 K, +0.002 s.

° References: 1, Langhoff et al., 1975; 2, this work; 3, Zang, L., and A. H. Maki, 1990; 4, Hoffman, 1975; 5, cited by van der Waals et al., 1979; 6, Levanon

and Wolberg, 1974.
4 Multiple sites or apparent E values.
¢ ZFS obtained by ODMR.

Abbreviations used: Hb, hemoglobin; Mb, myoglobin; pyr, pyridine; tol, toluene; DMF, dimethyl formide; b, broad.

value for Zn cyt c is independent of temperature in the range
4-150 K. Literature data on porphyrin derivatives of other
heme proteins and pertinent model compounds are also given
in Table 1.

Phosphorescence lifetimes were measured for the cyt ¢
derivatives, and relevant model compounds and the values
are likewise given in Table 1.

DISCUSSION
Porphyrin triplet state in cytochrome ¢

The excited triplet paramagnetic state has been demonstrated
in numerous systems to be a informative tool for the study
of the structure and the dynamics of matrix interactions
(Vanderkooi and Berger, 1989). The literature is replete with
studies of porphyrin triplet states using magnetic resonance
techniques (Levanon and Norris, 1978; Budil and Thurnauer,
1991); however, to date, the only EPR study performed on
the excited triplet states of cyt c derivatives has been that of
Zang and Maki (1990), who used ODMR. In a related study,

Hoffman (1975) studied the photoactivated triplet state by
EPR of the zinc porphyrin derivatives of myoglobin and
hemoglobin.

For all three porphyrin derivatives of cyt c, the temperature
independence of the | D | ZFS parameter and the width of the
Z transition lines demonstrate that there are no large protein
conformational changes on the time scale of the EPR meas-
urement in the vicinity of the chromophore over the tem-
perature ranges studied, which in the case of Zn cyt ¢ ranged
from 4 to 150 K. The XY regions of the line shape, as a
consequence of the vibronic nature of the 3E triplet state,
serves as a more sensitive indicator of local chromophore—
matrix interactions (see below). With respect to line width,
for both Zn and H cyt ¢ the transitions at 4 K are relatively
narrow and indicate primarily a single species of triplet. For
Sn cyt ¢ at 4 K, the line width of the Z transitions and the
apparent line widths of the X and Y transitions are larger than
for the Zn derivative, indicating a greater degree of inho-
mogeneous broadening; however, the XY regions might be
obscured by the dynamic JT mechanism already in progress
at 4 K. Local chromophore dynamics, as indicated by the
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line-shape changes occurring in the XY regions over the same
temperature excursion, do occur and will be discussed below.
The results do not discount, however, motions or interactions
of the chromophore protein or of the excitation per se that
might occur on time scales much slower than that interro-
gated by EPR and as a consequence would contribute to the
inhomogeneous broadening.

The narrowness of the transitions gives some indication
about the order of the protein environment. It has been es-
tablished by two-dimensional nuclear magnetic resonance
that the ligation and structure of Zn cyt ¢ are nearly identical
to those of the native Fe(Il) cyt c, and therefore one can
suspect that there is not a great deal of disorder around the
porphyrin (Anni et al., 1995). For the Sn cyt ¢ derivative the
two extra positive charges of the Sn(IV) may destabilize the
protein, leading to a greater degree of inhomogeneity. In
addition the ligation of Sn cyt c is uncertain; because chloride
ligates so strongly to Sn, there may even be one or two chlo-
ride ions ligated to the metal within the protein.

Influence of the protein on the ZFS

Langhoff et al. (1975) have correlated the D value with the
nature of the electronic transition responsible for the lowest
triplet state. The correlation between these two is given in
Table 1. In light of the Langhoff calculations, the D values
obtained for Zn cyt ¢ and Sn cyt ¢ are consistent with a triplet
transition of a;, — e,. A further point about the D value is
that a comparison of the values of the ZFS parameters for Zn
and Sn cyt ¢ at 4 K indicates that the central metal has little
or no effect on the triplet-state ZFS parameters. Although Sn
does exhibit an effect on the luminescent properties of the
porphyrin, as can be seen from this study and from other
work (Leenstra, 1979), there is no significant effect on the
ZFS parameters with Sn relative to lighter central metals, and
thus the interaction that is due to spin orbit coupling con-
tributes little, if any, to the ZFS of the lowest excited triplet
in Zn and Sn porphyrin derivatives of cyt ¢ (Table 1). Spin
orbit coupling, however, is primarily responsible for inter-
system crossing and therefore controls entry and exit of the
triplet manifold.

In model systems, the value for | D| depends upon the
substituent groups. The | D | value is 360 X 10~ cm™ for Zn
porphine (ZnP) in n-octane, whereas 5,10,15,20-tetraphenyl-
porphyrin(zinc) (Zn TPP) gives a value of 306 X 10~ cm™!
(Table 1). Inasmuch as ! D! is inversely proportional to the
average cubed distance between the two spins, (~)!
(Kleibeucker et al. 1978), the lower value for Zn TPP has
been attributed to partial spin density on the lateral phenyl
groups. (But we also note that time-resolved resonance Ra-
man studies of Zn TPP have put to question the extent, if any,
that delocalization extends onto the phenyl groups of
metallo-TPP compounds (Walters et al., 1989; dePaula et al.,
1992)). In the case of cytochrome ¢, the heme pocket is lined
with aromatic residues. For instance, Trp-59, Phe-36, and
Phe-82 are all within 5 A of the heme (Bushnell et al., 1990).
Therefore, it might be possible for the spin to be delocalized
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onto these residues. However, the experimentally determined

ID| value for Zn cyt ¢, which is larger than for the model
compounds that have aromatic substituents, would indicate
that the triplet excitation is confined primarily to the por-
phyrin ring and does not have an appreciable spin density on
surrounding amino acid residues during the time scale of
EPR.

There are smaller variations in the | D | value between the
model compounds and the proteins. The | D| value for Zn
cyt ¢ is somewhat larger than for Zn porphine or Zn MP and
is closer to Zn PP, a derivative in which there are two vinyl
groups that are known to couple to the 7 system of the por-
phyrin ring (Table 1). On this basis it can be suggested that
the porphyrin in Zn cyt ¢ maintains partial spin delocalization
comparable with those of the vinyl groups at the 2 and 4
positions of Zn PP.

Temperature dependence of EPR line shape and
the dynamic Jahn-Teller effect

As a consequence of the fourfold symmetry of the metallo-
porphyrins, the lowest triplet state has *E, symmetry. It fol-
lows, then, that the JT theorem should be operative, i.e.,
“orbital degeneracy and stability of nuclear configuration are
incompatible unless all atoms of the molecule lie in a straight
line” (Jahn and Teller, 1937). To achieve the JT splitting,
however, the group must be perturbed by a substituent or
asymmetric environment. For porphyrins, the JT active sym-
metries, b,, and b, can be thought of as in-plane distortions
creating rectangular (along the pyrrole N-N axis) or diamond-
shaped (along methine bridge axis) symmetry, respectively.
Thus, the ZFS parameter, | E|, which would be conjectured
to be zero for a square planar symmetry, will now take on
nonzero values indicative of in-plane symmetry breaking
driven by the JT instability.

All Zn and Sn porphyrin protein systems and model com-
pounds studied possess nonzero |E| values at cryogenic
temperatures (Table 1). Because the occupation of the now
nondegenerate triplet states should be temperature dependent
according to the Boltzmann law, the JT splitting, &,;, may be
assessed through the temperature dependence of the line
shape in the region of the X and Y canonical transitions. This
theory, although studied experimentally for mesitylene in
B-trimethylborazole (deGroot et al., 1969) and zinc porphin
in n-alkane host crystals (van Noort et al., 1982), has re-
mained largely untested in porphyrin systems, especially in
noncrystalline or amorphous systems. The | E| ZFS param-
eter, given by the theory outlined in the introductory section
and the discussion above, proves a sensitive indicator of en-
vironmental symmetry-breaking perturbations.

In this study, the dynamics of the canonical field positions,
X and Y, of Zn cyt ¢ were monitored as a function of tem-
perature in the range 4-150 K (Fig. 3) and, using the derived
nonzero E values, the maximum JT splitting can be estimated
to be 180 cm™ (Fig. 4). A question is: Is this value a reflection
of interaction with the protein? To answer this, we compare
with model porphyrins. In the biosynthesis of cyt ¢, the start-
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ing protoporphyrin IX structure loses the vinyl groups by
condensation with the Cys-14 and Cys-17 residues on the
protein. As there is significant vinyl group coupling with the
porphyrin core (Adar and Erecinska, 1974), MP, which lacks
the vinyl groups, would be expected to be a better model for
the study of cyt c than is PP. The ZnMP derivative demon-
strates a line shape that even at 4 K possesses a component
with an | E| ZFS parameter that is essentially zero (Fig. 7);
this translates to a JT splitting for Zn MP of =3 cm™, which
is considerably lower than for Zn porphyrin in cyt c. It can
therefore be concluded that the protein matrix of cyt ¢ has
stabilized one deformation of the porphyrin relative to the
other. Similar drastic stabilization effects were noticed in
ZnMP myoglobin (Hoffman, 1975). Zn PP in 50% pyridine-
toluene, in contrast, shows no significant dynamic intercon-
version of the vibronic states until temperatures near 77 K
(Fig. 8), indicating that the JT splitting is =50 cm™. In this
case, it is hypothesized that the substituent vinyl groups per-
turb the symmetry, leading to a split in the triplet vibronic
states.

Consequently, even though the vinyl groups of the por-
phyrin in cyt ¢ are lost through condensation with the
protein, there is an effect exerted by the protein cysteine
residues or other factors particular to the heme crevice
that serves to stabilize the lower vibronic state of the *E
triplet state. The origin of the stabilization by the protein
is most likely from the heme pocket environment rather
than from ligation because it has been shown that there
is an insensitivity of | DI and | E'| values with different
nitrogenous ligands (Hoffman, 1975). This was also ob-
served for the EPR of the triplet state of Zn MP in a
noncoordinating solvent (neat toluene) and in a system
providing axial ligation (50% pyridine-toluene) (Fig. 7).
The effects of ligand and matrix thus appear to more
subtle than a simple gross changes in the ZFS parameters
previously emphasized by this laboratory and others and
may be reflected in JT splittings or relaxation rates.

The observation of the emergence of an |E| = 0 com-
ponent along with broadening before the observation of the
coalescence of the low-temperature X and Y canonical tran-
sitions deserves some comment. In a glassy matrix there will
not be a sharp &, splitting between the vibronic components
of the triplet state but rather a distribution of splittings de-
termined by the structure of the specific complex. The D and
E values, however, are expected to be nearly the same for all
molecules. This is borne out in the temperature profile of the
Zn cyt c triplet. At low temperature, when kT < 8;; (Fig. 3
A), all the molecules are in the lower vibronic state, with ZFS
parameters as given in Table 1. Upon increasing the tem-
perature to 60 K (~40 cm™") we see that the EPR spectrum
shows that there is already a small fraction of the molecules
that are undergoing dynamic processes. Given what is known
regarding the population distribution of ground-state mol-
ecules of Zn cyt ¢, from fluorescence line narrowing studies
(Logovinsky et al., 1993), it is anticipated that the distribu-
tion of &, splittings will have a width (20 of a Gaussian
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distribution) of at least 65 cm™’, assuming perfect correlation
between the first excited singlet state and the lowest excited
triplet state.

The analysis of the temperature dependence of the EPR
line shape of Sn cyt ¢ and its corresponding model complexes
is not so straightforward. The reason for this is that the XY
region, where dynamic events would be reflected, is much
broader than in Zn porphyrin species. Also it appears that the
JT splittings, 8y, for Sn porphyrins are smaller than in Zn
porphyrins. Both of these phenomena serve to complicate
those regions of the spectra that yield the most information
regarding spin dynamics. It is clear that the | D| value for
Sn cyt c is larger than in both Sn model compounds studied
at 4 K. This suggests that in Sn cyt ¢, unlike in Zn cyt c, the
spatial extent of the triplet excitation is more confined in the
protein matrix than in the solvent systems studied.

From Fig. 9 it is evident that the Sn MP EPR spectrum
at 4 K shows that the XY region is quite thermalized, and,
judging by the large signal at field values corresponding
to | E| = 0, both vibronic states of the triplet are appreciably
populated. The latter observation allows an estimate of 8, to
be of the order of k;T at 4 K (=3 cm™). Sn PP in two solvent
systems (Fig. 9) also shows an appreciable signal at field
values indicative of an axially symmetric species, | El = 0,
however, the PP complex with Sn exhibits a greater degree
of spin polarization at 4 K. Sn cyt ¢ has the same general line
shape at 4 K as Sn PP insofar as spin polarization is con-
cerned. The phosphorescence lifetimes at 77 K of Sn cyt ¢
and the two models are experimentally the same, and there-
fore the increased degree of polarization in the Sn cyt c rela-
tive to the Sn model complexes can be attributed to spin—
phonon interactions.

Electron spin polarization and spin lattice
relaxation

Spin state dynamics can be obtained from the EPR excited
triplet spectrum under steady-state illumination conditions.
ISC in porphyrins proceeds through coupling of the elec-
tronic spin with the residual orbital angular momentum. As
the orbital angular momentum is in reference to the molecu-
lar axis system, ISC is highly selective with respect to the
zero-field spin states. Consequently, each spin state will have
separate population, depopulation, and spin lattice relaxation
rates (McGlynn et al., 1969).

Under steady-state illumination, the signal intensity for
|0) <> [*1) transitions in the absence of any spin lattice
relaxation (for a field direction parallel to one of the zero-
field principal axes) is a function of the entry and decay rates
into the triplet manifold and is described by

I,(x1) = H{p,(0)/k; (0)} — {po(xV/ky (1)}, (5)

where i is a unit vector of the molecular axis frame directed
along the field direction and p, and k, are the entry and exit
rates for the spin level when the field is directed along the
i direction (Ponte Goncalves and Spendel, 1977). If the |10)
sublevel is more populated than the | *1) sublevels, then
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I,(+1) > 0 and I (-1) < 0, where an I(£1) > 0 represents an
absorption and I(*1) < 0 an emission of microwave power.
Likewise, if the | 1) sublevels are more populated than the
| 0) sublevel, the reverse condition will be operative. Without
spin lattice relaxation, |/,(+1) = [I(-1)!. From the spin
polarization pattern at low temperature where spin lattice
relaxation can be considered negligible, the most active sub-
level may be ascertained (Thurnaurer et al., 1975). In general,
if the triplet lifetime for a particular sublevel is shorter than
the spin lattice relaxation time connecting that sublevel with
another sublevel, there will be a non-Boltzmann distribution
among the triplet manifold of levels, and one or more of the
transitions may exhibit an emissive signal. This non-
Boltzmann distribution of the triplet state is called electron
spin polarization (Hausser and Wolf, 1976). It is still possible
to get electron spin polarization, i.e., I,(+) =~ I,(-) with an
appreciable rate of spin lattice relaxation, provided that

| pg(0)k, (£1)

A
= Pu(FDk,(0)1 > (ﬂ)"(KT)(P.—,(O) +2pi(%1)), (6)

where 7, is the spin lattice relaxation time, A the energy
splitting between 10) and | +1), respectively, T is the ab-
solute temperature, and k; the Boltzmann constant.

Zn cyt ¢ exhibits behavior typical of other Zn porphyrins
in the mechanism governing ISC. The polarization pattern
exhibited in Fig. 2 A, aaa—eee, is consistent with the spin
selectivity of ISC predominantly into the | 7,) zero-field spin
state. The triplet state EPR spectrum of Sn cyt ¢ at 4 K (Fig.
2 B) has a polarization pattern that indicates non-Boltzmann
entry when the magnetic field is parallel to the Z and X-axes
(Z and X canonical transitions) but is partially thermalized in
the Y transitions. We can conclude that in Sn cyt ¢ the ! T,)
is active; however, from the lack of resolution and partial
thermalization of the high-field XY region we cannot say for
sure what involvement the 1 7,) and | 7,) spin sublevels will
have. We can also conclude that H cyt ¢, with a polarization
pattern of aa—ee at 4 K, also has both in-plane and out-of-
plane active sublevels.

The transition from a non-Boltzmann distribution of spins
within the triplet sublevels to thermal equilibrium is a func-
tion of the entry, exit, and spin relaxation rates. The transition
to thermal equilibrium, in general, occurs at lower tempera-
ture for the Sn cyt ¢ than for Zn cyt c¢. For Sn cyt c the
high-field Y transition at 4 K already approaches thermal-
ization, the high-field X emissive signal becomes absorptive
by 10 K, and the high-field Z transition becomes absorptive
by 20 K (Fig. 5). For Zn cyt ¢, however, spin polarization
effects are maintained for the high-field Z transition up to
temperatures exceeding 40 K, with the X and Y transitions
undergoing thermalization by temperatures of approximately
20 and 40 K, respectively. Thus, for Zn cyt ¢, thermal equi-
librium of the spin system with the protein is not established
until approximately 60 K. Similar effects are seen in H cyt
¢, where the high-field emissive XY resonance thermalizes
before the high-field emissive Z transition. Moreover, in both
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metalloderivatives an apparent anisotropy in spin lattice re-
laxation is evident from the observation that the three ca-
nonical transitions undergo thermalization transitions at dif-
ferent temperatures.

Equation 7 establishes the conditions under which spin
polarization effects might be manifested, even with substan-
tial spin relaxation with steady-state illtumination. The phos-
phorescence lifetimes at 77 K for Sn cyt ¢ and Zn cyt ¢, of
17 and 20 ms, respectively, are not sufficiently different to
explain the line shape changes with temperature, assuming
no temperature dependence in phosphorescence lifetime
(Turro, 1991). Moreover, it has been determined that for Zn
cyt ¢ the decay constant is temperature independent in the
range 15-200 K (Zang and Maki, 1990). Because the radia-
tive lifetimes for both Zn cyt ¢ and Sn cyt ¢ are not signifi-
cantly different and because the efficiency of triplet forma-
tion and phosphorescence quantum yield for both is also
essentially the same at 77 K (Dixit et al., 1984), the observed
differences seen in the triplet EPR spectrum of the Sn and Zn
derivatives of cytochrome ¢ are due to differences in the
temperature dependence of the spin lattice relaxation times
for each derivative, and hence for each derivative there exist
different degrees of spin lattice, i.e., phonon, coupling.

Spin—phonon interactions, in general, have recently been
an area of study to ascertain information on the phonon den-
sity of states of proteins (Allen et al., 1982; Wagner et al.,
1985). The temperature dependence of the spin lattice re-
laxation can be related to the phonon density of states, and
hence structural and dynamic properties may be obtained.
Insofar as heme, blue copper, and iron-sulfur proteins
are concerned, an anomalous temperature dependence
(T* 5.22 < n < 6.22) of the spin lattice relaxation has
been observed for paramagnetic centers with an odd num-
ber of electrons (Kramers states) (Herrick and Stapleton,
1976; Drews et al., 1990; Bertrand and Gayda, 1982). The
nonintegral nature of the power-law exponents describing
the temperature dependence of the spin lattice relaxation time
has been interpreted in terms of “lattice™ structures of a non-
Euclidean (fractional) dimension, or more currently to a
modification of the Debye density of states (Elber and Kar-
plus, 1986; Krumhansl, 1986; Stevens and Stapleton, 1990).
The temperature dependence of the high-resolution optical
transitions has similarly been interpreted in terms of coupling
between porphyrins and proteins. In case of porphyrin-
substituted horseradish peroxidase, hole burning and spectral
diffusion during temperature cycling showed steplike behav-
ior, which suggested that there were a small number of dis-
crete two-level systems with which the chromophore inter-
acts (Zollfrank et al., 1991). The spectral diffusion of Zn cyt
¢ was studied by photon echo experiments in which the op-
tical dephasing time was directly obtained and nonexponen-
tial behavior was interpreted in terms of small fluctuations
between substates (Leeson et al., 1994). The temperature
dependence of resolution in fluorescence line-narrowed
spectra of Zn cyt ¢ has also been measured, and resolution
is abolished at ~40°C (Logovinsky et al., 1993). It is clear
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from this body of work involving EPR and optical measure-
ments that the relaxation of excited species in proteins must
be coupled to particular modes within the protein and that the
number and energies of these modes must be finite.

In this study, a triplet state (S = 1, non-Kramers state) was
investigated in a protein environment, and although it is ap-
parent from the temperature dependence of the abolishment
of spin polarization that there are marked differences be-
tween the relaxation rates among the triplet sublevels in an
applied magnetic field, quantification of rates and tempera-
ture dependencies awaits direct measurement of the spin lat-
tice relaxation times. Preliminary progressive power satu-
ration studies of Zn cyt ¢ have revealed a weak dependence
of P,, on temperature and that between 4 and 40 K (An-
giolillo, unpublished observation). P,, is related to (H,,)?,
which is related to [(g.8.)*T,T,]™", where T, and T, are the
spin lattice and spin—spin relaxation times, respectively, and
g. and B, are as previously described. The literature is in-
conclusive regarding the behavior of S = 1 spin lattice re-
laxation, and it appears the relaxation behavior is quite dif-
ferent in crystalline and disordered matrices (Gradl and
Friedrich, 1987; Sims et al., 1972; Schwoerer et al., 1972).
These data suggest that the triplet-state spin lattice relaxation
rates do not follow current theories used to describe the tem-
perature dependence of spin—phonon interactions in transi-
tion metals (Abragam and Bleaney, 1970).

Free-base cyt ¢ (H cyt ¢)

In free-base porphyrins the fourfold axis of symmetry re-
sponsible for the degeneracy of the triplet state in metallo-
porphyrins and the dynamic JT effect is relieved. Conse-
quently, the lowest excited triplet state is nondegenerate.
Inasmuch as the JT effect is inoperable, the line shape would
be predicted to be temperature independent (excluding spin
polarization effects) and have a nonzero | E| ZFS parameter.
The triplet EPR spectrum of the |AM{ = 1 region as a
function of temperature for H cyt ¢ is shown in Fig. 6. Sur-
prisingly, the spectrum demonstrates cylindrical symmetry,
with 1D and | E| values of 465 X 10~* cm™! and =0, re-
spectively. Moreover, the ZFS parameters remain constant
over the temperature range studied.

Although cylindrical symmetry of the zero-field tensor has
been noticed in free-base porphyrin model compounds such
as octaethylporphyrin in dichloromethane/ethanol (T = 120
K) (Levanon et al., 1993) and hematoporphyrin IX in 5%
pyridine/ethanol (Lhoste et al., 1967), for the most part free-
base porphyrins show definite rhombic symmetry (E # 0) in
the ZFS parameters. Tetraphenylporphyrin in ether/ethanol
(T = 100 K), for instance, has ZFS parameters of | D| = 369
X 10*cm™ and |Ef = 82 X 10™ cm™, respectively, in-
dicating a rather large departure from axial symmetry
(Levanon and Wolberg, 1974).

The explanations for the persistence of cylindrical sym-
metry of the zero-field tensor in some of the free-base por-
phyrins have ranged from proton movement (tautomeriza-
tion) resulting in an averaging out of the in-plane anisotropy
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to the possibility that the perturbation induced by replace-
ment of the central metal by two pyrrole hydrogens is in-
sufficient to relieve the cylindrical symmetry of the ZFS
tensor, much like the ineffectiveness of lateral substituents
(Lhoste et al., 1967). The latter explanation is unlikely be-
cause the two protons have a drastic effect on the Q-band
optical transitions.

With respect to proton migration, most previous studies of
free-base porphyrins have been performed at relatively
higher temperatures where thermal activation might be en-
visaged. Ground-state proton movement in porphyrins has
been demonstrated and extensively studied both theoretically
and experimentally (Sarai, 1982; Bersuker and Polinger,
1984; Braun et al., 1994) and is not. a possibility at tem-
peratures in the range studied. If the protons are moving at
this temperature fast enough to average the in-plane anisot-
ropy on the EPR time scale, then a maximum | E'| value of
1/3 IDI, where |1 D| is of the order of 460 X 107* cm™,
would require that the “hopping” rate be of the order of 10°
s™! or faster (v > g,B,3E/h). Low-temperature (4.2-K) high-
resolution fluorescence of free-base porphin incorporated
into an n-octane Shpol’skii matrix clearly reveals that
excited-state phototautomerization of the pyrrole hydrogens
occurs and that it appears to be a nonthermally activated
process (Volker and van der Waals, 1976). Free-base por-
phyrin in another protein, horseradish peroxidase, is known
to undergo a photoinduced proton transfer reaction at liquid-
helium temperature, as indicated by high-resolution fluores-
cence spectroscopy (Fidy et al., 1989) and absorption (Fidy
et al., 1992) measurements. This reaction has not been stud-
ied in H cyt ¢, but such a reaction would likely be a general
occurrence in porphyrins. Whether the phototautomerization
occurs in the excited singlet or the triplet state, or both, is not
known, but the observation that the XY equivalence of the
porphyrin in the triplet state suggests that a photoreaction in
the triplet state could account for the observed phototau-
tomerization. Phosphorescence-detected magnetic reso-
nance of free-base protoporphyrin IX in a polycrystalline
n-octane matrix at 5 K (Suisalu and Avarma, 1983) and EPR
of free-base porphin in single crystal n-octane (van der Waals
et al., 1979) both reveal nonzero | E| ZFS values and thus
indicate that if phototautomerization is occurring it is on a
time scale slower than that given by the splitting of the X and
Y canonical transitions. This is not an unlikely possibility in
the nonpolar environment of n-octane. Further studies of
these systems including the effects of deuteration and fluo-
rescence anisotropy decay measurements are currently under
way.

CONCLUSIONS

Several conclusions can be drawn from this study: (i) In the
case of all three derivatives of cyt ¢ spin—orbit intersystem
crossing can account for the observed polarization patterns
in the triplet EPR spectra at low temperature. From the spin
polarization pattern per se, it can also be concluded that the
| T,) spin sublevel is active with respect to selective ISC for
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all three derivatives of cyt ¢ and that for Zn cyt ¢ it is the
predominant sublevel of entry. (ii) The temperature inde-
pendence of the | D! ZFS parameter for Zn, Sn, and H cyt
¢ suggests that no delocalization of the triplet excitation oc-
curs on the time scale of EPR and that no large conforma-
tional changes are indicated over the temperature range stud-
ied. (iii) The large low-temperature | E| ZFS parameter for
Zn cyt ¢, the largest thus reported for Zn-substituted heme
proteins, indicates that the protein environment imposes an
asymmetric field at the porphyrin. Also, for Zn cyt ¢, based
on ZFS parameters and spin polarization characteristics, Zn
PP appears to be a better model compound than Zn MP. (iv)
The temperature-dependent line-shape changes observed in
the XY regions of Zn and Sn cyt ¢ can be accounted for by
the vibronic coupling theory of a JT unstable degenerate
triplet state. For Zn cyt ¢ we have determined a maximum
JT splitting of the vibronic triplet states to be approximately
180 cm™', indicating that the protein matrix stabilizes the
lower vibronic state. (v) The triplet state for H cyt ¢ sur-
prisingly yielded a cylindrically symmetrical EPR spectrum
(IE1 == 0) at all temperatures studied (4—40 K). A possible
explanation for this observation is the excited-state migration
of the pyrrole hydrogens. (vi) There are indications from the
temperature dependence of the electron spin polarization and
microwave progressive power saturation data that the triplet
states in these proteins exhibit relaxation phenomena not eas-
ily explained by the standard theories used to describe
transition-metal paramagnetic relaxation.
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