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The Photoexcited Triplet State as a Probe of Chromophore-Protein
Interaction in Myoglobin

Paul J. Angiolillo* and Jane M. Vanderkooi”

*Department of Physics, Mathematics and Computer Science, University of the Sciences in Philadelphia, Philadelphia, Pennsylvania
19104-4495, and *Johnson Research Foundation, Department of Biochemistry and Biophysics, School of Medicine, University of
Pennsylvania, Philadelphia, Pennsylvania 19104 USA

ABSTRACT The photoexcited metastable triplet state of Mg®*-mesoporphyrin IX (MgMPIX) or Mg?*-protoporphyrin 1X
(MgPPIX) located in the heme pocket of horse myoglobin (Mb) was investigated by optical and electron paramagnetic
resonance (EPR) spectroscopy, and its properties were compared with the model complexes, MgMPIX, MgPPIX, and Mg®*
etioporphyrin | (MgETIOQI), in noncoordinating and coordinating organic glasses. Zero-field splitting parameters, line shape,
and Jahn-Teller distortion in the temperature range of 3.8—-110 K are discussed in terms of porphyrin-protein interactions. The
triplet line shapes for MgMPIXMb and MgPPIXMb show no temperature-dependent spectral line shape changes suggestive
of Jahn-Teller dynamics, and it is concluded that the energy splitting is >>150 cm ™", suggesting symmetry breaking from the
anisotropy of internal electric fields of the protein, and consistent with previous predictions (Geissinger et al. 1995. J. Phys.
Chem. 99:16527-16529). Both MgMPIXMb and MgPPIXMb demonstrate electron spin polarization at low temperature, and
from the polarization pattern it can be concluded that intersystem crossing occurs predominantly into in-plane spin sublevels
of the triplet state. The splitting in the Q, ; absorption band and the temperature dependence and splitting of the photoexcited
triplet state of myoglobin in which the iron was replaced by Mg®* are interpreted in terms of effects produced by electric field

asymmetry in the heme pocket.

INTRODUCTION

The unraveling of the mechanisms through which the
polypeptide chain modulates the chemical and physical
properties of the prosthetic group is central to the under-
standing of protein function. The situation is complicated by
the rich physics that proteins possess by virtue of being
mesoscopic particles with length scales on the order of tens
of Angstroms. Proteins are highly organized structures, i.e.,
their building blocks, amino acids, are spatially correlated
and most proteins can be crystallized. However, in the
crystalline state and in frozen glassy solution, they possess
physical properties that point to the presence of two-level
system (TLS)-like disorder modes and consequently behave
in a glass-like manner (Anderson et al., 1972; Phillips,
1972). It is postulated that proteins must exhibit this level of
complexity (possessing organization and a degree of ran-
domness) to be capable of the multivariate functionality
required in biological systems (Frauenfelder et al., 1988).
The glassy properties of proteins are most directly re-
flected by a linear temperature dependence of the specific
heat at temperatures below 3 K (Miyazaki et al., 1993;
Schulte and Murray, 1987; Singh et al., 1984; Yang and
Anderson, 1986) and by their inhomogeneously broadened
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optical line shape at low temperatures (Friedrich, 1995;
Vanderkooi et al., 1997). Nevertheless, it can be demon-
strated that space, as seen from the chromophore imbedded
in protein, is not homogeneous, as would be the case for a
chromophore embedded alone in a glassy solvent. Fluores-
cence line narrowing and hole burning spectroscopies have
yielded results that indicate that the glassy models of pro-
teins are not entirely successful, and that there is a correla-
tion between the structures of the chromophore (and hence
its physical and chemical properties) and the structure of the
surrounding protein matrix (Friedrich, 1995; Kaposi et al.,
1993; Koehler et al., 1996; Vanderkooi et al., 1997).

It is becoming increasingly evident that local structure
surrounding the porphyrin moiety imparted by the polypep-
tide matrix and the electric fields they generate are impor-
tant in controlling metalloporphyrin chemical and physical
properties. In particular for myoglobin and cytochrome c,
the magnitudes of the electric fields within their respective
heme pockets differ significantly, with those of myoglobin
being a factor of 10 larger than those of cytochrome ¢
(Geissinger et al., 1995; Koehler et al., 1996)

The photoexcited triplet state has been demonstrated in
numerous studies to be an informative probe for the study of
structure and dynamics in a variety of matrices (Budil and
Thurnauer, 1991; Gonen and Levanon, 1985, 1986). To
explore the chromophore-polypeptide interaction, we exam-
ined the electron paramagnetic resonance (EPR) spectros-
copy of the photoexcited triplet state of Mg*" protoporphy-
rin IX (MgPPIX) and Mg®" mesoporphyrin IX (MgMPIX)
derivatives of myoglobin (Mb) and of pertinent Mg*" por-
phyrin model complexes in a variety of coordinating and
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noncoordinating glassy solvents. Fig. 1 shows the structures
of the Mg®" porphyrins used in this study.

Myoglobin, a heme-containing globular protein com-
posed of a single polypeptide chain of 23 kDa molecular
mass and one of the first proteins with a determined struc-
ture (Kendrew et al., 1961), has long served as a model for
addressing the unique physics of proteins, and the issue of
prosthetic group/polypeptide chain interactions is of para-
mount importance for both the electron transfer and the
small molecule transport functions of heme proteins. The
S = 1 triplet state is an exquisite probe, because it reports
directly on local symmetry via the spin-spin interaction.
Moreover, at temperatures where the excited state lifetime is
short compared to the spin lattice relaxation time between
the triplet spin sublevels, electron spin polarization effects
provide information on S, — T, intersystem crossing dy-
namics and spin level selectivity. Spectral line shapes as a
function of temperature are interpreted with the model of
Jahn-Teller crystal field effects on the degenerate triplet
manifold. Qualitative arguments and limiting “crystal field”
energy splittings reveal that the Mg”* porphyrin embedded
in myoglobin experiences a local symmetry reduction
greater than that experienced by the porphyrin in a solvent
that provides axial ligation and far greater than that in a
noncoordinating glassy solvent, and that the extent of the
triplet state splitting appears to correlate with internal elec-
tric field strength and anisotropy.
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MgPP IX MgMP IX MgETIO I
2 - CH3 - CH3 - CHa
3 -CH=CH2 -CH,CHj -CH.CHj3
7 -CH; —-CH; —CH;
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18 -—-CHj —-CHj3 —CH,CH3
FIGURE 1 Metalloporphyrin structures.
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METALLOPORPHYRIN SPECTROSCOPY
Optical spectroscopy

The spectral properties of heme proteins and model com-
pounds—arising from porphyrin transitions—have been
thoroughly reviewed (Adar, 1978; Owens and O’Connor,
1988). The four-orbital model proposed for the interpreta-
tion of metalloporphyrin spectra (Gouterman, 1978) de-
scribes transitions allowed under D, symmetry, between
the two highest occupied molecular orbitals, a,,(7) and
a,,(7), and the two degenerate lowest unoccupied orbitals,
e,(7*). The degenerate nature of these latter orbitals results
in strong electron interaction between them and accounts for
the relatively pure 7r-7r* transition, the B or Soret band, and
for the weak Q, , band or . An additional band, the Q, , or
B, is attributed to vibronic coupling. Most theoretical cal-
culations have been performed on square planar D,;, mod-
els. Asymmetrical substituents on the porphyrin ring, metal
movement out of the porphyrin plane, and insertion of the
heme into a protein matrix effectively lower this symmetry
to C4y, (Adar, 1978), and in some cases even to C,, where the
only remaining element of symmetry is the planarity of the
porphyrin macrocycle (Valance and Strekas, 1982).

Porphyrin triplet photophysics: the EPR
line shape

Mg”* porphyrins are diamagnetic in the ground state (S =
0). With visible wavelength excitation into the first excited
singlet manifold and subsequent intersystem crossing (ISC),
a metastable triplet state is formed. 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. Within the molecular axis system, the
total spin Hamiltonian describing these two interactions is

Hy=PBH-g-S+S-D-S (1)

Here H is the applied magnetic field, S the total spin, g the
g-value tensor, and D the zero field splitting (ZFS) tensor,
which contains contributions from the spin-spin dipolar and
spin-orbit interactions. In the molecular axis system, se-
lected to diagonalize the ZFS tensor, the Hamiltonian can be
recast using two independent parameters, D and E, giving
the familiar phenomenological spin Hamiltonian:

Hy=gBH S+DS2— 3+ ES:—5)  (2)

The magnitude of the ZFS parameter, |D|, is a measure of
the electronic spatial distribution of the triplet molecular
orbital and is proportional to (+*) . The magnitude of |E| is
related to the degree of distortion from tetragonal symmetry.
The quotient 3£/D lies in the range —1 = 3E/D = 0, where
the two extremes represent axial symmetry (£ = 0) and
orthorhombic symmetry (3|E|/|D| = 1) (Poole and Farach,
1974).
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The EPR line shape for randomly oriented triplets has
previously been described (Kottis and Lefrebvre, 1964;
Wasserman et al., 1964). The anisotropy of the zero field
splittings, in general, leads to six observable lines or turning
points in the first derivative spectrum. Assuming that D is
positive, as is commonly observed for planar aromatics, and
E < 0 (an arbitrary assignment) the |0) <> |+ 1) transition
has Z, X, and Y components at field positions displaced from
that of a free electron (hv/g.B.) by —D, + (D — 3E)/2, and
+(D + 3E)/2, corresponding to Z;, X, and Y; field positions,
respectively. Likewise, the |0) <> |—1) transition has lines at
field positions displaced from g, by +D, —(D — 3E)/2, and
—(D + 3E)/2 that are defined as the Zj, Xy, and Y
transitions, respectively, following the convention of Thur-
nauer (1979). Thus, from the resulting randomly oriented
spectrum, ZFS parameters are readily extractable, with the
separations in field units between pairs of transitions de-
fined as AH, = 2|D|, AH, = |D| + 3|E|, and AH, = |D| —
3.

Electron spin polarization

Spin state dynamics can be obtained from the EPR excited
triplet spectrum under steady-state illumination conditions.
Entry into the lowest triplet state is governed primarily by
spin-orbit coupling. Consequently, at temperatures (typically
in the vicinity of liquid helium) where the S, <— T, lifetime
is short compared to the spin lattice relaxation time between
two spin state sublevels (T,), a non-Boltzmann occupation
(electron spin polarization or, more appropriately, electron
spin alignment) of the triplet manifold results (Hausser and
Wolf, 1976). Hence, some transitions will be emissive (e) in
nature, whereas those that are absorptive (a) will be en-
hanced. The resulting polarization pattern of absorption and
emission under conditions of steady-state illumination can
thus be used to ascertain information concerning ISC, spin
dynamics, and relaxation (Budil and Thurnauer, 1991;
Thurnauer, 1979; Thurnauer et al., 1975).

The 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,
and would have a representation of °E,. The special char-
acteristics of porphyrin excited triplet states are reviewed by
van der Waals et al. (1979). Because a porphyrin with C, or
S, symmetry is Jahn-Teller (JT) unstable, it is subject to
symmetry-relieving interactions resulting in two energy
equivalent triplet states. Jahn-Teller instability alone is not
enough to relieve the energy degeneracy of the triplet state,
but interactions with axial ligands, porphyrin substituents,
or environmental asymmetries may stabilize one state with
respect to the other by an energy of 6,;. One theory pro-
posed to account for the dynamic Jahn-Teller effect in-
volves coupling to the in-plane porphyrin vibrational
modes, giving rise to two vibronic triplets separated in
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energy by 6,1 (de Groot et al., 1969; van der Waals et al.,
1979). A result of JT coupling will manifest itself as a
splitting in the optical absorption spectrum. This has been
well documented for porphyrins in crystals (Canters, 1981;
Canters et al., 1972, 1973; Kielman-van Luijt et al., 1976).
Splitting in the optical absorption bands of heme proteins
has been attributed to this phenomenon (Reddy et al., 1996).
For the EPR triplet spectrum, the resulting “powder” pat-
tern, when 8,1 >> kT, will show a static distortion with a
nonzero |E|, with a splitting between the ¥ and X transitions
(AH,) equal to 3|E|. However, at temperatures that are
comparable to or exceed the Jahn-Teller 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, vy, is greater than the sep-
aration of the X and Y transitions, i.e., when v, >
geBAH, /fi (Carrington and McLachlan, 1967). The popu-
lations of the vibronic triplet states are governed by the
Boltzmann distribution law, and the in-plane anisotropy, as
measured by the zero field splitting 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
kgT >> &1, the |E| value should approach zero and a
coalescence of the Y and X transitions should occur. The
in-plane anisotropy, as measured by the |E| ZFS parameter, is

F = E, tanh| 2" 3
= L, tan ZkBT ()

where E, is the value £ when kg7 << 8, (van der Waals et
al., 1979).

MATERIALS AND METHODS

Metal-substituted myoglobin (Mb) derivatives were prepared following the
methodology of Teale, with the modifications described (Teale, 1959).
Horse Mb was purchased from Sigma Chemical Co. (St. Louis, MO) and
used without prior purification. Fifty milligrams of Mb was dissolved in 2
cm?® of chilled buffer (0.01 M Tris, pH 7.0). The pH was lowered to
3.8—4.0 with 1 M HCI under gentle stirring. The solution was added to a
separatory funnel and gently extracted (1.5-2X the volume) with pre-
chilled 2-butanone (methylethylketone). The extraction process was re-
peated several times, with the pH adjusted each time, until a colorless layer
was obtained. The apoMb was dialyzed against water (two changes, 1.5
h/run), and the resulting product had an absorbance at 280 nm (tryptophan),
which was 7-10X the absorbance at 410 (Fe heme Soret band). The pH
was raised to 7.0 with 1 M ammonium hydroxide. Incorporation of the
desired porphyrin substitute was carried out by dissolving the porphyrin in
dimethylformamide or dimethylsulfoxide (~3 mM) and added dropwise
with gentle stirring, maintaining the pH at 7.0. The sample was then
incubated on ice for 45 min while stirring was maintained. Reaction
progress was assessed spectrophotometrically. The final preparation was
performed by washing the substituted Mb with 100 mM Tris buffer at pH
7.0 (in a cold room) in a concentration vessel and was brought to a final
concentration of ~1-2 mM. Visible absorption spectra were obtained with
a Hitachi U-3000 UV-visible spectrophotometer interfaced with a Packard
Bell 386 PC.
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Electron paramagnetic spectroscopy

Electron paramagnetic resonance spectroscopy was performed on a Bruker
ESP300E spectrometer. The sample was irradiated directly through the
front louvers with fiber optics and a 150-W Kuda quartz-halogen illumi-
nator. Temperatures in the range from 3.8 K upward were obtained with 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 there was no saturation of resonances. The
spectra are presented as the resultants of light minus dark spectra; this
procedure removed the contribution 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. In some cases irradiation led
to the appearance of increased free radical intensity, which allowed for
internal field calibration.

RESULTS
Optical spectroscopy

Incorporation of Mg?* porphyrin into apomyoglobin was
confirmed through optical spectroscopy. Fig. 2 4 is the
absorption spectrum of MgMPIXMb at 298 K. Of note is
the definitive split of the Q(0—0) band into two bands at
583.5 nm and 574 nm. The intense B-band (Soret), which
represents the S, — S, electronic transition, is at 410 nm
(8.5 nm FWHM), and this band likewise shows splitting; the
small band to the high side of the B-band is at 390 nm. The
band with a A, at 543 nm is attributed to a vibronic
envelope (Q(0—1)), and the 338-nm band is likewise attrib-
uted to a porphyrin transition (Storm et al., 1966). The band
at 281 nm arises from tryptophan and tyrosine residues in
the protein.

The absorption spectrum of MgPPIXMb at 298 K is
shown in Fig. 2 B. It shows an intense B-band at 423.5 nm
(27 nm FWHM) with a shoulder to the high energy side at
~400 nm. The Q(0—0) band is again split, with bands at
596.5 nm and 584.5 nm. The vibronic Q(0—1) band has a
Aax located at 552 nm. There is a broad band located at 351
nm attributed to the porphyrin. The Q(0—0) band and B-
band are broader in the MgPPMb derivative than in the
MgMPMD derivative.

The Q(0,0) band splitting, 284 cm™ ' for MgMPIXMb
and ~315 cm ™! for MgPPIXMb, has not been observed for
any Mg®" porphyrins in solution. We also saw no Q band
splitting for these porphyrins in N,N’'-dimethylformamide/
glycerol (DMF/glycerol) glass at room temperature (data
not shown).

EPR spectroscopy: myoglobin derivatives

The EPR spectra as a function of temperature of
MgMPIXMb and MgPPMb in the photoactivated triplet
state are shown in Figs. 3 and 4, respectively, and the
zero-field splitting (ZFS) parameters |D| and |E| obtained
from these data are given in Table 1. At temperatures less
than or equal to 5 K, both samples show non-Boltzmann
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FIGURE 2 Absorption spectra of MgMPIXMb (4) and MgPPIXMb (B)
at 25°C in 50 mM potassium phosphate buffer, pH 6.5.

entry into the triplet state. Although the spectrum of
MgMPIXMb only shows Z; to be in true emission, it can
been seen from the spectrum at 5 K that the intensity of
Yy > Y, and Xj; < X; (Fig. 3). From this it can be inferred
that in the absence of spin lattice relaxation, the polarization
pattern would be eae-aea (a, enhanced absorption; e, emis-
sion), indicating that ISC into the triplet manifold occurs
through the |T,) spin sublevel. At 3.6 K, MgPPIXMb shows
a polarization pattern of eea-eaa (Fig. 4), indicating that
entry into the triplet state from the first excited singlet state
occurs principally through the in-plane spin sublevel |Ty>,
(given our sublevel convention). The |D| value for
MgMPIXMb decreases from 0.0375 cm ™' at 5 K to 0.0370
at 100 K. This small but significant change signals that the
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FIGURE 3 EPR spectra of the excited triplet state of MgMPIXMb.
Experimental conditions: modulation amplitude 2 mT (100 kHz modula-
tion frequency); microwave power 5 uW (5 K), 10 uW (10 K), 20 uW (30
K), 100 uW (50 K), 500 wW (100 K); sample concentration ~1 mM in a
1:1 (v/v) glycerol:aqueous (buffer 50 mM phosphate, pH 6.5) glass. Tem-
peratures are in kelvins.

spatial extent of the triplet molecular orbital is larger at 100
K. The |E| value of MgMPIXMb also decreases from 0.0064
em ' at 5 K to 0.0062 cm ™' at 100 K. This large value of
|E| indicates that the triplet orbital is experiencing a pertur-
bation that lifts the in-plane degeneracy expected of a por-
phyrin macrocycle. Furthermore, there is no evidence of a
resonance at field values corresponding to |E| ~ 0, indicat-
ing that the triplet state occupies the lower vibronic state of
the triplet manifold.

In contrast, the |D| and |E| values for MgPPIXMb show
no change over the temperature range 3.6—100 K. The
temperature dependence of the EPR triplet spectrum (Fig. 4)
shows no evidence of a resonance corresponding to |E| ~ 0
over the same temperature range.

EPR spectroscopy: Mg?* porphyrins in
glassy matrices

The EPR spectra of the photoactivated triplet state as a
function of temperature in the range 4—100 K for MgMPIX
in DMF/glycerol glass 1:1 (v/v) and in pyridine/toluene 1:1
(v/v) are shown in Fig. 5, A and B, respectively. The
distinguishing ZFS parameters are given in Table 1. For
MgMPIX in DMF/glycerol (Fig. 5 4), a noncoordinating
solvent system, the spectrum at the lowest temperature
studied (10 K) shows no evidence of non-Boltzmann entry
into the triplet state. The spectrum at 10 K shows multiple
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FIGURE 4 EPR spectra of the photoactivated triplet state of MgP-
PIXMb. Experimental conditions: modulation amplitude 2 mT (100 kHz
modulation frequency); microwave power 2 uW (3.6 K), 50 uW (15 K),
100 uW (50 K), 500 uW (110 K); sample concentration ~1 mM in a 1:1
(v/v) glycerol:aqueous (buffer 50 mM phosphate, pH 6.5) glass. Temper-
atures are in kelvins.

X and Y resonances on top of a broad resonance that is
centered approximately at field values corresponding to
|E| ~ 0. With increasing temperature, the triplet spectrum
attains an axial line shape, clearly revealing that in the limit
of high temperatures, an apparent |E| ~ 0 is reached. In
contrast, MgMPIX in a strongly coordinating solvent (10%
pyridine/toluene, v/v) shows no resonances at fields corre-
sponding to |E| ~ 0 at low temperatures (4—50 K), but the
spectrum does reveal a small resonance corresponding to
triplet species possessing axial symmetry (|E| =~ 0) at 100 K
(Fig. 5 B; see arrows). Although there is no clear polariza-
tion pattern from the Z transitions, it is clear that the
low-field Y transition and the high-field X transition would
be in emission in the absence of spin lattice relaxation. This
is similar to the MgPPIXMb derivative.

The triplet state EPR spectra of MgPPIX in DMF/glyc-
erol glass as a function of temperature are shown in Fig. 6.
This series of spectra shows that by 70 K, a resonance at
stationary field positions (arrows) indicative of axial sym-
metry (E =~ 0) emerges and thus demonstrates the dynamic
Jahn-Teller effect. The signals associated with the £ ~ 0
ZFS parameter increases with increasing temperature. At
3.6 K, MgPPIX shows evidence of electron spin polariza-
tion. The polarization pattern can be inferred from the
spectrum and is the same as that of MgPPIXMb (Fig. 4).

Fig. 7 shows the triplet EPR spectra as a function of
temperature for Mg” " etioporphyrin I (MgETIOI) in DMF/
glycerol 1:1 (v/v) glass. The spectrum at 3.6 K exhibits
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TABLE 1 Zero field splittings of the Mg porphyrin myoglobin derivatives and model compounds
Compound T (K) |D| (em™1* [E| (em™1* Solvent Ref.
MgMPIXMb 5 0.0375 0.0064 glyc./H,0 1
MgMPIXMb 100 0.0370 0.0062 glyc./H,0 1
MgPPIXMb 3.6 0.0352 0.0058 glyc./H,0 1
MgPPIXMb 110 0.0349 0.0057 glyc./H,0 1
MgMPIX 10 0.0363 0.0059 DMF/glyc. (1:1) 1
MgMPIX 100 0.0359 ~0 DMF/glyc. (1:1) 1
MgMPIX 5 0.0350 0.0077 pyr/tol(1:1) 1
MgMPIX 100 0.0350 0.0075,~0 pyr/tol(1:1) 1
MgMPIX 77 0.0360 ~0 EtOH/pyr 2
MgPPIX 3.6 0.0344 0.0058 DMF 1
MgPPIX 77 0.0331 <0.0005 EtOH 2
MgPPIX 90 0.0341 0.0057,~0 DMF 1
MgETIOI 3.6 0.0350 0.0074,~0 EtOH/Et,O 1
MgETIOI 100 0.0349 0.0070,~0 EtOH/Et,O 1
MgETIOI 77 0.0370 ~37 EtOH/PMA 2
MgETIOI 320 0.0330 ~0 EtOH/PMA 2
MgP 1.3 0.0333 0.0099 n-octane 2
0.0345
MgTPP 77 0.0298 <0.0005 EtOH 2
MgTPP 85 0.0380 0.0075 n-octane 3
(polycryst.)

MgTPP 85 0.0299 ~0 tol/EtOH 3
MgTPP 100 0.0310 ~0 tol 4
MgTPP 116 0.0295 0.0075 Liq. cryst. 7
MgTPP 120 0.0294 0.0076 tol 8
MgTPP 120 0.0288 0.0028 EtOH 8
MgTPP 120 0.0304 0.0084 Liq. cryst. 5
MgTPP 10-80 0.0311 0.0092 tol/EtOH 9
MgTBP 5 0.0334 0.0065 pyr/tol(1:1) 6
MgTBP 10,80 0.0339 — MTHF 2
MgOEP 140 0.0300 0.0075 CH,CI,/EtOH 7
MgOEP 10-80 0.0378 0.0035 tol/EtOH 9
MgDP 77 0.0350 <0.0005 EtOH 2

Abbreviations: MPIX, Mesoporphyrin IX dimethylester; Et,OH, diethylether; PPIX, protoporphyrin IX dimethylester; PMA, polymethylmethacrylate;
ETIOL, etioporphyrin I; TPP, 5,15,15,20-tetraphenylporphyrin (were both n-octane samples and could have had some crystalline character); TBP,
tetrabenzoporphyrin; OEP, octaethylporphyrin; P, porphin; glyc, glycerol; DMF, N,N’-dimethylformamide; tol, toluene; EtOH, ethanol (neat).

#+0.0002 cm™ .

(1) This work.

(2) van der Waals et al. (1979).
(3) Levanon and Scherz (1975).
(4) Nissani et al. (1977).

(5) Grebel and Levanon (1980).
(6) Levanon and Norris (1978).
(7) Levanon et al. (1993).

(8) Scherz and Levanon (1980).
(9) Yamauchi et al. (1996).

electron spin polarization with a polarization pattern of
eea-eaa, indicative of ISC into an in-plane spin sublevel
(|T,)). The spectrum thermalizes to a Boltzmann distribu-
tion among the three spin sublevels by 30 K. Surprisingly,
the spectrum at 70 K, although possessing an £ =~ 0 com-
ponent, does not differ much proportionately from the sig-
nal strength at 30 K, indicating that the £ ~ 0 signal is not
coming from dynamic averaging between the two split
triplet manifolds, but is a manifestation of the inherent
fourfold symmetry of the MgETIOI porphyrin (Fig. 1).
There is also a ZFS |E| value of 0.0070 cm™', which
probably represents a small fraction of the MgETIOI mol-
ecules that underwent symmetry breaking, possibily be-

cause of the formation of microcrystals, producing local
symmetry-breaking conditions.

DISCUSSION

It is increasingly being recognized that the asymmetrical
environment of the protein heme pocket plays a role in
modifying the intrinsic properties of the heme cofactor of
hemoproteins (Angiolillo and Vanderkooi, 1995; Reddy et
al., 1996; Shelnutt et al., 1977). The data presented here lead
directly to information on the role of the polypeptide chain
of myoglobin in modifying the properties of the heme.
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FIGURE 5 EPR spectra of the photoactivated triplet state of MgMPIX.
(4) 1:1 (v/v) DMF/glycerol glass. Experimental conditions: modulation
amplitude 2 mT (100 kHz modulation frequency); microwave power 50
W (10 K), 20 uW (30 K), 500 uW (100 K); sample concentration ~1
mM. (B) 1:1 (v/v) pyridine:toluene glass. Experimental conditions: mod-
ulation amplitude 2 mT (100 kHz modulation frequency); microwave
power 5 uW (4 K), 100 uW (50 K), 500 uW (100 K); sample concentra-
tion ~1 mM. Temperatures are in kelvins.

The photoexcited triplet state as a measure of
symmetry breaking in protein structures: ZFS
parameters and electron spin polarization

The spin-spin dipolar interaction is extremely sensitive to
local symmetry. For porphyrins especially, the |E| ZFS
parameter is a measure of in-plane anisotropy, £ = (3u,/
16m)(gB)*(Y> — X?)/r°), where Y and X are the compo-
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FIGURE 6 EPR spectra of the photoactivated triplet state of MgPPIX in
1:1 (v/v) DMF/glycerol glass. Experimental conditions: modulation am-
plitude 2 mT (100 kHz modulation frequency); microwave power 50 uW
(3.6 K), 500 uW (70 K), 500 uW (90 K), 1000 uW (110 K); sample
concentration ~1 mM. Temperatures are in kelvins.

nents of the interelectron vector expressed in the principal
axial system of the molecule, » is the magnitude of the
interelectron distance, u, is the permeability of free space,
and g and (3, are the free-electron g-value and Bohr mag-
neton, respectively. As a consequence of the vibronic prop-
erties of the triplet manifold (*E, in the D,;, point group), the
value of |E| and its dependence on temperature are sensitive
indicators of symmetry breaking (Angiolillo and Vander-
kooi, 1995; Hoffman, 1975; Hoffman and Ratner, 1978).

Several features emerge from Figs. 3 and 4. Values of
3|E|/|D|, which is a measure of “rhombicity,” are ~0.5 for
both MgMPIXMb and MgPPIXMb and therefore suggest
symmetries significantly lower than that expected for the
porphyrin molecule. These rhombicity values compare well
with those obtained by Hoffman on Zn>* mesoporphyrin IX
and Zn>* protoporphyrin IX derivatives of myoglobin
(Hoffman, 1975). In that study, 3|El/|D| values of 0.59 and
0.52 were obtained for the Zn*" mesoporphyrin IX and
Zn*" protoporphyrin IX derivative, respectively.

For both Mg”* porphyrin myoglobin derivatives, there is
no emergence of a resonance corresponding to an |E| value
of zero in the temperature range 4—100 K. These data
permit an estimate of the energy splitting between the two
split triplet states to be >>150 cm™ ' (2k5T at 100 K). This
splitting of the vibronic triplet states is interpreted to be the
result of symmetry breaking at the level of the porphyrin
due to perturbations generated by the protein matrix, and we
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FIGURE 7 EPR spectra of the photoactivated triplet state of magnesium
etioporphyrin in 1:1 (v/v) diethylether:ethanol. Experimental conditions:
modulation amplitude 2 mT (100 kHz modulation frequency); microwave
power 2 uW (3.6 K), 10 uW (10 K), 50 uW (30 K), 100 uW (50 K), 100
uW (70 K); sample concentration ~1 mM. Temperatures are in kelvins.

conclude that in both derivatives the triplet state occupies
the lower vibronic triplet state.

Factors possibly contributing to the reduction of symme-
try of the triplet state of the porphyrin macrocycle have been
put forth earlier (Angiolillo and Vanderkooi, 1995; Hoft-
man, 1975). Among them are lateral substitution on the
heme ring, axial ligation, and nonbonding interactions due
to electrostatic effects within the heme crevice. Resolving
the overall interaction is a difficult task that has only re-
ceived qualitative investigation for Zn?" porphyrins in
heme proteins (Angiolillo and Vanderkooi, 1995; Hoffman,
1975). The situation is even more complex in Mg>" por-
phyrins, because Mg?* displays complex coordination
chemistry, including five- and six-ligated species, in addi-
tion to the possible formation of dimers and aggregates
when free in solution (Scherz and Levanon, 1980). Our data
show that for MgMPIX in solvent, the presence of an axial
nitrogenous ligand serves to stabilize one vibronic state
(Figs. 5 and 6). It is striking, however, that even in the
presence of an axial nitrogenous ligand (in this case, pyri-
dine-), the triplet state splitting, determined from the tem-
perature dependence of the EPR spectra, is lower than in the
protein matrix. In MgPPIX the evolution of an £ ~ 0 signal
occurs at higher temperatures relative to MgMPIX in a
similar solvent, thus indicating that the lateral substitution
in the PPIX macrocycle produces a greater departure from
fourfold symmetry. This is due to the presence of vinyl
groups in PPIX that are known to enter into conjugation
with the porphyrin macrocycle (Spiro, 1975).
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Comparisons with Mg porphyrins that possess a rigorous
C, rotation axis (MgETIOI, Fig. 7) demonstrate that in a
glassy host, even at the lowest temperature used in this
study (~4 K), the |E| ZFS parameter reflects an environ-
ment that can be considered to be isotropic. If the triplet
state is split because of local electric field perturbations, it
can be estimated that the splitting for a large proportion of
the molecules is <100 ¢cm™!. In fact, even at 3.6 K, a
significant proportion of the molecules already exhibit an
axial EPR spectrum (|E| ~ 0) (arrow, Fig. 7), indicating a
8,1 on the order of 10 cm™'. Attempts thus far to put a
metalloetioporphyrin I in a protein environment have failed.
However, it would be interesting to investigate the effect of
the protein environment on a porphyrin with known high
symmetry. This question is under investigation.

Electric field asymmetry in the heme pocket

Our data support the notion that the polypeptide chain
induces a large asymmetry on the heme in myoglobin. This
is substantiated by a variety of other experiments. In oxy-
myoglobin, Mdossbauer spectroscopy has established the
electric field gradient tensor at the Fe atom. These data
reveal that the direction of largest electric field gradient
component is most likely in the heme plane, with an asym-
metry parameter value 7 in the range of 0.3—0.4 (Maeda et
al., 1981). More recently, in the iron-free PPIXMb, it has
been shown that with reference to the center of the porphy-
rin, the internal electric field components are directed or-
thogonally along the pyrollic nitrogens of the porphyrin ring
with values of £, = 29.9 MV/cm and E, = 38.6 MV/cm
(Geissinger et al., 1995). These values, in addition to ex-
ceeding by more than an order of magnitude the internal
field of those obtained in n-alkane matrices (Kohler and
Woehl, 1995), show a clear asymmetry of the electric field
at the porphyrin center. From this study it has been postu-
lated that in the hydrophobic environment of the heme
crevice, internal electric fields of this strength mandate the
existence of charges within a few Angstroms of the porphy-
rin macrocycle, due to deprotonated propionic acid groups
on the PPIX ring.

The lack of spectral dynamics of the EPR triplet spectrum
in the temperature range 4—110 K supports the view of an
environment that is quite asymmetrical with respect to the
porphyrin plane. Comparable data in the Zn>* porphyrin
myoglobin derivatives has also demonstrated that in addi-
tion to porphyrin side-chain interactions, the protein’s heme
crevice provides a large stabilization energy for the lowest
vibronic state (Hoffman, 1975). Spectral hole-burning ex-
periments, involving the Stark effect for the free-base PPIX-
substituted horse myoglobin compared with the chro-
mophore directly dissolved in a glassy matrix, show some
intriguing physics of the protein state (Gafert et al., 1993,
1995a,b). These experiments show that there is a well-
defined internal electric field at the level of the chro-
mophore in the protein that breaks the inversion symmetry



Angiolillo and Vanderkooi

of the porphyrin m-electron system, leading to a very char-
acteristic splitting of the hole profile when probed in exter-
nal electric fields. This splitting of the hole profile is not in
evidence with identical chromophores embedded in an iso-
tropic glassy matrix (Gafert et al., 1995b).

Hole burning and triplet state EPR spectroscopy of an-
other metallo-substituted protein, horse cytochrome ¢, rein-
force the conclusions obtained from the myoglobin studies.
Stark-effect hole-burning experiments coupled with electric
field calculations at the heme site have clearly demonstrated
that for the Zn(II) derivative of cytochrome c, there exists a
definite in-plane electric field anisotropy (Iben et al., 1989).
Corresponding triplet state EPR spectroscopy of Zn(Il) cy-
tochrome ¢ has clearly demonstrated that in the low-tem-
perature regime (~4 K), a rhombic spectrum is obtained
with |D| and |E| values of 0.00342 cm™ " and 0.0073 cm ™,
respectively (Angiolillo and Vanderkooi, 1995). Analysis of
the temperature-dependent line shape changes in the XY
region of the spectrum over the temperature range 4—150 K
showed that there was a coalescence of the XY canonical
transitions, in accordance with the dynamic Jahn-Teller
effect (Angiolillo and Vanderkooi, 1995; Hoffman and Rat-
ner, 1978). The upper limit of the energy splitting between
the two vibronic triplet states was estimated in the case of
cytochrome ¢ to be ~180 cm™ ' (Angiolillo and Vander-
kooi, 1995).

A summary of all of these data leads to the conclusion
that the polypeptide chains of both myoglobin and cyto-
chrome ¢ impose an asymmetrical field on the heme, and
that the effect is larger in myoglobin.

Optical transitions and spin delocalization
measured by |D| values for porphyrin in
protein or solvents

The line widths of the optical transitions of MgMPIX Mb
and MgPPIXMb are of particular note. The Soret band of
MgMPIXMb shows a FWHM of 8.5 nm, whereas the Soret
band of MgPPIXMb has a FWHM of 27 nm (Fig. 2). Storm
et al. have shown that electron-withdrawing groups placed
on the periphery of the porphyrin nucleus markedly increase
the width of the optical transitions (Storm et al., 1966). The
vinyl groups of the PPIX derivative thus follow this trend
relative to the electron-promoting ethyl groups of MPIX.

The |D| ZFS parameter for MgPPIXMb is significantly
smaller than for MgMPIXMb (Table 1); these data suggest
an increased spin delocalization in the excited triplet state
onto the vinyl groups at positions 3 and 8 of the porphyrin
ring (Fig. 1). This conclusion is supported by the data of
Hoffman on Zn(II) porphyrin complexes, where it was
noticed that in both the free acids and the dimethyl esters,
the |D| ZFS values were lower in the PPIX complexes as
compared to MPIX complexes (Hoffman, 1975) .

The |D| ZFS parameters for the protein species are also
larger than those for chromophore dissolved in host glassy
matrix. When compared at low temperature, MgMPIXMb
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has a |D| value of 0.0375 cm ™', and MgMPIX in DMF/
glycerol has a |D| value of 0.0363 cm™'. For MgPPIXMb,
the values are 0.0352 cm™ ! in the protein, 0.0344 cm ™! in
DMEF, and 0.0331 cm™ ' in EtOH glasses. These data rep-
resent differences in the |D| values of 3.3% for MgMPIX
and 2.3% (DMF) and 6.3% (EtOH) for MgPPIX in protein
and glassy matrix, respectively. Similar results were ob-
tained for chlorophyll a in frozen phosphatidylcholine ves-
icles as compared to chlorophyll a in glassy matrices, where
|D| was determined to be larger in a frozen vesicle environ-
ment. This suggested that spectral diffusion via triplet mi-
gration took place in glassy matrices that contained high
concentrations of chromophore (Hiromitsu and Kevan,
1988). A similar effect was seen in solutions of metallopor-
phyrins (Scherz and Levanon, 1980). One of the benefits of
embedding a chromophore within a protein is that the spec-
troscopic system can be considered infinitely dilute. In
myoglobin, the chromophore is buried deep in a hydropho-
bic core, with only the propionic acid groups exposed to the
solvent. Consequently, both optical and EPR spectroscopic
details are not complicated by aggregation effects, and the
EPR line shape and any changes can thus be interpreted to
be due solely to individual chromophore dynamics and
chromophore-protein interactions. In fact, triplet EPR stud-
ies in the Zn(II) derivative of horse cytochrome ¢ revealed
no changes in the ZFS parameters or in the spectral line
shape over nearly three orders of magnitude in concentra-
tion, suggesting no chromophore-chromophore interaction
(Angiolillo, 1996).

Analysis of the Mg myoglobin derivatives is placed in
perspective when compared to pertinent model complexes
in a variety of coordinating and noncoordinating solvent
systems (Table 1). In general, the |D| ZFS parameter ap-
pears to be bracketed by the |D| values of Mg(II) porphine
and Mg(Il) octacthylporphyrin, with the exception of the
results obtained by Levanon and Scherz (Scherz and
Levanon, 1980) on Mg tetraphenylporphyrin in an n-octane
polycrystalline sample (Table 1). Similarly, as with the
Zn(Il) porphyrins, meso-position phenyl substitution
(Mg(I) tetraphenylporphyrin) significantly reduces |D| as
compared to Mg(Il) porphine. As in the Zn(II) porphyrins,
it is tempting to interpret the decrease in |D| due to meso-
phenyl substitution as increased delocalization onto the
phenyl groups. Time-resolved resonance Raman spectros-
copy, however, fails to provide any evidence in support of
this supposition, as indicated by the lack of a frequency shift
between the first excited triplet and ground states of the
CrnesoCphenyt a0d Cppenvt Copenyr Stretches (de Paula et al.,
1992).

Electron spin polarization and spin-level
specific entry into the triplet state in MPIXMb
and PPIXMb

It is interesting that MPIX and PPIX differ in their speci-
ficities of intersystem crossing, which for MgMPIXMb
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occurs through the |T,) spin sublevel, and for MgPPIXMb is
in the |Ty> sublevel (Figs. 3 and 4). This shows the rather
exquisite sensitivity the substitutents have in determining
specificity, which should also be reflected in determining
direction-dependent reaction rates for the triplet state.

Further information on porphyrin/protein interactions
comes from observing the relaxation of the spin polariza-
tion. Both MgMPIX and MgPPIX in the protein environ-
ment at low temperature show electron spin polarization up
to temperatures of ~10 K (Figs. 3 and 4). This result would
also seem to suggest that the protein provides a structurally
more ordered environment relative to the organic glasses
(Kaiser and Friedrich, 1991; Kaiser et al., 1993). In an
ordered lattice the electron spin relaxation is due to mag-
netic interactions between the electronic spin system and the
environment modulated by phonons. At low temperatures
the phonon density of states in typical crystals resonant with
the zero field splitting energies is rather small. Conse-
quently, at low temperatures spin relaxation is inefficient,
and electron spin polarization is observed. In disordered
solids, in addition to electron spin-phonon interactions,
structural transitions modeled as transitions in localized
double wells (two-level systems, TLS; vide infra) also pro-
vide possible spin relaxation pathways (Kaiser and
Friedrich, 1991; Kaiser et al., 1993).

Comparison of the triplet state and the singlet
state data

The EPR data can be compared with the optical absorption
spectra. The absorption spectra of MgPPIXMb and
MgMPIXMb show some resolved details, including a split
in the Q,, band at room temperature (Fig. 2). It has been
postulated previously for Zn-Mb derivatives, where the
Q(0,0) band is also split, that the mechanism responsible for
the splitting is due to axial ligation resulting from the two
possible orientational isomers (Cowan and Gray, 1989). In
cytochrome ¢, where the heme is covalently attached, the
Q(0,0) splitting is consistent with an electrostatic-dependent
(crystal field) splitting of the Jahn-Teller susceptible first
excited singlet state (Reddy et al., 1996; Shelnutt, 1980).
The splitting in horse Fe(Il) cytochrome ¢ and its Zn(II)
derivative has been determined to be on the order of 100
cm ', Recent data on the lowest excited triplet state of Zn
cytochrome ¢ demonstrates quite clearly the dynamic Jahn-
Teller effect and that the maximum splitting of the two
vibronic triplet states is on the order of 180 cm ™' (Angio-
lillo and Vanderkooi, 1995). In other words, the two tech-
niques for the two excited states (optical spectroscopy for
the singlet state and EPR for the triplet state) are both
indicators of the asymmetry of the environment imposed by
the protein.

In the Mg”* porphyrin Mb derivatives investigated in this
study, the Q(0,0) band splittings are ~300 cm ™~ '. Even for
the Mg porphyrin-ethanol complex in an n-octane single
crystal, the 'E,, splitting between the [) and |x) components
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of the 0,0 has been determined to be 195 cm ™' (Platenkamp,
1982). Consequently, it is speculated that if there is a
correlation between the splitting of the singlet manifold and
the triplet manifold, then the splitting of the triplet state, as
manifested by line shape changes in the triplet EPR spec-
trum, should indicate energy splitting much greater than the
180 cm ™! obtained for Zn cytochrome ¢. This turns out to
be the case, because in the temperature range studied there
is no temperature dependence of the line shapes for both
Mg?* myoglobin derivatives, indicating that the energy
splitting between the vibronically split triplet states is
>>150 cm ™' (= 2ksT at 100 K).

The photoexcited triplet state in proteins as it
relates to the complex nature of the protein state
of matter

Over the past decade it has become increasingly evident that
the physics describing the protein’s “state of matter” is not
as straightforward as once thought. Proteins possess prop-
erties reminiscent of both crystalline solids, as shown by
their highly regular x-ray diffraction patterns, and amor-
phous or glassy structures, as documented by low-temper-
ature specific heat measurements (linear in 7" below 1 K)
(Miyazaki et al., 1993), anomalous thermal conductivity
and dielectric response (Narashimhan et al., 1990), and
large inhomogeneously broadened optical transitions
(Vanderkooi et al., 1997). Even at temperatures of 2 K and
below, it has recently been demonstrated by spectral hole
burning and photon echo spectroscopies that proteins un-
dergo relaxation processes that are on the order of days
(Gafert et al., 1995b; Leeson et al., 1994). In this respect,
proteins exhibit behavior consonant with glasses. These
apparent glass-like properties of proteins can be success-
fully explained using the two-level system (TLS) model
(Anderson et al., 1972; Phillips, 1972). Fluorescence line
narrowing spectroscopy has been an especially powerful
technique in studying the distribution of conformations
within the ensemble. As the positions of the neighboring
atoms change, the chromophores experience different elec-
tric fields (Langsetmo et al., 1991; Northrup et al., 1990;
Wendoloski and Matthew, 1989), which change the 0,0
transition energy. It follows that the observed spectral dis-
persion in the transition frequency should be sensitive to the
protein electrostatic properties (Anni et al., 1994; Zollfrank
et al,, 1991a). The inhomogeneous width of the optical
transition for various chromophores in crystalline, amor-
phous, and protein matrices has been studied in detail over
the past few decades (Vanderkooi et al., 1997). It is striking
that proteins have thus far consistently yielded distributions
of ground-state electronic levels that straddle distributions
found in crystalline (=1 cm™ ") and completely amorphous
materials (=>100 cm ") (Vanderkooi et al., 1997). More-
over, the distributions found in many proteins can rarely be
fit using a mono-Gaussian distribution, and in most cases
require two or more Gaussians—unlike what is found for
chromophores in amorphous materials. The inhomogeneous
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width data suggest that, although glass-like by some exper-
imental criteria, proteins are very different and thus cannot
be completely described by the physics used to model the
glassy state. Hole burning studies are in agreement with this
notion and seem to indicate that, in addition to possessing
some glass-like properties at low temperature, proteins pos-
sess properties indicative of a more structured nature. Ther-
mally induced spectral diffusion broadening in horseradish
peroxidase substituted with mesoporphyrin IX demonstrates
a discrete step around 12 K, suggesting a correlated struc-
tural change of the protein (Zollfrank et al., 1991b).
Results obtained thus far on the triplet state in proteins have
indicated that the triplet state is an excellent probe for assessing
local electrostatic and symmetry considerations (Angiolillo
and Vanderkooi, 1995; Hoffman, 1975). In the heme proteins
studied thus far, it is clear that at least locally there is a high
degree of order as seen from the heme group. This is reflected
in the rather large and nonrandom £ ZFS values and in the
large splittings inferred from the temperature profiles of the
triplet state EPR as seen in this study and other protein systems
(Angiolillo and Vanderkooi, 1995; Hoffman, 1975).

CONCLUSIONS

It is shown in this study that the protein matrix in horse
myoglobin exerts a very strong asymmetrical perturbation
on the inherent symmetry of the porphyrin plane. This is
most strongly indicated by the complete lack of dynamics in
the photoexcited triplet state of probe molecules placed
within the heme crevice, as contrasted to identical chro-
mophores in glassy coordinating and noncoordinating ma-
trices. For both chromophores that were placed in the heme
site, it was determined that the crystal field splitting of the
triplet state is in excess of 150 cm™'. When compared to
model complexes, it can be concluded that axial ligation,
although partly responsible for symmetry breaking of the
porphyrin triplet electronic system, cannot completely ac-
count for the extent of splitting in evidence for the protein
system. These results are in accord with recent electric field
calculations on myoglobin, which have clearly shown that
the internal electric field strength at the porphyrin center is
~10 times that of a chromophore in an alkane matrix. This
can only be the result of large, well-ordered electric fields
within the protein heme crevice.
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