-
More than two pyrrole tautomers of mesoporphyrin stabilized

by a protein

High resolution optical spectroscopic study

Judit Fidy,* Jane M. Vanderkooi,* Juergen Zollfrank,® and Josef Friedrich®

*Institute of Biophysics, Semmelweis Med. Universitat Budapest, Hungary; *Department of Biochemistry and Biophysics
University of Pennsylvania, Philadelphia, Pennsylvania 19104, USA; and Sinstitut fur Physikalische Chemie, J. Gutenberg
Universitat, Jakob-Welder Weg 11, Mainz, D-6500 Germany

ABSTRACT  Mesoporphyrin X substituted horseradish peroxidase was studied by fluorescence line narrowing and hole burning
techniques at cryogenic temperatures. The spectral data reveal that four pyrrole tautomeric configurations of the chromophore are
populated within the protein under the influence of irradiation and/or thermal treatment, and the existence of a fifth and a sixth
tautomeric configuration is also likely. The relative population of the tautomers changes upon deuterium substitution through
modification of the phototransition rate, and also depends on pH, which changes the protonation of neighboring amino acids in the
heme pocket. The energy separation of the origins of the tautomers is ~ 100 cm™". The distribution of barrier heights separating the
different tautomeric forms in the ground state and their distribution was determined by temperature cycling hole burning. The distributions can be
approximated by Gaussians. The experiment directly yields the distributions on a relative temperature scale, and a model is presented to transform
the barrier heights into energy values. It is suggested that the energies for the tautomers are split partially due to the protein crystal field and that the

trapping of the tautomeric forms is the consequence of interactions with neighboring amino acids within the heme pocket.

INTRODUCTION

It is well documented that photochemical holes can be
burnt in the absorption spectra of free base porphyrins
(for a recent review, see [1]). In the photochemical
reaction leading to hole burning, it is generally assumed
that during relaxation from the first excited singlet state,
the two inner protons rotate simultaneously by 90°,
leading to a photoproduct which is stable at low temper-
atures. This model arose from the observation that in
n-alkane crystalline hosts, porphin (and also other free
base porphyrins of the same symmetry) were found in
two different orientations relative to the host, and that
these orientations could interconvert under irradiation
at cryogenic temperatures (2). Earlier NMR studies
showed that in liquids, tautomeric exchange takes place
between the intramolecular hydrogen positions, that the
stable configurations are those of opposite hydrogen
locations, and that ground state exchange between the
proton positions ceases at low temperature (3, 4). It was
also shown that the two relative orientations for the
oppositely located hydrogens in the crystalline matrix
lead to two different (0, 0) transition energies (origins)
separated by a significant energy difference brought
about by a lower symmetry crystal field (2). According to
this simple scheme, educt and product in hole burning
would form a well defined two state system. The first
hole burning experiment based on such a reaction was
performed in H,-phthalocyanine (5).

In this work, we substitute free base mesoporphyrin
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IX (MP) for the heme in horseradish peroxidase (HRP)
and then exploit the photochemical reaction of free base
porphyrins to monitor the influence of the polypeptide
chain on the porphyrin in the heme pocket. It is
important in low temperature spectroscopy to demon-
strate that the protein structure is intact. We have shown
earlier that MP substitution for the heme in HRP does
not destroy its substrate binding ability (6). We also
demonstrated that at cryogenic temperatures, the inho-
mogeneous distribution of (0, 0) energy for MP-HRP is
narrow, 60 cm™' (7, 8), that is, MP has a well defined
location within the protein crevice. The low bimolecular
quenching rate of molecular oxygen determined by the
fluorescence of protoporphyrin substituted horseradish
peroxidase (9) also shows that the heme pocket of this
protein has an unusually well protected, rigid structure.

In a recent paper we reported that in broad band (0.1
nm) fluorescence excitation spectra of MP-HRP at 1.5 K
several spectral bands can be observed in the (0, 0)
region of the O, band. Hole burning experiments in
these bands suggested that these bands arise from
several origins or species of MP tautomeric forms (8).

In the present paper, it is our goal to investigate the
origin of the spectral components of the Q, band in more
detail by using fluorescence line narrowing (FLN) and
temperature cycling hole burning (HB) techniques. We
measured the thermal stability of these components,
from which we determined the distribution of barrier
heights separating the various states. It will be shown
that there are more than two tautomeric forms of MP
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which can be populated at low temperatures photochem-
ically and/or thermally.

Spectral resolution using FLN spectroscopy for mono-
meric heme proteins was first shown by Angiolillo et al.
in 1982 (10); the first HB experiments on proteins were
published in 1981 (11, 12). Temperature cycled HB was
reported for proteins earlier only in one case, for the
phycobilisomes of the algae mastigocladus laminosus

(13).

MATERIALS AND METHODS

Horseradish peroxidase C (HRP), a monomeric heme glycoprotein
with a molecular weight of ~ 34,000 (14) was used as protein matrix.
Of the horseradish peroxidases, isoenzyme C was isolated and purified
as described (15). The pure fraction was treated with 2-butanone (16),
and the apoprotein was recombined with purified mesoporphyrin IX
(MP) (6). The preparation of MP-HRP was performed by Dr. K.-G.
Paul (Department of Physiology and Chemistry, University of Umea,
Sweden), and kindly donated to our purposes. The stock solution of
MP-HRP was stored at 200 K. Samples were prepared in a concentra-
tion of 20-40 pM in pH 5, S0 mM ammonium acetate buffers
containing 50% glycerol to assure transparency. Deuteration of
pyrrole hydrogens was performed by dialysis at 4°C against deuterium
oxide at pH 5.

FLN spectroscopy was performed in the temperature range of 540
K through the use of a liquid He flow cryostat (APD Cryogenics,
Allentown, PA). As tunable laser source, a Coherent 599 linear dye
laser pumped by a CW argon ion laser INNOVA 70 (Coherent Inc.,
Palo Alto, CA) was used. Spectra were measured by a resolution 1
cm™' through a 1 m Jobin-Yvon double holographic monochromator
Ramanor HG2S. For inhomogeneous distribution function determina-
tions a double scanning method (17, 18) was used. This method is
based on Eq. 1 which describes the emission intensity of a zero phonon
line I*"(v) as:

IZPL(V) = K*ﬁsz(vcxc)*n(VO«O)*fZPL(vcm) (1)
where €“"(v,,.) stands for the absorption probability for a zero phonon
excitation in a vibronic state of v, = v, — v, vibrational energy,
f(v.,,) is the emission probability for a ZPL transition of v,,, energy,
n[vy] is the inhomogeneous distribution function, assumed to be
identical for all v, + v, vibronic levels, K is a constant. In the
experiments, v, = v, that is, (0, 0) emission lines were measured.
While changing v,,., only that emission line was followed for which v,
was constant. By this way, not only the emission process, but also the
excitation process was kept of the same type, and thus both € and f can
be considered constant. Consequently, the only reason why I(v_,) is
changing with the excitation energy is that the number of molecules
which can be found excited through the chosen vibronic excitation is
changing. From this (without superscript ZPL):

I(v,) = K'n[vy,)]; ifv, =v + v, andy =constant. (2)
Thus, the inhomogeneous distribution function n can be directly
measured by the chosen line intensity. This method involves the
simplification that the Debye-Waller factor (19), and the vibrational
energies in the S, state remain constant through the inhomogeneous
distribution. Emission spectra in the (0, 0) transition range were
measured at different excitation energies varied in steps by 10 cm™.
I(v,,.) data were plotted in dependence of v,,,, and Gaussian distribu-
tion functions were fitted by computer.

Spectral HB was performed at 1.5 and 4.2 K with a single mode
CW-dye laser (Coherent Inc. models INNOVA 90 and 699-21) whose
line width was on the order of a few MHz (~ 107* cm™'). The holes for
temperature cycling were burnt at 4 K by a power of 10-20 uW/cm’ to
a relative depth of ~50%; their line width was ~0.1 cm™". Scanning of
the holes was performed by the same laser at lower intensity in the
scanning range of 30 GHz (~2 cm™'). Temperature was adjusted by a
liquid He flow cryostat (Leybold-Hereaus VSK 3-300, Koln, Ger-
many). After burning the hole at 4 K, the sample was exposed to
temperature cycles in the following way: The temperature of the
sample was elevated to a higher value, the so-called excursion
temperature, then, after a partial equilibration, it was brought back to
4 K, where the hole shape was measured. Both the linewidth and the
hole area may have a characteristic dependence on the excursion
temperature (T'), which is the variable of the experiment. It was shown
earlier that the influence of the excursion temperature on the
linewidth is decoupled from that on the hole area (20). A previous
paper (8) described our line broadening data for MP-HRP in temper-
ature cycling experiments. In the present paper, we focus on the hole
area changes (20-22).

The hole area is a measure of the number of molecules in the
photoproduct state(s). When the temperature is elevated to the
excursion temperature T, some of the photoproduct molecules are
activated, cross the barrier, and return to the educt state. This means
that they fill the hole. Hence, the change of the area is proportional to
the fraction of photoproduct molecules which have returned to their
educt state during a specific cycle. As shown below, the derivative of
the hole area with respect to temperature is directly proportional to
the probability distribution P, (V') of finding a barrier height V. In
brief, the argument is as follows: assume the rate of relaxation R, from
the product to the educt state (separated by a barrier V), is governed
by an activated process:

R =R, exp [-V/kT]. 3)
Then, for a certain temperature, there exists a rather well defined
marginal barrier V), out of the whole distribution, which can just be
crossed within the time scale 7, the time-roughly-needed to drive the
system through the cycle. In the simplest approach (which we call the
“ideal glass approximation”) the rate R, related to this marginal
barrier V), is, at the given temperature, determined by the inverse of
the experimental time 7:

Ry ~ 7\ 4)

The ideal glass approximation is always good in case the dispersion of
relaxation rates is large (20). Then from Eqgs. 3 and 4, V), can be
determined:

V,, = kT In (R,7). ®)
From Eq. 5, we learn that V,, is almost exclusively determined by the
excursion temperature 7. The dependence on the experimental time is
only logarithmic. Hence, by varying the temperature, it is possible to
probe V. Assume, the experiment is set for a certain temperature 7T,
which in turn determines a certain V). Those centers having barriers
higher than V), are, at T, still in the product state. They make up the
hole. Their number N; is determined by

Vnax
No~a= [ PV AV, (6)

A is the area of the hole at temperature 7T, and V,,, is the maximum
barrier height. Here A; is normalized in a way that 4, = 1. Using Eq. 6
together with Eq. 5, it follows that the temperature derivative of A; is
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proportional to the distribution Py(V):
dA./dT = k * In (R,;7)*P(V}y). N

Eq. 7 has been used to determine barrier distributions in glasses,
polymers and proteins (20-22). Note that Eq. 7 yields the distributions
on a relative scale only.

To determine the barriers on an absolute scale, the factor In (R;7)
has to be known. It was shown earlier (20-21), that a value of 30 is an
acceptable approximation; this corresponds to a value of 10”s™' for R,
the attempt frequency. The actual magnitude of R,z is rather uncritical
within a few orders of magnitude due to the log dependence.

There are special advantages in using temperature cycling tech-
niques. First, rather long measuring times may be used to get high
signal qualities, because at the low burning/measuring temperature,
no further kinetic changes can be expected. Second, returning to the
burning temperature sharpens the recovered hole considerably. Conse-
quently, the signal to noise ratio is increased further, and the
temperature range available for study can be extended.

RESULTS

Production of new spectral bands by
irradiation and thermal treatment

Fig. 1 a shows the fluorescence excitation spectrum in
the O band region of MP-HRP at 1.5 K measured by
monochromator with a resolution of 3 A. The spectrum
is identical to that at 4 K. The sample was frozen to
cryogenic temperatures approximately at a rate of 2 K/s.
In the (0, 0) range, one origin seems to be largely
populated around 6,130 A; at longer wavelengths, some
low intensity peaks can also be observed. At low temper-
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FIGURE1 (a) Absorption spectrum of MP-HRP at pH 5 and 1.5 K
(measured through fluorescence excitation) after sudden freezing
from room temperature. Resolution is 3 A. (b) Change of the
absorption spectrum after photobleaching at 6,130 A (band width 20
A) for 30 min by an intensity of 10 wW/cm?. Tautomer component
bands are indicated by numbers.

atures the sample is very sensitive to irradiation. The
band at 6,130 A (peak 1) can almost completely be
photobleached. Examples are shown in Fig. 1 b and 2; in
the latter case, a 50% bleaching was achieved during 30
min by irradiation at 6,130 A through a monochromator
with an intensity of ~ 10 wW/cm? and a bandwidth of 20
A. The difference spectrum, shown in Fig. 1 b, reveals
that while the origin of band 1 burns out (we can see the
disappearance in the higher vibronics and the Q, region,
too), two new peaks gain intensity in the (0, 0) range
marked by 2 and 3. Their vibronics and Q, transitions
can also be identified by positive signals. It is interesting
to note that the Q,~Q, energy separation is bigger for the
new products than that of the original component. Thus,
irradiation seems to populate new species of MP,
leading to characteristic sets of electronic energies.

Fig. 2 shows the (0, 0) band region in an expanded
scale. In this experiment, the sample freshly frozen from
room temperature (spectrum indicated by full line) to 4
K was photobleached leading to the new (0, 0) bands 2
and 3 as shown by the dotted line difference spectrum.
Subsequently, the sample was heated to higher tempera-
tures, and after a few minutes, returned to 4 K. Then, a
spectrum was remeasured. The photobleached feature
does not change until ~30K; a spectrum measured
after warming up to 25 K totally overlapped with the
previous spectrum. However, above 40 K, a new band
that gains intensity from the previous products appears
(band 4), as shown by the dashed line difference spec-
trum measured after a temperature rise to 52 K. This
spectrum does not change until about somewhat higher
than 100 K. By 125 K, all the products have returned to
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FIGURE2 Absorption spectrum of MP-HRP at pH § measured at 4 K
is shown by solid line. Change in the absorption spectrum after
photobleaching at 6,130 A (bandwidth 20 A) for 30 min by an intensity
of 9.5 wuW/cm?, measured by 4 K (dotted line). The spectrum by dotted
line also shows an identical spectrum measured at 4 K after warming
the sample up to 25 K. Dashed line indicates two identical spectra
taken at 4 K after warming the photobleached sample up to 52 and 72
K. After heating up to 125 K, the spectrum was found identical to the
original spectrum at 4 K, shown by solid line.
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the original configuration, and we get back the original
spectrum shown by solid line at 4 K.

Identification of the products

In our studies, it was important to make clear that the
intensity changes described above represent the pho-
totransformation of different species. For this we had to
prove that the bands in question are (0, 0) transitions.
This is possible based on the following characteristics.
(a) The (0, 0) lines are significantly narrower than those
of other transitions. (b) The multiple (0, 0)’s shift with
the excitation energy. (c¢) Their intensity follows the
inhomogeneous distribution function of the chro-
mophore population as described in Materials and
Methods. In Fig. 3, the (0, 0) range of the FLN spectra is
shown for two different excitation energies (Figs. 3 b, ¢).
No higher energy lines of comparable intensity could be
observed. Note that the intensities of multiple (0, 0)
lines do not give an estimate for the number of chro-
mophores, because they may originate from simulta-
neous excitation of different vibronic states. However, it
is correct to compare the same kind of spectrum for
various conditions (deuteration, pH change). We see
that in case of both excitations, the same (0, 0) transi-
tions gain different intensities in these samples indicat-
ing that the changed parameters affect the number of
molecules characterized by the given emission lines.

It is known from the literature (2, 4) that deuterium
substitution for the pyrrole hydrogens significantly slows
the phototautomerization process in porphyrins. A fac-
tor of 12 was reported for porphin in n-octane (2). Thus
the low intensities around 16,300 cm™ compared to
those around 16,100 cm™' in undeuterated samples at
pH 5, that is, in standard condition (see Fig. 3, b and ¢),
suggest that during the spectral data collection time of
10 min, significant photochemical changes are induced
by the exciting power of 100 pnW. The change in the line
intensities for standard samples is shown in the inset of
Fig. 3 ¢ for lines 1 and 2. By comparing the two curves we
see different kinetic behavior in the disappearance and
the rise of the species. Actually, curve 2 represents the

FIGURE3 (A) Inhomogeneous distribution of (0, 0) transitions for
the different tautomeric forms of MP-HRP, indicated by numbers,
plotted against the transition energy in cm™. (Corresponding wave-
length values for the mean transition energies are shown in A above
the distribution functions for comparison with other figures). (B) 0, 0
emission range is shown from the line narrowed spectra of MP-HRP
under different conditions when excited at 17,400 cm™' at 7 K. The
exciting power was in the range of 100-500 pW, the data collection
time was 8 min. (C) The same range of the spectra is shown as in
Fig. 3B, but now at an excitation energy of 17,500 cm™'. (Inser)
Intensity changes of emission lines at 16,298 cm™ (curve 1) and at
16,100 cm™' (curve 2) plotted against the irradiation power in mJ.
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formation of a certain group of molecules, and also their
further transformation (into bands around 16,000 cm™,
see 7). Thus, curve 2 is a result of a rising and a slowly
decaying process. Comparison of these kinetics with
deuterated samples shows slowing by a factor of ~50.
Thus the chromophores with (0, 0) energies around
16,300 cm™ in standard condition are very sensitive to
irradiation. They can be almost 100% transformed into
other tautomeric forms.

In our earlier FLN studies (7, 18), we did not use
excitation powers lower than 30 mW. Thus, in standard
MP-HRP samples, the bands around 16,300 cm™' were
immediately photobleached. However, a further pho-
totransformation of the lines around 16,100 cm™! into a
product with (0, 0) energies around 16,000 cm™' could be
seen within a timescale of 20 min. (This product is also
represented by low intensities in the spectra shown in
this paper.) This lower probability reaction can also be
slowed by deuteration but only by a factor of about two.

In samples at pH 8 the population of the states
emitting around 16,200 cm™ is prominent, and the
transformation of the species with energies around
16,300 cm™ is less effective. Also, no further transforma-
tion of the lines around 16,100 cm™ can be induced
(7, 23). The influence of deuteration and pH on the
tautomerization equilibrium can be exploited to deter-
mine the inhomogeneous distributions. In the 16,300
cm™' range, deuterated samples were used so as not to
affect the line intensities by photochemical transforma-
tion. For the range around 16,200 cm™, pH 8 was used
because of the high population of these states. In the
lower energy range, samples at standard condition were
thoroughly investigated earlier (7, 23). The inhomoge-
neous distribution functions normalized to the same
value are shown in Fig. 3 a on the same energy scale as
the spectra. Distributions 3 and 4 are taken from our
previous studies (7). The origins (mean positions) are
shown in 4 above the populations, and also given in
Table 1. It is clear that four distinct (0, 0) energy
distributions can be detected.

We can summarize the results shown in Figs. 1-3 as
follows. Upon irradiation and heat treatment, four
different species of MP can be populated in MP-HRP,
pH 5 samples. The characteristic (0, 0) energies of the
species are separated by ~100 cm™'. The width of the
corresponding inhomogeneous distributions shown in
Table 1 is rather narrow compared to glassy systems, and
corresponds with the width of the conventionally mea-
sured spectral bands. This latter fact means that phonon
wing contributions do not play a significant role in the
shape of the spectral bands at low temperatures. This is
also seen in the shape of the emission lines of FLN
spectra. The photo and thermal interconversion of the
species shows that they are structurally related, thus we

TABLE1 Parameters of MP tautomeric configurations
stabllized by HRP at pH 5: position (i) and width (20) of
inhomogeneous distribution functions for (0,0) transition
energy; barrier height distribution position (j.;) and width
(20,) values determined by fitting with Gaussians

Tautomers w 20 W 207
cm™  cm™' K (Kcal/mole) K (Kcal/mole)
1 16,306  80° >100 (> 6) —
2 16,202  50° — —
3 16,100 60 9.2 (0.55) 42 (0.24)
19.9 (1.2) 4.4 (0.26)
>30 —
4 16,000 60 10.2 (0.61) 1.65 (0.1)
29.9(1.8) 8.4 (0.5)

*Doublet band; and ®measured at pH 8 which reduces the width value.

argue that they are different tautomeric forms of MP.
This is in line with the deuteration effect, too. At room
temperature, almost only one tautomeric form is popu-
lated (form 1). Irradiation (through either [0, 0] or
vibronic excitation) easily transforms the form 1 MP
molecules into 2 and 3. Transformation into form 4
directly from form 1 was not observed. From 2 and 3,
form 4 is produced either by heat treatment or by
prolonged irradiation. The rate of this transition is much
less sensitive to deuteration of the hydrogens than that
between 1 and 2-3.

One additional remark should be made. If we look at
the spectral features in Fig. 3 around 16,300 cm ™', under
some conditions it can be clearly seen that the lines have
a doublet character at both excitation energies (see pH 8
cases; deuteration affects the population of the individ-
ual doublets). We performed HB through vibronic
excitation as a control for the FLN studies, where
vibronic excitation has been applied. The result shown in
Fig. 4 proves that an excitation at 5,708 A in the vibronic
range of Q, induces hole burning in the (0, 0) band of
form 1. Moreover, if we look at the burnt hole in more
detail (inset of Fig. 4) we see that the hole bears a
doublet feature. The separation of the two holes (7
cm™') coincides with the separation of the doublet (0, 0)
lines in the FLN spectra. On this basis we believe that
distribution 1 may be an envelope of two populations
separated by 7 cm™'. This interpretation is also sup-
ported by the larger width of distribution 1 (Table 1),
and the shoulder-like shape of the plot for the distribu-
tion in Fig. 3 a.

Hole recovery properties of different
tautomeric forms of MP-HRP

Hole recovery processes were studied by temperature
cycling experiments in the different tautomeric bands
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FIGURE4 Absorption spectrum of MP-HRP irradiated at 5,708 A by
laser light of 15 pW/cm? for 10 min. Some of the satellite holes are
shown by bars. (Inset) The satellite holes shape at around 6,130 A is
shown on an expanded scale.

using MP-HRP samples at standard conditions. In the
experimental series under discussion, the band at 6,173
A (tautomer 2) was not intense enough to study hole
filling for this tautomer. The range in the excursion
temperature was limited by hole broadening phenomena
(discussed in 8). Reasonable signal/noise conditions
could be achieved up to 30 K.

Fig. 5 a shows the prominent origin, band 1 at 6,130 A,
at an enlarged scale. The hole is shown as an inset on a
further expanded scale. The 0.03 A (~0.1 cm™) line-
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FIGURE5 (a) Hole burnt in the (0, 0) band for tautomer 1 at 6,130 A
by 0.15 wW/cm? burning intensity for 6 min at 4 K, shown on a 10°
times expanded wavelength scale as an inset overlaid on the spectral
bank. The linewidth of the hole is indicated in A, the depth was
~50%. (b) Relative change in the hole area (4/4,) plotted against the
excursion temperature (7') of a temperature cycling experiment.

width represents the width before any temperature
cycling experiments. In Fig. 5 b, the hole area is shown
on a relative scale as a function of the excursion
temperature T. The data show no significant changes in
the hole area up to 30 K, that is, the barriers between
product and educt molecules are too high to be crossed
in this temperature range. Based on the experiment
shown in Fig. 2, however, we may expect that almost all
of the holes would recover over 100 K.

Fig. 6 shows the hole filling processes for tautomer 3
(center of site distribution is at 6,213 A). Because this
configuration is scarcely populated at room tempera-
ture, it was photochemically enhanced before hole
burning by irradiation at 6,130 A as discussed earlier.
The hole within band 3 was burnt at 6,222 A. Its
linewidth before temperature cycling is 0.034 A. Its
depth was ~50%. In Fig. 6b we see that this hole
recovers in a complicated fashion; first, around 9K, a
small part of the hole, roughly 20% gets filled, then
around 20 K, another filling process gets activated which
recovers about 50% of the hole area. The remaining
30% of the hole does not recover within the temperature
range of the experiment (30 K). The figure also shows
that the data can be fitted sufficiently well by a bimodal
Gaussian distribution for the barriers separating the
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FIGURE 6 (a) Hole burnt in the (0, 0) band for tautomer 3 at 6,222 A
by 0.5 wuW/cm’ intensity for 7 min. at 4 K, shown on a 10° times
expanded wavelength scale as an inset ovelaid on the spectral band.
The width of the hole is indicated in A, the depth was ~ 50%. ®)
Relative change in the area of the hole (4/A4,) plotted against the
excursion temperature (T') of a temperature cycling experiment. The
fit curve is an integral over the bimodal Gaussian distribution also
shown in the figure. The fitting parameters are given in Table 1.

386 Biophysical Journal

Volume 61 February 1992



educt and product states. This distribution is the temper-
ature derivative of the line connecting the data points
(see Eq. 8), the fitting parameters are found in Table 1.

Fig. 7 illustrates the behavior of tautomer 4, which we
relate to band 4 (center at 6,250 A). Band 4 was
produced by irradiating the sample at 6,130 A (band 1)
and then heating it to 40 K (the spectrum after irradia-
tion is shown in Fig. 7 a by a bold line, the other curve
shows the production of band 4 by heating). There is
strong indication that it grows more at the expense of the
6,173 A origin than of the origin at 6,134 A. (The same
experiment was discussed in detail earlier in connection
with Fig. 2.) Also shown in the figure is the hole burnt
into band 4 at 6,250 A, before temperature cycling. Its
depth was around 50%, its linewidth is indicated in the
figure. This hole shows also a multistep recovery behav-
ior as seen in Fig. 7b. It recovers by 50% as the
temperature is cycled from 4 to 9 K. The rest of the hole
seems to recover around 30 K (a barrier distribution
centered at 30 K gives satisfactory agreement with the
data points). The parameters of the Gaussians are found
in Table 1.
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FIGURE 7 (a) Absorption spectrum of a photobleached MP-HRP pH
5 sample at 4 K is shown by solid line. Also shown is the spectrum
measured at 4 K after warming the photobleached sample up to 40 K
to produce tautomer 4 in the expense of the bands of tautomer 2 and 3.
Hole burnt in the (0, 0) band for tautomer 4 is shown on a 10° times
expanded scale as an inset overlaid on the spectral band. The width of
the hole is indicated in A, the depth of the hole was ~50%. (b)
Relative change in the hole area (4/4,) plotted against the excursion
temperature of a temperature cycling experiment. The fit curve is the
integral over the bimodal Gaussian distribution also shown in the
figure. The fitting parameters are given in Table 1.

DISCUSSION

Possible tautomeric forms of MP
in HRP

It is clear from the data presented in this paper that at
low temperature, several tautomeric forms of MP can be
populated. The data add to the generally accepted
model of two possible linear configurations for the
pyrrole hydrogens located at opposite nitrogens. In the
literature, including the early NMR studies, it was
argued that free base porphyrins may also populate
different kinds of configurations with hydrogens at
neighboring nitrogens (4). Theoretical works by Sarai
(24) revealed characteristic features of the transition
between the tautomeric states: at room temperature,
synchronous motion of the two hydrogens is of low
probability, whereas incoherent hopping is expected.
For low temperature, the calculations predict simulta-
neous hydrogen motions as probable, but do not exclude
the successive kind of hydrogen migrations, either. This
latter motion was characterized as involving higher
energy neighboring positions. In other works, however,
these results were debated (25). A theoretical study by
Bersuker and Polinger (26) included vibrational mixing
of the ground and excited states through vibrations of
out of plane symmetry, and came to the conclusion that
porphin may have four main stable ground state configu-
rations of equal energy: if one allows for out-of-plane
hydrogen positions (one above, and one below the
molecular plane), four linear arrangements can be
derived. They also support the idea that vibrational
mixing by other symmetries may lead to higher energy
neighboring positions for the hydrogens. In a recent
paper (31), this same model was used to interpret data
for porphin in n-hexane, and the supposedly neighbor-
ing tautomeric forms were characterized by a 1,800 cm™'
higher ground state energy. Versions of out-of-plane
hydrogen positions in a linear arrangement (either both
above or both below the plane of the porphyrin) instead
of the neighboring positions can also be considered. We
have detected more conformers than what can be
accounted for by the regular inplane versions in a linear
arrangement. It is out of the frame of the present study
to perform structural identification for these structures.
Our present results allow for the conclusion that there
are conformers separated by barriers with energies in
the range of the forms previously specified as linear.
Added to this group, there may be the presence of
higher ground state energy structures, and in this second
group, perhaps in both, there are structures separated
by extremely low barriers in the ground state. Such an
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abundance of tautomeric structures was not yet experi-
mentally demonstrated.

We underline that special characteristics of MP in the
protein helped to differentiate between its tautomeric
forms. These were the following: MP is not of pure D,,
symmetry because of the asymmetric substituents (see
Fig. 8), and the effect of this asymmetric substitution is
equivalent to having the molecule constantly exposed to
an asymmetric crystal field (27). The fact that the
chromophore is within a protein means the presence of
an additional crystal field of lower symmetry. These
effects may lead to a splitting in the electronic energies
of the various configurational states, degenerate in an
unperturbed geometry (28, 29). The importance of the
crystal field of the protein is demonstrated by the
observation that MP in alcohol glass (7) or in glycerol
(unpublished results) does not show splitting. The high
resolution of FLN and HB spectroscopic techniques
makes it possible to differentiate the various configura-
tional states, even if their excitation energies differ by as
little as a few wavenumbers.

Barriers separating the
tautomeric forms

At moderate and lower temperatures, hydrogen ex-
change in the ground state is expected to occur by
tunneling. The questions, whether it involves synchro-
nous or asynchronous motion, and whether this motion

(a)
CH
CBA\ \
HO-C-CHCH,
o
(b)

energy

3 4 5

1
reaction coordinate

FIGURE8 (a) Structure of mesoporphyrin IX. (b) Ground state
energy landscape of MP-HRP at pH 5. Energy valleys corresponding
to the tautomeric forms are indicated by numbers.

is coupled to or decoupled from skeletal motions have
been debated (24, 25). At different temperatures, dif-
ferent mechanisms were proposed (24). Recent fluores-
cence studies around 110K, and a tunneling model
interpreting the data lead to ground state energy barrier
values of about 5,000 cm™' between the linear tauto-
meric forms of porphin in n-hexane (31). In interpreting
our hole filling data shown in Figs. 5-7, and upon
characterizing the ground state barriers between the
individual tautomers, we have used the model presented
under Materials and Methods. We did not have enough
experimental evidence to demonstrate a tunneling pro-
cesses in the studied temperature range. The non-
Arrhenius behavior of the tautomeric conversion kinet-
ics reported elsewhere (7) can be well interpreted as a
result of barrier distribution.

From temperature cycling HB studies on phthalocya-
nine in n-octane (30), and from what was estimated on
the basis of NMR, IR and fluorescence studies
(4, 24, 25, 31) for symmetric porphyrins, we estimate an
average barrier height between regular linear tautomers
on the order of 4,000 cm™' (11.4 kcal/Mol). (This value
was involved in our model to interpret the hole filling
data.) We found a population (or two): form 1, sepa-
rated from the others by high barriers of about this
magnitude dominating at room temperature, thus we
concluded that this linear form has the lowest ground
state energy.

Most of the holes burnt into tautomer 3 are filled from
a state separated by a barrier on the order of 20 K. This
result, compared to previous temperature cycling stud-
ies on tautomers 3 and 4 (22), suggest that the 20 K
barrier separates tautomers 3 and 4. The remaining hole
area, not refilled below 30 K, most probably arise from
those tautomers which were transformed into form 1, in
correspondence with the results shown in Fig. 2.

The hole burnt into the population corresponding to
tautomer 3 was, at 6,222 A, a little bit toward the
population for tautomer 4 (see the inhomogeneous
distribution functions in Fig. 3 ), thus it may be that
some molecules of type 4 are simultaneously trans-
formed during burning. This queries unambiguous con-
nection of barriers around 9 K (Fig. 5 b) with tautomer
3. A similar barrier height population is also found in
tautomer 4 to a large extent. However, the possibility
can not be excluded that the tautomeric state 3 has
another neighboring state separated by a barrier on the
order of 9 K, in addition to the configurations 1 and 4.

The hole burnt into the tautomer 4 population reveals
that about half of this configuration is transformed into a
form separated by a low barrier (~ 9 K), similar to that
observed by a small percent in the hole filling for
tautomer 3. As for the fitted width of the Gaussian, we
believe that we may rely more on the width value
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determined in the case of tautomer 3 in the same range
as ~4 K. The area filling that becomes observable above
around 22 K may be a process used to populate form 4
by heat treatment (at 40 K) from forms 2 and 3. The
large width of this distribution also suggest that this hole
filling is a composite phenomenon.

Comments on the Gaussian
distribution of barrier heights

The hole recovery data demonstrate that the distribu-
tion of barrier heights for the various tautomeric con-
formers of MP in a protein crevice is sufficiently well
described by Gaussians. A Gaussian distribution, sug-
gested by Stein (33) was, for example, found by Ber-
endzen and Braunstein (34) for the geminate recombina-
tion of deligated carbonmonoxymyoglobin. (A discussion
of the effect of inhomogeneous distribution of molecules
on the reaction kinetics of the myoglobin system is given
by Austin and coworkers [35]). In another system, the
recovery reaction of photochemical holes burnt into a
phthalocyanine doped Shpols’kii crystal is well modeled
by a Gaussian distribution of barrier heights (30).
However, for quite a large series of doped glasses and
polymers (34), a highly asymmetric distribution was
found, following closely a so called Porter-Thomas
distribution (36).

Recently, Laird and Skinner published a microscopic
theory on inhomogeneous line broadening (37) of dye
probes in glasses. They were able to show under what
conditions Gaussian distributions prevail. Because the
distribution of barrier heights is the consequence of the
same phenomenon as inhomogeneous line broadening,
one can use their theory to investigate the conditions
under which Gaussian distribution is expected for bar-
rier heights. Basically, three requirements have to be
met: (@) A zero order barrier of the reacting species has
to be present onto which the solvent can act as a
perturbing environment. (b) All possible configurations
of the solvent molecules should be statistically indepen-
dent. This means that the N-particle density correlation
function can be factorized into a product of N two-
particle correlation functions. Then, the huge number of
possible configurations can interact independently with
the zero order barrier leading to a random modulation.
To get a distribution of barriers it is important that the
interaction of the solvent configurations with the mini-
mum energy state along the reactive hypersurface is not
completely correlated with the corresponding maximum
energy state. (¢) The third condition necessary for a
Gaussian distribution is a sufficiently high density of the
solvent.

It seems to be clear that some of these restrictions are
quite severe, for instance, the assumption that there is

no correlation between configurations of the solvent
molecules. It could be due to this restrictive condition
that some of the measured distributions are not quite
Gaussians but show pronounced asymmetries. In con-
trast, most of the doped glass systems, where the
distribution of reactive barriers followed a sort of
Porter-Thomas type distribution, are characterized by
photophysical hole burning processes. Photophysical
hole burning takes place when the dye probe itself is not
photoreactive. In this case, there is no zero-order
barrier. Instead, the barrier has to be built up by the
solvent molecules. It is then clear that one of the above
requirements is not met, namely, that the solvent mole-
cules are totally uncorrelated. Several solvent molecules
have to act together to establish some configurational
barrier for the dopand molecule. It seems that a situa-
tion like this occurs in some of the photosynthetic
antenna pigments (22). In this case, the recovery curve
of a spectral hole could be modelled as being a superpo-
sition of a Gaussian and a Porter-Thomas distribution,
possibly due to a simultaneous photophysical and photo-
chemical burning process. In the case of MP-HRP, the
photoreaction is based on pyrrole hydrogen transforma-
tion, and hence, there is a zero order reaction barrier for
the isolated probe species. Provided that there is a
sufficiently large region in phase space where the protein
configurations can be considered as being independent,
a Gaussian distribution function can be expected.

Characterization of MP tautomers
stabilized by HRP at pH 5 at
cryogenic temperatures

The conventional and FLN studies at cryogenic temper-
atures reported in this paper for MP in HRP reveal that
at pH 5 at room temperature the porphyrin is present in
two, about equally populated pyrrole tautomeric config-
urations showing only little (in the order of 10 cm™)
energy separation (see results of doublet lines) in their
§¢ — S transition energies. These (0, 0) energies are
around 6,134 A (form 1 a and 1 b). Irradiation into this
configuration at low temperature leads with high proba-
bility to the formation of a stable conformer with (0, 0)
band maximum at 6213 A (form 3), and with less
probability to a configuration with (0, 0) band maximum
around 6,173 A (form 2). At pH 8, this latter form is also
significantly populated at room temperature along with
those with 6,134 A transition energy. The photochemical
transformation from forms 1 to 3 and 2 at pH 5 is very
sensitive to deuterium substitution, and the barrier
heights in ground state isolating forms 1 from the others
correspond to those expected between linear tautomeric
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forms. Thus, we believe that forms 1 a and 1 b, and forms
2-3 represent different linear configurations.

We argue that the tautomer 4 ([0, 0] bands at 6,252 A)
represent a peculiar group of tautomers. They can be
produced from form 1 through forms 2 and 3 with about
three orders of magnitude less probability by irradiation
at low temperature. The phototransformation rate from
2 and 3 to form 4 is only moderately sensitive to
deuterium substitution for the pyrrole hydrogens. Form
4 can also be populated from forms 2 and 3 by heating
the sample up to 40 K. By warming to above 100 K, the
MPs will be brought back to the original room tempera-
ture configuration, forms 1 a and 1 b. We suggest that
type 4 molecules are similar to those that others (31)
have found that have higher ground state energies in
case of porphin in n-hexane. The low barrier heights
found around 9 K may separate two such configurations
of similar symmetries.

The results summarized above lead to the landscape
schematized in Fig. 8 b for the ground state of MP in pH
5 HRP. The model shown in the figure is a circular
(multidimensional) energy valley arrangement simpli-
fied to be linear by “cutting” it along the reaction
coordinate scale. A similar model was presented by
Bersuker and Polinger (26), with identical energy valleys
for a symmetric porphyrin without crystal field effects. It
is the consequence of the asymetric environment im-
posed by the protein as well as the asymmetry of the
porphyrin that makes our model more complicated. The
results showed also that pH changes may change the
protonation of the surrounding amino acids (histidines),
and this leads to restrictions in the stabilized MP
tautomeric forms. Thus, for high pH, another energy
“landscape” might hold. Form 4 positions would be
excluded, and the ground and excited state energy
landscape is affected in a way that form 2 gets signifi-
cantly populated.

Finally, we would like to underline that this paper is a
report about the existence of new forms of a free base
porphyrin within a protein. The results do not give direct
information about the nature of the protein matrix (such
results are discussed in 8). However, indirectly, charac-
teristics of the heme pockets are involved in the ob-
served phenomena at the following points. (a) The Q
band energies for the tautomers are split partially due to
the protein crystal field; (b) The energy landscape shown
in Fig. 8, and thus the trapping in the tautomeric forms is
the consequence of the neighboring amino acid groups
within the pocket; (¢) The unusually narrow inhomoge-
neous distribution of the (0, 0) bands which helped to
differentiate the conformers is due to the special charac-
ter of the heme pocket in HRP.
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