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The recombination of carbon monoxide to isoenzymes A2 and C of horseradish peroxidase
(HRP) was studied as a function of temperature (2 to 320 K} and pH (5 to 8:3) with flash
photolysis and infrared difference absorption. At low temperatures three geminate
recombination processes are observed. One of these internal processes, denoted by I*, is
exponential in time with a rate coefficient that deviates strongly from an Arrhenius
behavior below 100 K, implying phonon-assisted tunneling. The two other processes,
denoted by I, are non-exponential in time and related to different carbonyl isomers, as
shown by the infrared difference spectra. The existence of three internal processes indicates
that HRP differs considerably from myoglobin where only one internal process, I, is seen.
Moreover, the internal processes in HRP are faster than process I in myoglobin. At 300 K,
only one recombination process from the solvent is observed and it is very slow (g = 1 s7*
at latm CO (1 atm=101,325Pa)), much slower than the corresponding association
process in myoglobin. Since process I is fast, but binding from the solvent is slow, the
barrier at the heme cannot be responsible for the small association rate. The infrared
absorption difference spectra of the amide I/IT bands indicate that photolysis and
recombination trigger a two-step structural change. The slow recombination rate at 300 K
can thus be explained by the large Gibbs energy of the conformational transition that is
necessary to let CO move into the heme pocket. The partition coefficient for the CO in the
heme pocket and the solvent is extremely small, while bond formation with the heme iron

occurs in less than 100 nanoseconds.

1. Introduction

Peroxidases and catalases are heme proteins
like hemoglobin, myoglobin and the cytochromes.
Unlike hemoglobin and myoglobin, however, they
are enzymes. Horseradish peroxidase (HRP; M,
44,000, EC1.11.1.7)§ contains the iron proto-
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porphyrin type IX and a co-ordinated histidine in
the fifth position like hemoglobin and myoglobin.
In its ferrous state, HRP forms compounds with
CO, NO, CN and RCN, with spectral properties
similar to those of hemoglobin and myoglobin, but
its reactions with hydrogen peroxide and oxygen
are different (Brill et al., 1966). At room
temperature CO binds to HRP about 10° times
slower than to myoglobin (Mb); Kertez et al. 1965).
Yamasaki e al. (1978) attributed the differences to
a stronger interaction of the distal histidine, the
heme-linked ionizing group, with the CO. (The term
heme-linked was introduced by Yamasaki et al.
(1978) to denote a group that is functionally linked
to the heme without necessarily being covalently
bound to the heme.) Alternatively, Mincey &
Taylor (1980) suggested ionization of the proximal
histidine. LaMar et al. (1982) demonstrated,
however, that the proximal histidine is protonated
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even at high pH. Resonance Raman spectra
indicate a pH-dependent frequency shift of the
iron-proximal histidine stretching mode, which
cannot be due to the deprotonation of the proximal
histidine (Teraoka & Kitagawa, 1981). No such
frequency shift is observed in Mb. The pH
dependence of the Raman band in HRP is assumed
to be due to the deprotonation of the distal
histidine, communicated to the Fe-N* (proximal
histidine) bond via the globin. It is of interest to
study how these molecular differences in the heme
environment, the strength of the iron-histidine
bond, and the interaction of the heme with its distal
base affect the kinetics of CO binding.

In this paper, we describe the reaction of carbon
monoxide with two plant peroxidases, types A2 and
C. In the reduced state, A2 and C have different
acid-base properties, with pK, values of 5-5 and 7,
respectively. It has been suggested that stabiliza-
tion of the imidazolium ion of the distal histidine by
an anion is stronger in HRP-C than in HRP-A2
(Yamasaki et al., 1978; Dunford & Araiso, 1979).
There are two histidine residues on the distal side of
HRP-C, His40 and His42. His42 is presumed to co-
ordinate to the iron. The propionic CO; of the
heme periphery or the side-chain CO; of Asp43
may be important for formation of the first reaction
intermediate (compound I) with H,0, (Dunford &
Araiso, 1979). These groups may stabilize the
imidazolium ion in HRP-C.

In our earlier work {Austin ef al., 1975: Alben ef
al., 1982; Alberding et al., 1978; Doster et al., 1982;
Dlott et al., 1983; Ansari et al., 1986) we
investigated recombination of O, and CO with
myoglobin and other single-chain heme proteins by
laser flash photolysis and i.r. spectroscopy over a
wide range of temperature and time. We found that
the following kinetic scheme described all experi-
mental features in Mb:

AB oMo S+L. (S1)

A laser flash initiates photodissociation of the
ligand L from the bound state A into the heme
pocket B. The ligand can either recombine directly
or move from B into the protein matrix M.
Recombination M —>B > A or escape into the
solvent is then possible. The protein state without
ligand is denoted by S. Consequently one observes
three processes: the internal process I(B — A), the
matrix process M(M — B — A), and the solvent
process S(S+L->M->B—>A). The rates and
amplitudes of the three processes depend on
temperature. Experiments over a wide range of
temperatures allow the investigation of the
individual steps of the reaction sequence. Below
about 180 K, only process I is seen. It is non-
exponential in time, suggesting that each protein
can assume a large number of conformational
substates (Austin ef al., 1975; Fraunenfelder et al.,
1979).

The scheme (S1) leads to the following simple
expressions for the association rate coefficient Jg

(Doster et al., 1982; Young, 1984):
4s = kgaNgPg, ()

where kg, is the rate coefficient for step B — A
averaged over all conformational substates; Ng is
the fraction of recombination to initiate from the
solvent; Py is the “pocket occupation factor”, i.e.
the coefficient of the equilibrium B « S+ L in the
limit kg, — 0.

The reaction of CO with ferroperoxidase is more
complex than with myoglobin. Our results imply a
scheme with two bound states, A; and A, and
consequently two pathways:

pathway (1): A, & B, «

I*

pathway (2) A2 ‘T Bz‘{Y

In this scheme we have introduced the matrix M in
analogy to the scheme S1 that we found to be valid
in Mb. We have, however, no direct evidence for the
existence of M in HRP and consequently place it in
parentheses. The absence of an observable matrix
process is most likely due to the slowness of the
transition S+L—B. Under our experimental
conditions, S and M are in dynamic equilibrium and
cannot be distinguished.

i.r. spectroscopy implies that the states A, and
A, correspond to two different carbonyl isomers. No
internal exchange between pathways 1 and 2 is
observed. The rebinding processes B;— A, and
B, -+ A, have similar non-exponential kinetics and
can be distinguished only at low temperatures.
These two transitions are analogous to the well-
studied process I in Mb. Pathway 2 has an
additional state B3 with an optical spectrum
different from deoxy HRP. B¥ gives rise to a
rebinding process I* that is fast (ns) even at the
lowest temperatures and is exponential in time. A
similar exponential rebinding process has been
observed in carboxymethylated cytochrome ¢
(em-cyt ¢) (Alberding et al., 1978). While the full
scheme S2 is necessary for the description of CO
binding to HRP at low temperatures, the simpler
scheme 81 without M gives a sufficiently good
approximation at physiological temperatures.

2. Materials and Methods
(a) Sample preparation

HRP prepared from horseradish and HRP type II
from Sigma were used after further purification. The
isoenzymes A2 and C were prepared by DAE and CM-
cellulose column chromatography according to the
method of Shannon ef al. (1966). HRP-C (Rz = 3-2) had a
typical activity of 300 units measured by the number of
mg purpurogallin made in 20 s from pyrogallol at pH 6-0
and 20°C. The activity of HRP-A2 (Rz = 3-8) was 100
units. Crude material (HRP type II, Sigma}, which
contains mainly HRP-C, was used also in some control
experiments. The purity of the isozymes was checked by
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gel electrophoresis. The results reported in this paper
were not sensitive to slight differences in preparation.
Even the crude material HRP type II had the same
kinetic behavior as the purified isoenzyme HRP-C.

Ferroperoxidase was prepared in 0-1 mM-phosphate
buffer by anaerobic addition of a 10-fold molar excess of
dithionite. Cryogenic samples contained 709, (v/v)
glycerol. The protein concentration was about 50 um for
optical studies and 3 to 8 mm for i.r. experiments. The
samples were equilibrated under 1atm CO at room
temperature (1 atm = 101,325 Pa).

(b) Laser flash photolysis

The laser flash photolysis system has been described
earlier (Doster et al., 1982). The photolyzing flash (25 ns,
300 mJ at 530 nm) was produced by a frequency-doubled
neodymium-glass laser. Recombination after photolysis
was monitored continuously from 100 ns, to 100 s by a
Tektronix R7912 transient digitizer and a recorder with a
logarithmic base. The monitoring light was produced by a
tungsten source, filtered with interference filters, passed
through the sample, and measured by a photomultiplier
tube. The interference filters had a full width at half
absorbance of 5 nm. Various filters were used with peak
transmissions from 400 to 440 nm. The absorbance
change could be measured to +0-002 0.p. unit from
milliseconds to 100 s. Slightly more error is present in the
shorter time data because of photon fluctuations. The
error at the shortest times is less than +0-01 0.p. unit.
A stabilized power supply is used for the monitor lamp,
ensuring intensity drifts of less than 0-19, over the course
of the experiment. A typical noise level is 0-002 0.p.
unit.

The laser energy absorbed by the sample was adjusted
to keep laser heating of the sample below 1-0 K at the
lowest temperatures and less above. Hot spots can be
excluded since the first data were taken 100 ns after the
laser flash. At this time the heat is distributed uniformly

conduction equation using the thermal conductivity and
specific heat of glycerol and assuming a uniform
distribution of absorption centers (proteins) in the
sample.

(¢) Infrared spectroscopy

The i.r. difference spectra between bound and photo-
lyzed CO were taken with a Nicolet SC 7000 Fourier-
transform ir. spectrometer. The sample was placed
between CaF, windows separated by a Teflon spacer
whose thickness varied between 10 and 50 pm. It was
mounted on a closed-cycle helium refrigerator equipped
with CaF, windows (Lake Shore Cryotronics). The sample
transmittance from 1000em™! to 4000 cm~! was
measured with a resolution of 2 cm ™! with an InSb and a
HgCdTe detector. The infrared difference spectrum was
obtained as follows. The sample was cooled from 300 K to
the target temperature in the dark and ‘“dark”
interferograms, taken over a period of 15 min. After
illuminating the sample with a tungsten light source for
20 min, the “light” ir. transmittance spectrum was
measured. The reported spectrum is the absorbance
difference spectrum AA(v), calculated at each wave-
number v using the Beer—Lambert law:

A4(v) = Ap(v)— A (v) = log I (v} —log In(v),

where Iy, and /| are the transmittances measured in the
dark and after illumination, respectively. We call these
difference spectra ‘“‘dark —light”.

3. Results
(a) Low-temperature experiments
(i) Step B— A (process 1)

In Figure 1, we plot for HRP-C-CO the logarithm
of the change in absorbance at 440 nm versus log

over the sample. The conclusion follows from the heat  time after photodissociation. Two different
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Figure 1. Rebinding of CO to HRP-C after photodissociation. The change in absorbance, A4, is plotted as log A4
versus log ¢, where ¢ is the time after the laser flash. Solvent: 709, glycerol/30% water (v/v) (pH 6-4). Monitoring
wavelength 440 nm. The temperatures are labeled. The data points were block averaged to 3 points per decade and

connected by straight lines.
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Figure 2. Soret spectral changes of processes I* ([J)
and I (@) at 40K for HRP-C-CO (pH 6-4). The
interference filters for the monitoring light have a full
width at half-maximum of 5 nm.

recombination processes, I* and I, are observed. I*
is fast and exponential in time, while I is slower and
approximately follows a power law in time. The
non-exponential kinetics of process 1 are attributed
to a distribution of frozen conformational
substates (Austin et al.., 1975). The exponential
process I*, step Bf - A, in 82, is a feature not seen
in Mb. Figure 2 shows the Soret absorbance
difference spectrum of HRP-C-CO and the kinetic
intermediates B,, B, and Bj. These spectra are
measured 100 nanoseconds after photolysis for I*
and ten microseconds after photolysis for I. B; and
B, both show the deoxy spectrum and cannot be
distinguished in the Soret region. The spectrum of
B#, however, is intermediate between deoxy and
carboxy HRP. At 424 and 430 nm the absorbance
change is small for process I* and I, respectively

{Figs 3 and 5). Kach process can be studied
exclusively by selection of the proper wavelength
without the need of kinetic decomposition. HRP-A2
also shows the processes I and 1*, but displays an
additional, very slow, low-intensity process at low
temperatures. Repeated photolysis does not pump
the system into this state. We do not include the
very slow process in our discussion.

Process I can be analyzed using a distribution of
activation enthalpies, g(Hg,) (Austin et al., 1975;
Young & Bowne, 1984). Such an analysis is
straightforward for Mb and similar systems where
only process I is observed. In HRP, the presence of
I* complicates the analysis because the AA(t)
curves are superpositions of processes T and T*.
We cannot determine the relative number of
proteins participating in the two processes, because
the extinction coefficient of B¥ is unknown. To
analyze the data, we make the following simplifying
assumptions:

(1) The spectra of states B, and B, are identical.

(2) The spectra of all states are time independent,
and temperature independent over the range 2 to
180 K.

(3) States B, and B, both rebind with the same
time course. With these assumptions, N(f), the
fraction of enzymes photolyzed at time ¢, is given
by:

N(t) = fiN(t) + frN (1),

where f; (fi+) is the fraction of enzymes recombining
via process 1 (I*). The function N((f) has the value 1
at time zero, and decays with the same time course
as the populations in states B, and B,. Similarly,
N0 =1 and N.({) is proportional to the
population in state B¥ at time £. Using the AA(t)
measured at 424 nm, where the absorbance of state
B# is negligible, Ny(¢) may be calculated from
Ny(t) = AA(0), where A4(0) is independent of time

tog A4

A=424 nm

Log £ (s)

Figure 3. Rebinding of CO to HRP-A2 at 4 = 424 nm (Q) pH 83, (@) pH 5-8. A few representative data points are
shown. The continuous lines represent fits according to the distribution g(Hg,) shown in Fig. 4. Only process 1 is

observed at this monitor wavelength.
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and temperature and is measured at 5 K and one
microsecond. Similarly, Nu.(f) may be calculated
from AA(t) at 430 nm, where the absorption of
states B, and B, is negligible. With assumptions (1)
to (3), Ny(t) can now be expanded:

Nyt) = j dHpag(Hpa) e (2)
0

If we assume further that the rate coefficient kg,
satisfies the Arrhenius relation, kg, = Aga
exp{ — Hga/RT}, we can use a numerical inversion
of equation (2) to obtain ¢(Hg,). Inversion
techniques have been discussed in various papers
(Austin et al., 1975; Provencher & Dovi, 1979;
Doster et al., 1982; Young & Bowne, 1984). The
various techniques yield distributions g(Hg,) and
values of Ay, that differ only insignificantly from
each other and fit the measured N(f) curves over a
wide temperature range very well. Typically, the
value of the peak of the enthalpy distribution,
HEZ*, is determined to within less thanl kJ/mol
and Adg, to within a factor of 2. The inversion
results in the temperature-independent probability
distribution shown in Figure 4, with parameters
given in Table 1. Within the accuracy of our data,
both isozymes HRP-C and HRP-A2 have the same
distributions and pre-exponential.

In the analysis leading to Figure 4 and Table 1,
we have assumed that all proteins possess the same
pre-exponential factor, dg,. If we distribute Ap,,
but assume the same value of Hg, from all proteins,
we cannot fit the data.

Process T of HRP-A2-CO was measured at pH 5
and pH 8-3 (Fig. 3). Recombination is slower at the
lower pH. The effect of pH can be explained either
by a shift of the enthalpy distribution by 1 kJ/mol
or by a change of the pre-exponential factor by a
factor of 2. We will show later that the pH effect at
high temperatures favors the second explanation.

(it) Step Bf - A, (process I*)

Both isoenzymes show a fast exponential process
I*. The rates k* are the same within experimental

Table 1
Parameters characterizing processes 1 and I*
Apa HEZ* Aga Hg,
System pH 7Y (kJ/mol) (s7Y)  (kd/mol)
HRP-A2 5 1x10° 2:5 5x10° 10-5
83 2x10° 2:5 5x10° 10-5
HRP-C 64 1x10° 2:5 5x 10° 10-5

The error in the pre-exponential is a factor of 2; the enthalpy
error is less than 1 kJ/mol. Solvent: 709, (v/v) glycerol.

uncertainty and are independent of pH. Process I*
is faster than I below about 60 K and slower than
most components of 1 above 60 K (Figs 3 and 5).
The temperature dependence of k* shown in
Figure 6, is rather unusual. Below 5 K, k* is
temperature independent. Between 5 and about 100
K, k* increases weakly, less than linearly in 7
Above about 100 K, k* increases rapidly with 7'
The behavior above 100 K can be fit equally well
by an Arrhenius law, with A¥, =5x10°s™ !,
H¥, = 10-5 kJ/mol, or with a power law, k* oc 7%,
The temperature dependence of k* suggests that
quantum mechanical tunneling dominates up to at
least 100 K.

(iii) Multiple flash experiments

In a multiple flash experiment, a series of
repetitive photolyzing flashes is applied to the
sample, with the time between successive flashes
chosen so that only a fraction of the HRP molecules
have rebound a CO (Austin et al, 1975;
Frauenfelder, 1983). As demonstrated in Figure 3,
process I has components slower than 100 seconds
below 40 K. If the distribution of rates is caused by
multiple states of the photolyzed ligand in each
protein, it should be possible to pump all ligands
into long-lived states by repetitive flashes 100
seconds apart. We observe, however, that only the
high-energy tail of the enthalpy distribution is cut
off, indicating a heterogeneous sample of proteins
with non-interconvertible conformational substates.
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Figure 4. Enthalpy distribution of HRP-CO (——) and fHb-CO (— — —).
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Figure 5. Data points: changes of absorbance versus
log time of HRP-C-CO at 430 nm monitor wavelength
(pH 6-4). Only process I* is observed at this wavelength.
The continuous lines show fits to a single exponential.

The amplitude of the exponential process I*
decreases below 40 K after multiple flashes, and 1
increases. We conclude that the I* intermediate B¥
is connected with a deoxy state B, that rebinds via
process I, as indicated in scheme S2. Moreover, the
multiple flash experiment proves that 1 and T*
occur in the same protein molecule and rules out
sample heterogeneity.

(iv) Relation between I and I*: infrared experiments

The observation that two processes with different
optical and kinetic properties take place at low
temperatures raises two questions. Do the two
processes 1 and I* ocour in the same or in different.
molecules? If they occur in the same molecule, are
they in sequence or in parallel?

The first explanation for the occurrence of 1 and
I*, heterogeneity of the sample, can be excluded,
since the purity of the isoenzymes was checked by
gel electrophoresis. Furthermore process I* occurs
in both isoenzymes and I* can be pumped into I
even at low temperatures. We consequently
conclude that I and I* occur in the same molecule,
as shown in scheme S2.

I and T* in the same protein can be either
sequential or parallel. The sequential models can be
excluded, because process I* is faster than 1 at
40 K but slower at 100 K (Figs 3 and 5). In a
sequential scheme:

Ac B*e B,

I* should always be faster. We consequently
assume parallel pathways as in S2.

The existence of two different pathways, 1 and 2,
as shown in scheme S2 follows from i.r. data. The
ir. spectra of HRP-C-CO and HRP-A2-CO have
two CO-stretching bands and this implies the
existence of two different bound states, A, and A,

100}

£ 10°% (s

) SIS I I T

10

7 (K)

Figure 6. Rate coefficient £* of B - A, for HRP-C (O), HRP-A2 (A) and cm-cyt ¢ (). The HRP data were taken
at 1 =430 nm. The line is a fit to a phonon-assisted tunneling model to the HRP data: k* = a+b coth (¢c/2kT) +
Af, exp (—HEJRT), a=1-1x10%s71, b=3-6x10*s™!, ¢ =3-5 K. The cm-cyt ¢ data are shown for comparison.
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Figure 7. Dark —light absorption difference spectra of
HRP-C-CO (pH 6) at 11, 180 and 240 K. At 11 K, the
sample can be completely photolyzed and both bound
states A, and A, can be seen. At 180 K only state A, is
visible because the proteins that form band A, rebind
quickly vie process I. Upon photolysis at 240 K some
proteins from band A, lose their CO to the solvent, so
band A, is visible again. The calculation of AA is
described in the text. Peaks above the baseline
correspond to spectral features of the dark or bound state
while peaks below the baseline are features of the
photolyzed state.

(Alben & Bare, 1973). HRP-C has a pH-
independent, absorption at 1933 em™! (A,) and a
second band at 1905 cm ™! (A,) which shifts to
1929cm ™! at pH > 9 (Barlow et al., 1976). Our i.r.
difference spectra (dark —light) between CO-bound
and photolyzed HRP-C at various temperatures,
given in Figure 7, show the two bands. At 11 K,
the peak wavenumbers are at 1935 em ™" for A, and
1895 cm ™ ? for A,.

The difference bands at 1895 em™' and
1935 em ™! decay with the same time dependence if
the bound sample is photodissociated at 11 K and
then heated. The two processes I, B; = A, and
B, = A,, consequently have the same non-
exponential kinetics at low temperatures. However,
the behavior of the states A; and A, under constant
illumination at low temperatures is different: A,
appears to dissociate more slowly than A;. This
observation is explained if the fast transition I*
occurs in pathway 2 as shown in scheme 82. Even
though the intrinsic quantum yields of A, and A,
may be the same, the HRP molecules that reach
state B, rebind quickly even at very Ilow
temperatures and the effective quantum yield is
reduced.

The dark—light difference spectra provide
additional information at 180 K and above. As

10 A4

205 2125 2145
Wavenumbers (cm ™)

Figure 8. B state dark—light absorption difference
spectra of HRP-C-CO (pH 6) at 10, 22 and 30 K. After
photolysis at 10 K the B state absorption can be seen as a
single broad peak. The sample was heated in the dark to
22 K and 30 K, where spectra were measured without
further dissociation. The peak shape is nearly
temperature independent. The overall decrease in peak
area is due to partial recombination of CO during the
experiment.

Figure 7 shows, the A| peak is much smaller than
the A, peak at 180 K: B, appears to rebind much
faster than B,+ B#. This observation can again be
explained if I* is assigned to pathway 2. At 180 K,
I* is much slower than I. Thus under constant
illumination A, is more efficiently pumped into the
matrix M vie B¥ than via A, which has only one
path. Once CO is in the matrix or the solvent,
return to B is very slow. Consequently pathway 2
appears to be much slower than pathway 1 at 180
and 240 K.

The assignment of I* to pathway 2 is
unambiguously  verified by a  ‘“‘pumping”
experiment. HRP~CO is photolyzed at 180K and
then cooled rapidly to 40 K. As Figure 7 shows, A,
rebinds quickly at 180 K, but A, does not. The
cooled sample thus consists of a mixture, with most
of the states A, occupied and most of the states A,
vacant. Photodissociation of this wmixture
predominantly sees pathway 1. The experiment
shows a decrease of the amplitude of process I* by a
factor of more than 4, while the amplitude of
process I decreases by only about 509%. I*
consequently must be connected to A,. We
conclude that HRP has two CO isomers that give
rise to different recombination processes. In isomer
I, the bound state A, has a CO stretching frequency
of 1935 em ™! at 14 K and photolyzes into a single
unbound state B,. In isomer 2, the bound state A,
has a CO stretching frequency of 1895 cm™! at
14 K, and photolyzes into two unbound states B,
and B%. Therefore, isomer 2 contributes to process 1
and is solely responsible for process I*.

Figure 8 shows the i.r. absorption spectra of
photolyzed HRP-C-CO. One broad temperature-
independent peak is seen, with center frequency
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Figure 9. Dark —light difference spectra of HRP-C-CO
(pH 6) at 20 K and 240 K in the amide I/II region. The
difference spectrum at 20 K indicates that a band near
1650 cm ™' has shifted to lower wavenumbers upon
photolysis. At 240 K, there is a decrease in total
absorption near 1650 cm ™! upon photolysis.

2118 em™' and width Av;,;, =20 cm™'. This
spectrum implies that there are several photolyzed
states in HRP-C-CO that do not thermally
interconvert. In contrast, photolyzed MbCO shows
two narrow (Av,;, =5 cm™!) bands at 2130 cm™'
and 2119 em ™! (Alben ef al., 1982). These bands are
strongly temperature-dependent from 4 K to 20 K.
The shift of 25 ecm ™! relative to CO in the gas phase
(2143 em~!) and the absence of rotational side-
bands indicates libration of the CO molecule in the
heme pocket of HRP.

(v) Conformational changes

In the subsection (d), above, we discussed
dark —light i.r. spectra in the region of the CO
stretch frequency, 1850 to 2150 cm~!. We have
taken similar spectra in the amide I/II region, 1550
to 1650 cm ™. The sample in the liganded state is
cooled to the desired temperature and the difference
spectrum between the liganded (dark) and the
photodissociated state (light) is recorded. Figure 9
shows the difference between spectra of HRP-C-CO
and its photolyzed state at 20 and 240 K. At 20 K,
Figure 9 shows a positive peak near 1630 and a
negative peak near 1650 cm ™!, indicating that an
absorption peak has shifted toward lower wave-
number after photodissociation. At 240 K the
dark —light spectrum has a broad negative peak
that indicates a decrease of the total absorption at
1650 cm~'. We interpret these results as showing
conformational changes after photodissociation
(Ansari et al., 1985). At 20 K, the protein relaxes
partially toward the deoxy structure: at 240 K,
relaxation has progressed further. The absorption
changes accompanying these conformational
changes are as large as the ones involved in the CO
stretching peaks.

(b) Kinetics at intermediate and high temperatures

The kinetics of CO recombination from the
solvent of HRP-C are shown in Figure 10. In the
temperature range between 220 K and 330 K, only
a single process S+ L — A is found. The matrix
process M — A, which is dominant at 240 K in Mb
and related proteins, is not observable in HRP. The
solvent process is a single exponential:

N(t) = Ngexp { — At} {3)

Q
R
< 300 K
g 280 K
260 K
240 K
220 K
-2}
-3 L 1 ] I L 1 | I 1
-8 -7 -6 -5 -4 -3 -2 —I 6] | 2
tog ¢ (s)

Figure 10. Binding of CO to HRP-C after photodissociation. Solvent: 709, glycerol/30%, water (v/v) (pH 64).

Observation wavelength 440 nm. Above about 200 K some CO molecules escape into the solvent. Rebinding from the
solvent {process S) is exponential in time and slow. The decreased absorbance change at low temperatures is presumably
caused by fast geminate recombination.
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Here N(t)=AA(1)/AApy, Where AA.,, s
independent of time and temperature and
represents the absorbance change of the sample if
all the enzymes were in state S. We use the
absorbance change at 300 K one millisecond after
flashoff as our estimate of A4,,,. As before, N(t) is
the fraction of enzymes with a bound CO. ig is
proportional to the CO concentration in the solvent.
The mono-exponential character of the solvent
process suggests that S2 can be simplified above
200 K. In the low temperature section we have seen
that geminate recombination of deoxy HRP and
CO involves B, » A;, B, > A,. These processes
can be monitored by the decays of the 1895 cm™*
and 1935 em ™! CO bands. Both bands decay with
approximately the same rate. We therefore assume
a single internal process B - A for the analysis of
process S+ L—A. We assume further that the rate
kga above 200 K can be calculated as an average
from the enthalpy distribution g(Hg,):

k—BA = J‘ kga(Hpa, T)g(Hpa) dHpg,. 4)
0

Such an extrapolation procedure was shown to
apply to f-chains of human hemoglobin (Ansari ef
al.. 1986). By neglecting the matrix process we
arrive at the simple kinetic scheme S1":

A«BoS+L (819

As 18 given by equation (1), Pz and Ng can be
written in terms of rate coefficients:
N = kps/(kpa + kas), (5)
PB(C>T) = kSB/kBS7 (6)
and Pg(c,T) is proportional to the CO concentra-
tion, ¢, in the solvent.

With these relations, the evaluation of the data
at intermediate and high temperatures is straight-
forward. For a given solvent, a fit of equation (3) to
the data in the form of Figure 10 yields the
parameters Ng(T') and Ag(T). The low-temperature
data and equation (4) give kga(7T). Equations (1)
and (5) together then determine Pg(c,T), kgs(7T') and
keg(T). Assuming Arrhenius relations for these three
coefficients,

kas = Aps exp { — Hys/ BT}, ksp = Asp exp {Hsp/RT},
and:
Pgle,T) = Py(c) exp {_HB/RT}’ (7)

permits the determination of the parameters Py(c),

AN (571

O L 1 L 1 1
32 34 36 3-8 4-0

T 073 K™Y

Figure 11. A;/Ng of HRP-C and HRP-A2 versus inverse
temperature at various conditions: HRP-A2: (+) water,
[pH 83, (A) water, pH 5-8, (®) 709, glycerol/30%, water,
pH 8:3. (@) 709, glycerol/309%, water. pH 5. HRP-C: ([0)
water, pH 6, (O) 709 glycerol/309%;, water, pH 6-4.

Hy, Hgg, Ags, Hgg and Agg. The parameters are
listed in Table 2.

Figure 11 shows the influence of pH and solvent
in Ag/Ng = kga Pg(c,T). Consider first the influence of
pH. The recombination rate is slower at low pH,
consistent with a pH-independent activation
enthalpy and a change in the pre-exponential factor
Aga by 1-8. The fact that the pH dependence of the
step B - A, measured at low temperatures (Fig. 3),
agrees with the pH dependence of the overall
binding coefficient As, measured near 300 K,
supports the sequential schemes 81 and 82.

Figure 11 also indicates that an increase in
solvent viscosity decreases the association rate
coefficient, A, in agreement with the observation
made with Mb (Beece et al., 1980).

A remarkable result in Table 2, the small value of
Py(c.T), is reflected in the high Gibbs energy of the

Table 2
Parameters characterizing the transitions B— S and S -» B
kBA (300 K) ABS HBS ASB HSB HB
System pH (s™h) (s™1) (kJ/mol) (s™h (kdjmol) P (300 K)t P, {kJ/mol)
HRP-A2 5 3:7x 108 [-5x 10! 14 7x 100 61 Ix1078 i 46
83 7-4 x 108 1-5x 10! 14 7 x 100 61 1x1078 1 46
HRP-C 64 37x10°  2:0x10'! 15 1x10° 50 1x10°8 0-003 31

t Py refers to 1 atm CO and 300 K and to water as solvent.
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pocket state B. We discuss this result in more detail

[t 17 v7 N

4. Discussion

In this section, we discuss the main results
obtained with HRP. Of particular interest are
similarities and differences between HRP and the
oxygen storage and transport proteins Mb and Hb.

(a) Kinetic scheme

Ligand binding in Mb and in hemoglobin
monomers is adequately described by the sequential
scheme S1 (Austin et al., 1975; Dlott et al., 1983;
Ansari et al., 1986). The results obtained in the
present paper indicate that the general features of
the sequential scheme are valid also for HRP, but
that characteristic differences exist.

{1) The binding step B — A is more complex in
HRP than in Mb, owing to the formation of
different carbonyl isomers in HRP. Evidence for
these isomers comes from the CO stretching
frequencies A; and A, in the bound state A, shown
in Figure 6 and from resonance Raman spectro-
scopy (Evangelista-Kirkup et al., 1986). The peak
position at 1895cm™! for '2C'®0 in state A, is
anomalously low. Moreover, the Soret difference
spectrum of process I* is very different from that of
process I, as shown in Figure 2. Therefore the state

¥ is very different from states B; and B,, and the
state A, may also differ considerably from A,. No
internal conversion between states A, and A, or
between B, and B, is observed. Barlow et al. (1976)
suggest from their i.r. measurements at room
temperature that HRP has (at least) two niches for
CO. No internal pathway between these niches
seems to exist. The ligand has to go to the solvent
to change niches.

(2) The data provide no evidence for a matrix
state M. This result is at first surprising because
HRP (M, 44,000) is much larger than Mb (M,
18,000). We believe that M is obscured by the
properties of state B, which will be discussed in
subsection (e), below. The matrix process was also
not seen in cm-cyt ¢ and heme octapeptide, which
show a process 1* (Alberding et al., 1978).

(b) Process 1

The Soret spectrum of photolyzed CO-HRP at
low temperatures is nearly identical with that of
deoxy-HRP. The ligand in the pocket is therefore
not close enough to influence the electronic
properties of the heme. Recombination is non-
exponential in time and can be analyzed using a
temperature-independent distribution of activation
enthalpies g(Hg,). Such a distribution of frozen
conformational substates has been observed in all
heme proteins that we have studied. The peak
enthalpy of 2-5 kJ/mol is comparable with that of
the p-chain of hemoglobin, but is considerably
smaller than the H§;?* of myoglobin (10 kJ/mol).

The pre-exponential Ag, of 2x 10% s7! is close to
that found for hemoglobin monomers and
myoglobin. The small value of Ag, has been taken
as evidence for a non-adiabatic reaction (Jortner &
Ulstrup, 1979). The high spin—low spin transition
(S=2-8=0) requires second-order spin orbit
coupling and should control the reaction. The fact
that Ay, is the same for O, and CO in many heme
proteins casts doubt on this interpretation.
Frauenfelder & Wolynes (1985) have discussed the
problem in detail. They suggest that friction and
steric effects can render a non-adiabatic transition
adiabatic. In fact a value of Ay, close to the
experimental one can be derived from the loss of
translational entropy between state B, in which the
ligand occupies a free volume of about 30 A3
(1A =0-1nm) in Mb (Doster et al., 1982) and the
transition state. The observation that process I can
be fit by a sharp Ay, implies that the volume
{entropy) distribution is narrow. As in hemoglobin
monomers and Mb process I of HRP depends upon
pH. However, while in Mb and * recombination is
faster at low pH, the opposite is observed in
HRP-A2. A parallel change of A at high
temperatures is observed in these proteins,
supporting a sequential scheme. All of these
proteins have a heme-linked distal protonation
group that has been studied by a number of
techniques (Teraoka & Kitagawa, 1981; Barlow et
al., 1976; Hayashi et al., 1976; Doster et al., 1982).
The importance of this group will be discussed in
the next section.

(¢) The nature of process I*

HRP, cm-cyt ¢, and heme octapeptide have a fast
exponential process I*, which is not found in
myoglobin and other oxygen-transport heme
proteins. Its occurrence in connection with catalysis
and electron transport may be relevant. I* might
indicate properties of the heme group that are
necessary for catalysis of peroxidation or electron
transport. In the following, we list a number of
properties that together can cause a fast
exponential process.

First of all the spectrum of B¥ resembles the
carboxy spectrum, but is red-shifted by 6 nm.
A red-shift in the Soret band indicates an increase
in the Fe~N* (His) bonding interaction either by an
Fe spin transition or steric factors (Perutz, 1979;
Schmidt & Reed, 1981; Martin et al., 1984). The CO
in state Bf may still be close enough to prevent
relaxation of the heme group. Such an effect can be
expected if the motion of the ligand is sterically
hindered by either close packing or a hydrogen
bond. Such a hydrogen bond has been postulated
for CO complexes of peroxidase but not for
myoglobin (Teraoka & Kitagawa, 1981; Barlow et
al., 1976; Hayashi et al., 1976; Campbell et al.,
1982). Central to our discussion is therefore a
distally heme-linked protonation group and its pH
dependence. Spectrophotometric titration and
proton balance measurements indicate that the pK,
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value of this group in HRP-C is shifted from 7-25 to
8:25 upon combination with CO. The shift is much
smaller in Mb, from 5-57 to 5-67 (Hayashi et al.,
1976). Hayashi et al. concluded that the shift of the
pK, in the case of peroxidase can be explained by
the existence of a hydrogen bond between the sixth
ligand and the distal base.

The Fe-proximal histidine stretching Raman line
also exhibits a frequency shift of 8 em ™! with pH in
HRP but not in Mb (Teracka & Kitagawa, 1981),
The pK, values were 7 and 5-5 for HRP-C and
HRP-A2, respectively. These Raman data are not
compatible with deprotonation of the proximal
histidine at low pH. Instead, Teraoka & Kitagawa
suggest that the distal histidine is deprotonated,
causing a conformational change that exerts strain
on the Fe-proximal histidine bond at high pH. This
idea is supported by nuclear magnetic resonance
{n.m.r.} experiments, which show that the proximal
histidine is not deprotonated at high pH (LaMar et
al.. 1982).

Additional information comes from the stretching
frequency of CO bound to HRP. The data are
summarized in Table 3. The two important bands,
A, and A,, are assigned to CO bound to the heme
iron in two different geometries (Barlow et al.,
1976). The high frequency band A; (1938 cm ™! in
A2 and 1933 cm ™! in C) is independent of pH. The
frequencies are within the range found in other
heme proteins. The band is assigned tentatively to a
CO bound normally to the heme plane and not
hydrogen bonded (Evangelista-Kirkup et al., 1986).
The low-frequency band A, shifts from 1933 em ™!
in HRP-A2 and 1929 em ™! in HRP-C at high pH
to 1906 and 1905 cm ™! at low pH with pK, values
of 6:7 (A2) and 8-8 (C) (Barlow et al., 1976). This
extremely low frequency band is tentatively
assigned to a CO bound in a tilted geometry and
forming a hydrogen bond with a protonated distal
histidine residue (Evangelista-Kirkup et al., 1986).

We find that the I* intermediate (B¥) arises from
the 1895 cm™' A, state by photolysis. The
hydrogen bond and the proximity of a protonation
group seem to restrict the motion of the ligand
away from the iron. The strength of the hydrogen

bond has little influence on the rate of process I*:
k* is independent of pH.

A protonation group seems to exist also in cm-
eyt ¢ (Brunori et al., 1972), but i.r. Raman and
n.m.r. data are not available for this enzyme. The
most unexpected feature of process 1* is its
exponential dependence on time, while power-law
kinetics are usually observed at low temperatures in
heme proteins. Process I of Mb involves a motion of
the iron into the heme plane in parallel with a spin
transition. As a high-to-low-spin transition is
caused by a change of symmetry, it was suggested
that the I* intermediate in cm-cyt ¢ has the heme
iron still in plane, trapped in a singlet or triplet
state (Alberding et al., 1978). Therefore no change
of symmetry occurs and process I* is not influenced
by the distribution of conformational substates. A
necessary condition for the iron to stay in plane and
close to the ligand in the photolyzed state is the
rigidity of the heme group and its environment.
This idea is supported by several experiments. The
iron-His stretching frequency of HRP (244 em™!)
is substantially higher than in myoglobin and
hemoglobin (220 em™') (Teraoka & Kitagawa,
1981). It is interesting, however, that HRP and Mb
exhibit only one Raman band but two ir. CO
stretching bands. Furthermore n.m.r. data show
that the proximal histidine of reduced HRP is
protonated (LaMar ef al., 1982). The exchange half-
life of the N{H proton is approximately 13 minutes
at 35°C and pH 6-2. The eorresponding exchange
rate in myoglobin is of the order of tens of
milliseconds. Since large exchange rates with bulk
water of internal labile protons indicate flexibility,
it can be concluded that HRP is much tighter and
less flexible than myoglobin. The rigidity of the
heme group on its proximal side and the restricted
mobility of the ligand by hydrogen bonding on the
distal side may be necessary conditions for the
occurrence of process 1*.

(d) Process I*: molecular tunneling

Figure 6 shows the rate coefficients k* for process
I* in HRP-C-CO, HRP-A2-CO and cm-cyt ¢—CO.

Table 3
Infrared stretching frequencies of *C™0 bound to heme iron for various proteins
Temperature A, A A4,
Protein Solvent (K) pH (em™ 1) (em™ 1) (em™1) Comments
HRP-Ct 759, glye. 10-180 7 1935 — 1895 4, and 4, do not interconnect
at Jow temperature
HRP-C} Water 293 9 1933 1929 A}, titrates into
5 1933 1906 4, with pK, = 88
HRP-A2}  Water 293 7 1938 1925 4} titrates into
1938 1905 A, with pK, = 67
Mb§ 759, glye. 5-5-200 7 19448 - 1927

glyc., glycerol.

1 This work.

1 Barlow et al. (1976).
§ Alben et al. (1982).
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In all three proteins, I* is exponential in time. Within
experimental errors the isoenzymes HRP-A2 and
HRP-C have the identical time dependence; k* in
cm-cyt ¢ has the same form, but is somewhat faster.
Between 2 and 200 K, the HRP data can be fit well
by an expression of the form:

E*(T) = a+b coth (¢/T)+
A}y exp {—HEA[RT}, (8)

with a =1-1x10°s7!, b =36x10*s7"!, ¢ =35 K,
A =5x10°s"", HE, = 10-5kJ/mol. An equally
good fit is obtained by replacing the last term in
equation (8) by d7™ with d =2x107'* 57! K™%,
m =9 (Fig. 6).

The fact that the time and temperature
dependences are so similar in HRP-A2, HRP-C and
em-cyt ¢ suggests a common mechanism. Four
prominent aspects must be explained: the similarity
of process I* in three proteins and in heme
octapeptide, the red-shifted Soret spectrum of state
B#, the exponential time dependence of k*, and the
remarkable temperature dependence of £*. We have
already discussed some of the relevant data in
subsection (c), above, and summarize here the main
points.

The similarity of I* in the different proteins and
the model compound suggests that the heme group
dominates the reaction and the globin is only
weakly involved. The simplest explanation then is
the one already introduced: I* corresponds to
rebinding of the CO before the Fe atom has moved
out of the mean heme plane into the deoxy position.
This model may also explain the exponential time
dependence: with the Fe in the heme plane and the
CO close by, there may be very few conformational
substates available so that the binding is governed
by a unique barrier.

The temperature independence of k* below 5 K
and the less than linear temperature dependence up
to 100 K suggests molecular tunneling (Goldanskii,
1979; Hinggi et al., 1985). Nuclear tunneling is
normally observable only at very low temperatures
owing to the exponential mass dependence of the
tunneling rate, but has been seen for process I in BA
and Mb up to 40 K (Alberding et al., 1976;
Frauenfelder, 1979; Alben et al., 1980). Indeed the
first two terms in equation (8) can be interpreted as
describing the temperature-independent low-
temperature limit of tunneling and the single-
phonon-assisted regime. Difficulties arise when the
third term is considered. The obvious explanation
for the steep increase in k* above about 100 K is to
assume a classical Arrhenius motion over a barrier
of height 10-5 kJ/mol. Consider now the well-known
expression for the rate coefficient k, for tunneling
through a parabolic barrier (Landau & Lifshitz,
1958):

k= A,exp {—n(2MH)"*d/2h}. (9)

Here H is the barrier height, d the barrier width,
and M the mass of the tunneling system. Using a
tunneling pre-exponential factor of 4, =10°s7% a
mass corresponding to the CO molecule, and a

tunneling rate coefficient &, =10°s"! (Fig. 6)
yields a barrier width of d = 20 pm. Such a narrow
barrier is not inconsistent with the Soret spectrum
of B*, which is intermediate between carboxy and
deoxy HRP. The ligand in B* may be close enough
to the heme to influence its electronic properties.
Moreover, the estimate of d is based on a simple
tunneling model, assaming a point particle.
A realistic model may yield a larger d. A problem is
caused by the large barrier height B — A,,
however, and we have no easy explanation for the
value of about 10 kJ/mol implied by the assumed
Arrhenius relation.

In a second explanation of the steep increase we
can assume that it is described by a power law,
k* oc T°, and that the increase is caused by multi-
phonon-assisted tunneling. The classical Arrhenius
process than would set in at even higher
temperature and thus demand an even higher
barrier than in the case discussed above. So an even
higher barrier would have to be explained.

A third explanation for the change of slope in &*
at about 100 K involves conformational relaxation.
Conformational relaxation can lead to an increased
barrier height and decreased rate (Agmon &
Hopfield, 1983). Some relaxation may, however,
lead to a faster transition.

The unusual properties of process 1* pose a
challenge both for further experimental studies and
for theoretical investigations.

(e) Recombination at high temperatures

The association rate coefficient Ag is connected to
the coefficient kp, by equation (1). Fast rebinding
at low temperatures, therefore, will usually imply
fast binding at room temperature. Such a correla-
tion has been found for many heme proteins
(Stetzkowski ef al., 1985) and it implies that the
coefficients Py in different proteins have the same
order of magnitude, about 10™* to 1077 at | atm
CO pressure above the sample. HRP is an
exception. Low temperature binding is very fast, as
shown in Figure 1 and described by the parameters
in Table 1. In contrast, association at room
temperature is extremely slow (Fig. 10). These two
observations together lead to the conclusion that

%, the partition coefficient of CO in the heme
pocket, is about 107%, smaller by a factor 10* than
for Mb. Py also shows a strong temperature
dependence. The data in Figure 11 together with
equations (4) and (7) vield the values of Py and Hy
listed in Table 2. Iy is the enthalpy difference
between CO in the solvent and in the heme pocket.
For HRP-A2, Hy = 46 kJ/mol compared to about
2 kJ/mol for Mb (Fig. 12). Such a large value
cannot be explained by a rigid protein. We have to
assume that binding includes a conformational
transition and a large increase of structural Gibbs
energy. This idea is supported by a large change of
the amide T band upon photolysis at 240 K, where
the ligand moves into the solvent (Fig. 9). The
width of the dip in the difference spectrum is about
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Figure 12. Enthalpy profile versus reaction co-ordinate
of HRP-A2-CO ( ) and SHb-CO (— — —). S+ L was
taken as the reference state. A small Mo S+1L barrier
compared to the M — B barrier can explain the absence of
an observable matrix process in HRP-CO.

40 em™' and indicates a co-operative transition
involving many residues. By contrast, only a shift
of the amide I band occurs at 20 K, where the
ligand is still in the heme pocket. Thus binding
involves two conformational transitions triggered
by the transfer of the ligand into the heme pocket
and bond formation with the iron. The high Gibbs
energy of state B; also explains the absence of a
matrix process. Figure 12 shows schematically the
enthalpy of SHb-CO and HRP-CO wversus the
reaction co-ordinate of the ligand. If the barrier
between M and S is much smaller than that
between M and B, then M and S reach dynamic
equilibrium and cannot be distinguished kinetically.
The corresponding barriers in fHb have comparable
heights. therefore a matrix process can be observed.
Equation (1) indicates that the association rate g is
determined by a delicate balance of Py and kg,. In
a sequential model (Fig. 12) the two are not
independent and Ag is determined by the difference
in Gibbs energy between the bottom of well § and
the top of the barrier between B and A. Control of
ligand binding can be achieved in two ways. (1) The
transition state B — A can be exclusively varied
through electronic or sterie factors at the heme;
level B remains constant. Examples are fHb~CO
and Mb-CO, where Py is similar but kg, is very
different (Doster et al., 1982). (2) Level B can be
changed without changing the difference between B
and the B — A transition state. This situation seems
to occur in Mb-CO and Mb-0O,, where kg, is of
similar magnitude but Py is very different. A
molecular realization could be conformational
adjustments of the protein without affecting the
ground and transition state of the ligand. A
dramatic example is HRP-CO, which has a kg,
similar to fHb-CO but differs in Pg by 10* at
300 K.

One may wonder why Py is so small in HRP. A

possible explanation is the strong interaction of the
distal His and the heme group in the absence of CO,
which gives rise to an absorption band at 590 nm
(Qo)- This band decreases in intensity with
increasing pH (Teraoka & Kitagawa, 1981) and is
absent in HRP-CO after photolysis at low
temperatures. The ligand in the pocket seems to

block the interaction.

5. Conclusion

The results of the present paper show that the
general principles found in studies of simple heme
proteins, such as myoglobin or the separated chains
of hemoglobin, are useful to describe and classify
the binding to a more complex protein, horseradish
peroxidase. HRP, however, yields new insights into
the mechanism of ligand binding, shows some new
features, and poses new problems.

The new insights into the binding mechanism are
connected to the small association rate for CO
binding to HRP near 300 K. Our data show that
the small Ag is not the result of a slow reaction with
the heme (Coletta et al., 1986) but reflects the smali
partition coefficient Py of CO in the heme pocket.
The small value and the strong temperature
dependence of Py suggest a conformational
transition associated with the transfer of a CO from
the solvent to the heme pocket. This idea is
supported by corresponding changes in the amide 1
band.

The new feature seen in HRP is the existence of
two neatly separated pathways to binding as
expressed in scheme 82. Of particular interest is the
occurrence of the fast process T*, which is
exponential in time, shows a remarkable
temperature dependence, and occurs in only one
pathway. While a similar process has already been
observed in ecm-cyt ¢ and heme octapeptide, the
appearance in HRP causes us to ask about its
functional importance and its structural origin.

New problems are posed by the conformational
transformation that presumably accompanies the
motion of the CO molecule into the pocket and by
the remarkable properties of the fast process I*.
While we have some tentative explanations of these
phenomena, much additional experimental and
theoretical work will be needed to understand these
features fully.
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