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Ultrafast CO kinetics in heme proteins: adiabatic ligand binding
and heavy atom tunneling

Abdelkrim BenabbasT, Yuhan Sun™, Thomas L. Poulos¥, and Paul M. Champion:2
TDepartment of Physics and Center for Interdisciplinary Research on Complex Systems,
Northeastern University, Boston, Massachusetts 02115

*Departments of Molecular Biology and Biochemistry, Chemistry, and Pharmaceutical Sciences
University of California, University of California, Irvine, CA 92697, USA

Abstract

We report on the ultrafast kinetics of CO rebinding to carbon monoxide oxidation activator protein
(ChCooA) over a wide temperature range and make comparisons with the kinetics of CO and NO
binding to protoheme (Fe protoporphyrin IX) and myoglobin (Mb). The CO binding to ChCooA is
non-exponential over many decades in time at all temperatures studied, including room
temperature. To describe this Kinetic response we use a linear coupling model with a distribution
of enthalpic rebinding barriers that is attributed primarily to protein-induced heterogeneity in the
heme doming conformation (distributed barrier model, DBM). Above the solvent glass transition
(T ~180K), CO rebinding kinetics displays an anti-Arrhenius behavior (i.e., the rate decreases as
temperature increases) and this is ascribed to an evolution of the distribution toward increased
heme doming and larger enthalpic barriers. Between Tq and ~60K, the non-exponential rebinding
slows down as the temperature is lowered and the survival fraction follows the predictions
expected for a quenched barrier distribution. However, below ~60K the rebinding kinetics do not
continue to slow as predicted by the thermally activated DBM. A possible explanation for this
behavior is explored that involves quantum mechanical tunneling of the iron atom along the heme
doming coordinate. When the ultrafast CO rebinding kinetics of CooA are compared to the much
slower CO rebinding in myoglobin, a two order-of-magnitude increase in the Arrhenius prefactor,
from ~10% s~ to ~1011 571, is revealed. A similar prefactor is found for NO binding to CooA,
which is typical for NO rebinding to ferrous heme systems. Because kinetic studies of CO
rebinding to protoheme also reveal prefactors near ~1011 s71, we revisit the commonly held view
that the CO binding reaction is non-adiabatic due to spin-forbidden (AS=2) selection rules. A non-
adiabatic sequential mechanism, involving first order (AS=1) transitions, is considered as a
possible explanation for ultrafast CO rebinding; however, the relative crossing energies of the
relevant spin states leads us to conclude that the CO ligand binding reaction is adiabatic rather
than non-adiabatic and that entropic factors, rather than spin-selection rules, are the cause of the
reduced Arrhenius prefactor for CO binding in Mb and Hb.

2To whom correspondence should be addressed: Paul M. Champion, Professor Paul M. Champion, Department of Physics, 111 Dana
Research Center, Northeastern University, Boston, MA 02115-5000, Phone: 617.373.2918, champ@neu.edu.

Supporting information available

Details of CO binding kinetic analysis using the distributed coupling model; fits of the data at 300K; and a brief description of
nonadiabatic atom transfer based on the theory developed by Jortner and Ulstrup. This material is available free of charge via the
Internet at the ACS publications website.
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Introduction

Heme-based sensory proteins are an emerging class of proteins that perform key biological
functions such as transcription regulation and production of second messengers, by
selectively responding to changes in the levels of gaseous molecules such as CO, O, or
NOI-2, One prototype of heme protein sensors is the carbon monoxide oxidation activator
(CooA)3. CooA from Carboxydothermus hydrogenoforms (ChCooA) is a CO-sensing
transcription factor that regulates the expression of genes necessary for the bacterium to
grow using CO as the sole energy and carbon source*-5. In addition to sensing, heme
proteins can perform a variety of other biological functions including ligand transport, redox
reactions and catalysis. Thus, the reactivity of the common heme prosthetic group must be
tightly regulated and finely tuned by the structure of the surrounding protein and its
dynamics. One of the methods that has been widely used to gain insights on the interplay
between function, structure, and dynamics in heme proteins is the study of the rebinding
kinetics and protein relaxation dynamics that follow ligand photo-dissociation by a short
laser pulse-26, The temperature dependent kinetics of CO rebinding to heme proteins,
especially to myoglobin, has been extensively investigated over the

years’ 9. 11, 13,18, 22,25, 27 A of these previous investigations focused on analyzing CO
rebinding kinetics over time windows that extend from 1078 to 103 s. Up to now, detailed
temperature dependent studies of CO rebinding kinetics in the sub-nanosecond time scale
and over a broad range of temperature have only been conducted on heme model
compounds??: 28-29 However, there have been prior studies® 30-3 that have investigated
ultrafast CO geminate recombination dynamics to heme proteins

These and other studies have shown that a wide variety of heme proteins, including CooA
proteins®: 32 nitrophorin 421, CBS33, tr-HBO34, RcoM-231 and mutants of cytochrome ¢3°
rebind CO on the sub-nanosecond time scale with high geminate yield. In this report we
explore the geminate rebinding kinetics of CO to ChCooA, over a broad temperature range
(300 K to 20 K). The biological relevance for the ultrafast CO rebinding and its high
efficiency in CooA proteins is discussed in the context of the highly non-exponential
kinetics and the enthalpic barrier distribution that develops very rapidly upon photolysis, and
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which is attributed to an ensemble of differing heme out-of-plane equilibrium positions. We
observe that at very low temperatures (<60 K), CO rebinds to CooA significantly faster than
expected, based on the quenched barrier distribution that is found at higher temperature.
This suggests that tunneling along the heme doming coordinate may begin to assist the
classical over-barrier reaction when the low temperature region is approached.

We also discuss the underlying reasons for the dramatic differences that are apparent when
the CO-CooA rebinding kinetics are compared to myoglobin (Mb) and hemoglobin (Hb).
The large Arrhenius prefactors found for both CO and NO binding to CooA are considered
in the context of the non-adiabatic spin selection rules that are often thought to dictate small
molecule binding to ferrous heme proteins36-39, If the non-adiabatic CO binding model is
invoked, the ultrafast heme-CO binding reaction for CooA must involve a sequential
process, where AS = 1 transitions move the system rapidly from the S=2 iron spin state to
the S=1 state and finally to the S=0 state. The much slower CO rebinding reactions observed
for Mb and Hb can then be explained by a direct AS =2 transition having a much smaller
(second order super-exchange) spin-orbit coupling with a maximum prefactor3® on the order
of ~10°. However, the sequential non-adiabatic process should reveal the presence of an
intermediate S=1 iron spin-state, which has not been observed. The observation of ultrafast
CO rebinding kinetics therefore suggests that the spin-orbit coupling is generally large
enough that the reaction should be treated adiabatically. The large increase in the Arrhenius
prefactor found for CooA compared to Mb would then be accounted for by a decrease in
entropic barrier, rather than by an increased non-adiabatic matrix element.

In Fig. 1 we show the rebinding kinetics of CO to ChCooA at temperatures above the
solvent (glycerol/water) glass transition temperature (Tg ~ 180 K). The CO geminate
recombination occurs on the sub-nanosecond time scale and shows a highly non-exponential
behavior. At 300 K, more than 99% of the photolysed CO molecules rebind geminately.
Because the escape fraction is so low, ChCooACO is an ideal system for studying the final
step of CO binding to heme proteins /e bond formation between CO and the iron. Figure 2
represents the kinetic traces of CO rebinding to ChCooA below Tj.

To fit the data presented in Figs. 1 and 2 we used a distributed linear coupling model for CO
binding that has been described in detail elsewhere® 20 (see supplementary information, SI).
In this model, the enthalpic barrier for CO binding is separated into two parts:

1

2Ka2+HD 1)

H=H,+Hp,=

where Hprepresents the proximal barrier due to moving the heme from the domed to the
planar configuration. In this expression, a represents the overall distance that the iron needs
to move relative to the heme plane during the rebinding process and K'is an effective force
constant between the iron-protein and the iron-porphyrin that describes the linear restoring
forces. The quantity H, represents the remaining (a-independent) contributions to the
enthalpic barrier, which primarily involve ligand docking energy and other steric constraints
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associated with the distal pocket. The distribution of the iron-out-of plane displacements in
the photolyzed ferrous state, A4), is taken to be a Gaussian with a mean value &
representing the average out-of-plane displacement and a variance o, describing the width of
the distribution. This leads to an asymmetric distribution of barrier heights, g(Hp), for the
proximal term that is given by Eq. S2 in the SI. The survival population of the five-
coordinate photoproduct at time ¢after photolysis is then given by equation 2,

Hp

0 kgl
N(t)=/ g(Hp) exp |-k te dHp (2)
0
With

ky=kee B (3)

The quantity g is the Arrhenius prefactor, and kg is Boltzmann’s constant. The algebraic
transformations performed on Eqg. 2 to generate a simple 3-parameter non-exponential fitting
function are given in the SI (Eq. S8). The black solid lines through the kinetic data in Figs. 1
and 2 are the fits to the kinetic data at each temperature. As can be seen from these two
figures, this simple distributed barrier model accounts very well for the highly non-
exponential rebinding kinetics of CO-ChCooA over a wide range of temperatures. The data
prior to ~8 ps were not considered in the fitting process because of the transient cooling
signal that is mixed into the overall optical transmission signal, which is used to track the
CO rebinding kinetics. The transient cooling signal becomes negligible within about ~10 ps
following photon absorption.

Figure 3 displays the temperature dependent values of the mean iron out-of-plane
displacement gy and its variance o, for ChCooACO as extracted from the kinetic data (see
SI-1 for details). The absolute values of these quantities depend on the effective force
constant K, which is taken to be 22 N/m (rather than ~14 N/m as found for Mb[??ref 97?] )
based on vibrational coherence measurements of ChCooACO where the frequency of the
heme doming mode is upshifted relative to Mb#C. For comparison, Fig. 3 also uses red
symbols to indicate the temperature dependence of the equivalent parameters (i.e., &, o) for
the iron protoporphyrin IX (FePP1X) heme model system, H,O-FePP1X-CO, which was
investigated previously2C. In Fig. 4 we plot logig 41 (Eq. 3) as function of inverse
temperature. The slope of this plot yields Hp~ 0 and a prefactor Ay = 1.2 x 101151, Figure 4

also displays the values of an average enthalpic barrier, (H) = %Ka(z) + H ), for CO binding to

ChCooA as function of temperature above ~60 K.
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Discussion

Heme structural evolution above Ty

One important result of this study can be seen in Fig. 1. Above Ty, CO rebinding kinetics to
ChCooA slows down as the temperature increases. This non-Arrhenius behavior is indicative
of an increase of the average rebinding barrier as the temperature is raised in the region
above Tg. Similar behavior has been reported previously for the kinetics of CO rebinding to
the bare heme (FePP1X) and attributed? to anharmonic temperature-dependent heme
structural relaxation?! that favors a more out-of-plane geometry at elevated temperatures.
The photolyzed heme evolution to a more out-of-plane geometry at higher temperature has
also been directly correlated with the relaxation of the structure sensitive Band I11 of the
heme group0.

Myoglobin (Mb) also shows a complicated anti-Arrhenius behavior for CO rebinding above
the glass transition, but the MbCO kinetics take place on a much slower time

scale”- 11-13.18,22 |n principle, the slowing down of the CO rebinding kinetics in ChCooA
(as the temperature is raised above Tg) could be due to relaxation of distal pocket residues as
well as structural relaxation of the heme20. However, the distal contribution to the total
rebinding barrier, carried by the term Hp, is very small (Hp~ 0, as shown in Fig. 4). This
leads to the conclusion that the slowing down of the CO rebinding kinetics with increasing
temperature in ChCooA must be primarily due to the relaxation of the heme geometry
toward a more domed configuration as also observed for the “bare” heme (FePP1X)
system?20, The proximal barrier height distributions for CO rebinding, derived from the
fitting parameters, are depicted in Fig. 5. Panel A of this figure clearly shows that the mean
of the distribution is evolving toward higher energies as the temperature is raised; while
panel B shows that the distribution is relatively constant between 80 K and 180 K.

Non-exponential behavior and slowing down of ultrafast CO rebinding kinetics over a
narrow range of increasing temperature has also been reported in other heme systems such
as DNR, RrCooA and DosT30 as well as for RcoM-231. However, it has been suggested that
the CO rebinding to these proteins involves no enthalpic barrier and the non-exponential
behavior is attributed to a distribution of activation entropies3%-31, In the case of RcoM-231,
the anti-Arrhenius behavior was attributed to the slowing of protein motions as the
temperature decreases, which might speed up CO rebinding by reducing the entropic
barriers. However, this interpretation implies that below the glass transition, where the CO
escape to the solvent is prevented and the protein motions are frozen, the CO geminate
recombination rate should become independent of temperature. In contrast, the data in Fig. 2
and in ref 20 show that CO rebinding kinetics to ChCooA, as well as to the bare heme, slows
down with decreasing temperature below Tg. This clearly demonstrates that CO geminate
recombination in these heme systems involves a distribution of enthalpic, rather than
entropic, barriers. Additionally, the fact that CO rebinding to FePP1X also shows a non-
exponential kinetic response above glass transition20 strongly indicates that this non-
exponential behavior is due to an ensemble of enthalpic barriers that originate from a
distribution of heme configurations.

JAm Chem Soc. Author manuscript; available in PMC 2018 May 30.
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The highly non-exponential kinetic response observed for CO rebinding to ChCooA above
Tg is attributed to rebinding of photolyzed CO molecules to an ensemble of hemes that are
characterized by slightly different geometries that remain heterogeneous on the ultrafast
time scale of the rebinding®. However, another possibility is that CO rebinding is affected by
a “dynamic” relaxation of the heme or the protein, or that both barrier distributions and
dynamic relaxation are involved. In the latter case, the rebinding barrier would be time
dependent and vary on the same time scale as the kinetics. Such a relaxation process is better
described using a stretched exponentiall}=12. In Fig. S1 of the SI, we compare the quality of
fitting the CO rebinding kinetics of ChCooA at 300K using both a stretched exponential
function and the distributed coupling model®: 20 described above. The stretched exponential
fit fails to describe the long time tail of the kinetic response, whereas the distributed
coupling model fits the data very well over the full time range. This is additional evidence
that the non-exponential behavior of the kinetic response above T arises primarily from an
underlying barrier distribution that is well-described by the distributed coupling model.

These results also suggest that, even at room temperature, the photo-dissociated CO
molecules in CooA face a “quenched” distribution of rebinding barriers resulting from a set
of heme conformations that evolve slowly on the sub-ns time scale of CO rebinding.
However, it is important to emphasize that, following CO photolysis above Ty, the entire
protein is not necessarily frozen on the rebinding time scale. The data are consistent with
residues of the protein undergoing conformational fluctuations on the picosecond and early
nanosecond time scale so long as these fluctuations have a negligible effect on the
equilibrium heme geometry. The larger scale conformational interconversions that affect the
heme equilibrium geometry are expected to involve multiple residues and/or helices and are
evidently taking place on timescales 2 10 ns.

Role of entropy within the adiabatic reaction model

Below Ty, the solvent is frozen and large conformational fluctuations of the heme and the
protein are inhibited. The kinetic response of CO rebinding to ChCooA in this temperature
range (Fig. 2), displays a normal Arrhenius-type behavior, where the rates increase with
temperature. However, there is a non-exponential decay that is characteristic of a quenched
distribution of rebinding barriers. As can be seen from Fig. 3, the values of both the first and
second moments of the A4) distribution, describing the ensemble of heme conformations,
are only weakly temperature dependent in the range from180 K to 80 K. This behavior is
very similar to that of CO rebinding to the bare heme20 and it also mimics the kinetics of CO
binding to myoglobin, but on a much faster time scale’: °.

As mentioned above, the Arrhenius prefactor for CO rebinding to ChCooA is Ay = 1.2 x
101 571, Such a value of kg is very similar to what is found for CO binding to heme model
compounds such as FePP1X, with and without a 2-methyl imidazole (2Melm) heme ligand
20 (Table 1). Significantly, this is two orders of magnitude larger than the prefactor of CO
binding to Mb (ky~10% s™1)7. 9. 12 Thus, within the adiabatic model for CO binding to heme,
the value of kg can be related to the activation entropy, AS', for CO binding in the following
simple way:

JAm Chem Soc. Author manuscript; available in PMC 2018 May 30.
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AS’
ky o< vyexp (K) = UOQ—O 4)

where vy is an attempt frequency. Thus, because the overall electronic spin state transition
(AS=2) is the same for the CO binding reaction in CooA and Mb, the large difference in the
prefactor is explained by changes in either the number of states for the protein-ligand system
in the unbound state (Qp), or in the rebinding transition state (Q'), or both. In other words,
the entropic barrier for CO rebinding appears to be much lower in ChCooA compared to
Mb. This indicates that the activation entropy can play an important role in controlling the
CO rebinding rate to heme proteins and it can be tuned over wide range by adjusting the
architecture of the protein.

When CO binds to ChCo0A, it causes the displacement of the endogenous ligand (the N-
terminal amino group) which triggers a set of protein motions that induce large
conformational changes, especially in the DNA binding domain. This large protein
conformational change accomplishes two important tasks. The first involves the
rearrangement of the DNA binding domain into a narrow set of configurations that allows
specific DNA recognition and binding® 42-44, The second is the formation of a tight
hydrophaobic trap for the bound CO so that the system remains in the active state long
enough for transcription to take place® 42-44, Indeed, the crystal structure of LL-ChCooACO
shows that the distal pocket of this protein is composed of a cluster of hydrophobic residues
that surrounds the bound CO, forming a tight cavity around the heme®. We suggest that upon
photo-dissociation, these residues keep the CO molecule in its upright orientation and
greatly restrain its translational and rotational motions. This, along with the short time for
CO binding, significantly reduces the entropic barrier that can build up and inhibit the ligand
rebinding reaction. On the other hand, time resolved IR1® and the crystal structure of
photolyzed MbCO*5, show that the photolysed CO molecule lies approximately in the plane
of the heme at a distance of ~4 A away from the iron. The development of an entropic
barrier takes place in Mb as the CO samples a large number of unbound conformations from
which it must recover in order to find the correct upright transition state orientation from
which it can rebind.

For physiological reasons, the distal pocket of myoglobin has been engineered to present a
significant distal enthalpic barrier for CO rebinding (Table 1 ,Hp =7 kd/mol)°. At
physiological temperatures, the distal barrier helps to dramatically slow the initial rebinding
so that a large entropic barrier also develops, which leads to a majority of the photolyzed CO
molecules escaping into the solvent. Time resolved X-ray crystallography has shown that the
distal E helix and the distal histidine, His64, move toward the location formerly occupied by
the CO ligand within the first nanosecond following CO photolysis 46. This forms a steric
barrier for CO rebinding that is related to the large Hp measured in Mb. On the other hand,
the present study has shown that a distal barrier in ChCooA is basically non-existent. This
means that ChCooA has evolved a heme pocket that eliminates distal steric constraints and
ligand docking sites that might retard the geminate recombination of CO. The only barrier
seen by CO is the intrinsic proximal barrier, Hp, which corresponds to the motion that brings
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the iron into the heme plane transition state where it vacates the e, orbitals so that the low-
spin 6-coordinate CO bound state can be formed. This is highly relevant to the biological
function of ChCo0A as a transcription factor®. Indeed, upon CO binding, this protein has to
undergo large conformational change from the inactive to the active state and it must stay in
this state long enough to search and bind its target DNA; finally recruiting the RNA
polymerase to start the transcription. To fulfill this requirement, the distal pocket in ChCooA
has been engineered to form an efficient trap for CO so that, upon its thermal dissociation,
CO undergoes very rapid geminate rebinding to the heme in order to preclude any reversal
of the structural rearrangements that might lead to protein deactivation and the disruption of
the transcription process®.

The large reduction in the activation entropy for CO binding to ChCooA compared to Mb
may be related to the fact that the entropic barrier can have synergistic dependence on the
enthalpic barrier for ligand binding. As shown in Table 1, the average activation enthalpy for
ChCooA (<H> = 7.5 kJ/mol at 300 K and <H> = 3 kJ/mol below T ) is much smaller than
that for Mb (<H> = 18 kJ/mol at room T and <H> = 12 kJ/mol below Tg). This greatly
speeds up CO rebinding in ChCooA, which helps to prevent the full development of an
entropic barrier. This occurs because the photolysed ChCooA+CO does not have time to
fully sample all accessible states following dissociation. In such situations (7.e. when the
rebinding time scale is less than the entropy production time scale), the “non-equilibrium”
entropic barrier for CO rebinding can be significantly reduced0,

Spin-orbit coupling and the non-adiabatic reaction model

An alternative description of the prefactor becomes necessary if a non-adiabatic model is
considered applicable to the CO-heme binding reaction. This model applies when friction is
low and the spin-orbit coupling matrix elements, which couple transitions between different
spin-states of the reacting system, are small relative to Ag7. A variety of quantum
calculations have been performed on these systems in an attempt to discern the heme and
ligand configurations that lead to the intersections of the electronic spin-states where the
transitions occur38: 38-39, The results depend somewhat on the basis set and functionals that
are used38-39 and, therefore, it remains uncertain if the direct AS = 2 reaction must always
be the dominant pathway for the CO binding reaction.

If the non-adiabatic reaction mechanism is to be generalized for CO binding, the protein
architecture and heme structure must allow for an ultrafast reaction as observed for CooA.
This is likely to involve sequential spin-allowed (AS = 1) transitions where the iron S=1
spin state acts as an intermediate (see Fig. 6). On the other hand, as suggested by
others36-37. 47-48 the much slower CO rebinding observed for Mb and Hb involves a
“direct” AS = 2 transition (??shown in Fig. 6C) with a small (second order) spin-orbit
coupling matrix element, which significantly reduces the prefactor relative to spin-allowed
matrix elements. We also note that within the sequential model for ultrafast CO-heme
binding, the barrier between the iron triplet state and the final singlet state must be small, as
shown in Fig. 6A, in order to account for the absence of any detectible optical intermediate
other than the quintet and singlet states. A small or non-existent barrier between the triplet
and singlet states ensures that the transient population of the triplet state is essentially
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unobservable and that the rate limiting step only depends on the initial first order (AS= 1)
quintet-triplet iron transition.

However, recent quantum chemical calculations have carefully delineated the minimum
energies for quintet-triplet and triplet-singlet crossing. The direct (AS=2) quintet-singlet
crossing appears to lie at the lowest energy and it has therefore been chosen as the likely
reaction route for CO-heme binding in the non-adiabatic model3: 39. This choice is also
conveniently motivated by the small prefactors that are observed for Mb and Hb37: 4%, On the
other hand, when the ultrafast heme-CO rebinding in CooA is considered within the non-
adiabatic formalism, a sequential first order (AS=1) transition must be invoked in order to
increase the prefactor by two orders of magnitude.

Importantly, the triplet-singlet crossing appears at higher energy than the quintet-triplet
crossing®® as depicted qualitatively in Fig. 6B, and this has important consequences for the
sequential non-adiabatic model. Under this condition, the triplet state population should be a
detectable intermediate during the ultrafast CO rebinding reaction. However, optical
experiments39-3L. 34 reveal no evidence of the S=1 intermediate when the ultrafast rebinding
is followed with broad spectral bandwidth. Only the reactant (S=2 quintet state) and the
product (S=0 singlet state) along with a clear isosbestic point have been observed?C. This
fact, along with the relative spin-state crossing energies3?, suggests that the non-adiabatic
sequential model is not consistent with the observed properties of the ultrafast heme-CO
rebinding reaction. Thus, the adiabatic model (discussed in the previous section) presents a
much better explanation for the ultrafast CO rebinding that is observed in CooA and a
variety of other heme systems, while still having the ability to account for the much slower
rebinding kinetics observed in Mb and Hb.

Anomalously fast rebinding kinetics below 60 K

As can be seen from Fig. 3, the parameters that describe the distribution of heme geometries
below Ty (i.e., the average iron out of plane displacement, 4, and its variance, o) are
nearly constant for both ChCooACO and H,0-FePPIXCO20 in the temperature range from
180 K to 80 K. This suggests that at low temperature the distribution is “frozen in” and
should remain nearly constant at lower temperatures. However, below 80 K the fits require
distributions that have significantly smaller values of &, than expected. The average
distribution for CO-ChCoo0A in the range 80-180 K can be found from Fig. 5B and this
results in { & ) = 0.21 A and { o, ) = 0.07 A. This average distribution can be used to
simulate the T<80 K kinetic response, resulting in the red lines shown in Fig. 2 (from
bottom to top: 60K, 40K, 22K). These simulations show that the low temperature CO
rebinding kinetics are significantly faster than expected for an over-barrier process using the
quenched distribution that we normally expect to be frozen in below 180 K.

Photon heating should generate a full distribution even at low temperature

One possible explanation for the faster than expected CO rebinding kinetics below 60 K is
that the thermal excitations at these temperatures are insufficient to fully develop the iron
out-of-plane distribution seen at higher temperatures. The heme doming frequency for a
fully relaxed heme protein is typically found in the 40-50 cm™1 range®0 and is located at 50
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cm~1 for CooA%0. This excitation energy (50 cm~ ~ 75 K) corresponds to the temperature
where deviations from the expected Kinetics begin to clearly appear. If thermal excitations of
the doming mode are required to help move the protein into the different conformational
states that ultimately determine the distribution of heme out-of-plane distances, then a
reduced mean out-of-plane displacement may begin to appear at temperatures below the
doming mode thermal excitation energy.

However, the out-of-plane distribution will also be affected by the excess energy of the
photon that ruptures the bond between the ligand and the iron. During the first few
picoseconds the local temperature of the heme is much higher than the temperature of the
surroundings due to impulsive heating of the chromophore®?. The photon-induced
vibrational heating alters the heme optical properties and its cooling affects the transient
absorption kinetic response on the sub-10 ps timescale. It is for this reason that we do not
attempt to fit the rebinding kinetics on timescales below 8 ps. We conclude that transient
heating of the heme is clearly taking place and this should act to generate very similar
quenched distributions at all temperatures below Tq ~180 K.

Quantum tunneling at low temperature within the adiabatic and non-adiabatic models

When the photolyzed distibution of heme doming geometries, A48), is assumed to be
independent of temperature in the 10-80 K range, there is a another possibility that explains
the unexpectedly fast kinetics below 60 K. The increase in the low temperature Kinetics
could arise from the existence of a quantum mechanical tunneling channel that begins to
compete with the classical over-barrier process. Tunneling effects involving the CO
molecule have been previously suggested to explain the rebinding kinetics of Mb and other
heme proteins at temperatures below 25K27: 52, Similar effects have also been observed for
water rebinding to heme®3,

As a simple approximation, we can consider the overall CO tunneling process for a
generalized heme protein to be a combination of CO tunneling through the distal barrier of
height, Hp, along with the tunneling of the iron from its out-of-plane to its in-plane position
through the proximal barrier, Hp. In principle, this process can either be concerted or
sequential. In the case where the protein presents significant distal barrier for CO binding,
such as in myoglobin, quantum mechanical effects in the kinetic response can be dominated
by CO tunneling through the distal barrier®2. On the other hand, for proteins like ChCooA or
protoheme, where the distal barrier is very small or absent (Hp ~ 0), the possibility of heme
tunneling from an out-of-plane to an in-plane position can then be revealed at low
temperature.

Jortner and Ulstrup developed a general theory of non-adiabatic atom transfer based on non-
radiative transitions between vibronic states corresponding to two distinct electronic
configurations representing a reactant and product#8. They applied this theory to explain CO
recombination kinetics to Hb at low temperatures where the process is governed by
tunneling. The rate is expressed as the product of an electronic coupling term V/,, between
the electronic states “&” and “4” and a thermally averaged Franck-Condon vibrational
overlap integral#8. They adopted a harmonic approximation for the Fe motion, and assumed
a single vibrational doming mode, characterized by two harmonic potentials of frequency w
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in both states “&” (S=2) and “4” (S=0), where a direct (AS = 2) process was assumed. It was
found that this model adequately described the low T kinetics of CO binding to Hb* (See
S3 of Sl for a summary of the Jortner and Ulstrup results).

As discussed above for the non-adiabatic sequential model of CO binding to CooA, there is
a much larger first-order (AS=1) electronic coupling term associated with 1/, relative to the
second-order super-exchange term that arises if AS=2 (see Sl Eq. S12). Although tunneling
from a more-domed to a less-domed heme conformation is possible at the quintet-triplet
state crossing energy, the final triplet-singlet crossing takes place at higher energy3° (as
depicted qualitatively in Fig. 6B). This non-adiabatic scenario is difficult to reconcile with
the fact that the iron triplet state has not been detected in these reactions30-31. 34,

On the other hand, if the electronic coupling is strong enough that the reaction becomes
adiabatic there will effectively be little dependence on spin selection rules and this is
relevant to a question that has been debated for many years. Namely, whether ligand binding
(particularly CO binding) to heme proteins is an adiabatic or a non-adiabatic process
36-37,48,54 The dilemma is that the total spin of the CO is zero. Therefore, during the
geminate recombination, the Fe2* (S=2) + CO (S=0) system moves from the unbound
electronic state (St = 2) where the heme is domed and the CO is docked in the distal pocket
to the bound state (St =0) with a planar heme. Thus, the binding process involves both
nuclear motion and an electronic state change that cannot be obviously described as
adiabatic in both the electronic and nuclear coordinates. In principle, for a direct transition,
one has to account for the rate of spin state change, ASt = 2, as dictated by the second order
spin-orbit coupling matrix element V, (Eq. S12).

However, the accumulated experimental data presented here indicate that ligand binding to
heme proteins is insensitive to spin selection rules (e.g., the prefactor Ao~ 1011s71 is
equivalent for both NO and CO rebinding in CooA) and thus the reaction can be described
as an adiabatic process with little dependence upon the electronic coupling matrix element.
When V,; # 0, the two diabatic energy surfaces “&” (St =0) and “&” (St = 2) repel each at
the crossing point, resulting in two adiabatic surfaces separated by 2|V as shown in Fig. 7.
This means that there can be a well-defined transition state on the lower surface and, if 2|
Ve » kgT, the upper surface is inaccessible. When the reaction takes place exclusively on
the lower surface, it can be described by standard transition state theory or Kramers theory
95, In this case, once the lower adiabatic surface has been determined, the electronic nature
of the two initial diabatic surfaces can be ignored: ie, the expression for the rate no longer
depends on V.

On the other hand, if 2| V4 < kgT, the situation becomes complex and the rate must be
described using non-adiabatic theories such as the Jortner-Ulstrup theory8 or Landau-Zener
theory36-37_ In both of these theories, the rate, or more precisely, the prefactor 4 is
proportional to | V42 and it becomes dependent on spin selection rules. The selection rules
suggest that the second order (ASt = 2) spin transition for the CO binding reaction will
reduce the prefactor by several orders of magnitude (e.g., to Ay ~ 10° s~1) compared to the
first order (ASt = 1) spin allowed channel that is present, for example, in NO binding (St =
3/2 to St = 1/2) where Ay ~ 1011 s71 36, Therefore, to treat the ultrafast heme-CO rebinding
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within the non-adiabatic model, a sequential process must be invoked, where the initial
quintet-triplet (AS = 1) transition becomes rate limiting through a first-order matrix element,
and where the second AS = 1 transition, from triplet to singlet, is nearly barrierless (cf. Fig.
6A). While the sequential non-adiabatic scenario is a possibility, calculations of the
minimum energy crossing points for the iron spin states3? indicate that a transient triplet
state population should appear during the CO binding process, in contrast to what is
observed.

It is also noteworthy that a number of recent studies®: 20-21. 33 demonstrate CO binding
Kinetics that are very different from Mb and Hb. In all of these studies, CO more typically
binds to the heme with a prefactor of ky ~1011 s71 (Table 1), which is similar to that of NO
binding®. Importantly, this trend is also maintained within a single system, e.g., Co0A,
where both NO and CO rebinding kinetics have been studied and very similar prefactors (kg
~1011 571y are found®. Furthermore, studies of heme protein samples in strong magnetic
fields showed that ligand binding kinetics are insensitive to the applied magnetic field>6.
These results lead generally to the conclusion that ligand binding to a heme system is very
likely to be an adiabatic reaction, with a spin independent prefactor. Although not
universally accepted, Frauenfelder and Wolynes reached a similar conclusion by invoking
frictional effects and analyzing the rebinding kinetics of CO and O, to Mb®4,

Thus, if we proceed under the assumption that CO binding to heme is an adiabatic over-
barrier process at high temperature, we can use the Bell tunneling model®” to estimate the
crossover temperature Tg at which the tunneling channel begins to compete with the
classical over-barrier process. This model predicts that at high temperature the rate of CO
binding to each heme within the ensemble is given by a classical Arrhenius expression:

k. = kpexp(— H/kgT) (5)

where H s the barrier height. At very low temperatures, the rate is dominated by tunneling
and is given as:

k, = kpexp(—ma\2uH/2h).  (6)

Because there is no distal barrier (Hpp) for CO binding in the ChCooA and PPIX systems,
the application of Eq. 1 effectively calculates the tunneling of the iron along the doming
coordinate from the out-of-plane position to the planar configuration. We recall that ais a
measure of the out of plane distance and y is the reduced mass of the nuclei associated with
the doming mode (which involves the histidine, the iron, the porphyrin, and potentially some
of the surrounding protein residues). At intermediate temperatures, the rate can be calculated
numerically®’; but to simplify the problem we will assume that the total rate at any
temperature is the sum of the two rates k= k. + k; The crossover temperature T at which
both rates are equal is given as:
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n |2H
To=za N\ @

In the case of ChCooA and protoheme where H , ~ %Kaz, EQ. 7 can be written as

n K ho
To—n—kgﬁ—n—kg ®)

where it is important to note that the distributed parameter, &, associated with the heme out-
of-plane equilibrium position, drops out of the expression for 7. This means that the entire
distribution should have roughly the same cross-over temperature and this is what leads to
the rapid onset of anomalously rapid kinetics near ~60 K.

The doming frequency of photolyzed CooA-CO at low temperature may be larger than its
equilibrium value at room temperature as suggested by vibrational coherence studies of the
photoproduct of myoglobin, usually referred to as Mb”. Although values of ~40 cm~1 are
found for the fully relaxed doming frequency in vibrational coherence experiments on deoxy
Mb at room temperature, when the coherence immediately following photolysis is
examined®8 there is an additional strong coherence amplitude that appears near ~80 cm™1.
This higher frequency component has been attributed®8 to the initial photoproduct, Mb™,
where photolysis has taken place but the protein is not fully relaxed. The doming frequency
becomes time-dependent under these highly non-equilibrium conditions and anharmonic
Fourier components associated with the evolution (Mb* — Mb) are observed®8. At
temperatures below Ty, the photolysis generates a species that is generally thought to mimic
Mb” (i.e., the protein is unable to relax and make the conformational rearrangements that
fully accommodate the photolyzed heme). In Mb” there are likely to be fewer of the
surrounding nuclei participating in the iron doming motion and this acts to lower the reduced
mass and increase the frequency both at short time and at low temperature. Thus, we suggest
that the larger value for the doming frequency associated with Mb” is also more appropriate
at low temperature. Similarly, when the CooA-CO coherence spectrum at room
temperature is carefully examined, in addition to the doming frequency attributed to the
relaxed equilibrium geometry (~50 cm™1), there is also a strong component at 85 cm™1 as
well as a new shoulder at ~100 cm~1 immediately following photolysis. By analogy with the
Mb” results, we therefore suggest that the doming mode frequency for the low temperature
photoproduct of CooA falls in the region ~85-100 cm™1.

Using Eq. 8 with A~ 100 cm™1, we estimate the crossover temperature 7 ~ 45 K where
the tunneling rate becomes comparable to the adiabatic barrier crossing rate. Based on this
simple analysis, it seems that the contribution due to iron tunneling from the out-of-plane to
the in-plane heme position cannot be neglected as temperatures begin to approach ~45 K.
Although this is somewhat surprising, it helps to explain the unexpectedly large CO
rebinding rates that are found below 60K in the CooA system.
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In summary, we have investigated CO rebinding kinetics to ChCooA over a wide range of
temperatures (300K to 20K) and made comparisons to CO and NO binding in

myoglobin’: % 19 as well as heme model compounds2%. We found that CO binding to
ChCooA is nonexponential at all temperatures and over many decades in time. To analyze
the kinetic data we used a linear distributed coupling model with a distribution of enthalpic
(rather than entropic) barriers that are effectively “frozen out” on time scales faster than the
sub-ns CO geminate recombination. This barrier distribution is attributed to a heterogeneous
ensemble of heme doming conformations. The main conclusions of this work are: (i) Above
Tg, CO rebinding kinetics to ChCooA shows an anti-Arrhenius (rate decrease with
increasing T) behavior that we attribute to a relaxation of the heme distribution, A@), as the
temperature is raised. (ii) In contrast to myoglobin, the heme environment in CooA proteins
has been engineered to eliminate the enthalpic barriers associated with the distal pocket
(e.g., steric constraints and docking sites) and this significantly speeds up CO
recombination. (iii) Within the adiabatic model for binding, the activation entropy plays a
major role in controlling CO binding to heme proteins and it can be tuned over a wide range
by adjusting the architecture of the protein. (iv) Ligand binding to heme proteins is very
likely to be an adiabatic reaction with a spin independent prefactor. However, many of the
existing theoretical studies treat this reaction as a non-adiabatic process36-37: 48 suggesting
that additional theoretical investigations would be useful to fully understand the fundamental
mechanism of the heme-ligand binding reaction. (v) Below 60 K, it appears that tunneling of
the iron along the doming coordinate can affect the kinetic response of CO binding in
ChCooA. (vi) Although the lessons learned from the investigations of ligand binding to Mb
significantly advanced our understanding of this elementary reaction, the Mb results should
not be generalized to all heme proteins. This work suggests that myoglobin is an outlier,
rather than a prototype, for ligand binding to heme and heme proteins.

Materials and Methods

The pump-probe setup used in this experiment is described in detail elsewhere®: 21, The
ferric ChCooA was dissolved in a mixture of 20% 50 mM Tris-HCI buffer containing 6 mM
CaCl, and 500 mM KCI, and 80% glycerol (vol/vol, pH 8.0). The solution was then
saturated with CO, reduced with Na-dithionate and loaded anaerobically ina 1 mm
pathlength home built gold plated copper cell with two PMMA windows. The cell was then
mounted on closed cycle helium cryostat equipped with digital temperature controller. Flash
photolysis experiments were performed by using two amplified and synchronized
Ti:Sapphire laser systems. The sample was excited with a 405 nm pump and the change in
transmission of the probe at 440 nm was detected by a photodiode connected to a lock-in
amplifier. The time resolution of the system is 2.5 ps. Fast optical scanning across the
sample was performed with an X-Y galvo scanner so that fresh sample was interrogated with
each pulse pair.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
CO rebinding kinetics to ChCooA above the glass transition temperature. The symbols

represent the data and the solid lines represent the fits to the data using the linear coupling
model.
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Figure 2.

10000

CO rebinding kinetics to ChCooA below the glass transition temperature. The symbols
represent the data. The black solid lines represent the fits to the data using the linear
coupling model, without constraining the fitting parameters. The red lines represent the fits
to the data at T = 60K, 40 K, 22 K respectively, using the linear coupling model with the
expected quenched barrier distribution. For the quenched distribution calculations, the heme
conformational distribution was frozen using the parameters found at 80K: ag = 0.2 A and o,

=0.07 A.
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Page 20

Temperature dependence of the average iron out-of-plane displacement &y and its variance
o, as function of temperature for CO rebinding to ChCooA (black) and H,O-FePPIX (red),
as extracted from the kinetic data using the approach as outlined in the SI.
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Figure 4.
Temperature dependence of the average enthalpic barrier (< H > = %Ka% +H,) for CO

binding to ChCooA (circles), along with the parameter log (k1) (squares), where k1 is
described in Eq 3. The temperature independent value of log (k) gives Hg ~ 0 kJ/mol and kg
=1.2x1011s71
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Figure 5.
Temperature dependence of heme proximal activation enthalpy probability distribution

9(H)) for CO rebinding to ChCooA: (A) above the glass transition temperature Tq ~180 K.
(B) between 180 and 80 K.
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Figure 6.
Schematic representation of the electronic spin states for the heme CO system along the

doming coordinate. (A) The barrier for the transition 2—1 is greater than that for 1—0 so
that the first transition becomes rate limiting and no intermediate S=1 population can be
detected; (B) The barrier for the transition 2—1 is smaller than that for 1—0 so that
population in the S=1 state should be detectable.
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Figure 7.

Schematic representation of diabatic (dashed red) and adiabatic (black) potential energy

surfaces for CO binding to the heme.
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