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ABSTRACT: The dynamics of methionine geminate recom-
bination following photodissociation in ferrous cytochrome ¢
is investigated over a broad temperature range. The kinetic
response, above the solvent glass transition (T,), is nearly
monoexponential and displays a weak temperature depend-
ence. Below T, the rebinding kinetics are nonexponential and
can be explained using a quenched distribution of enthalpic
rebinding barriers, arising from a relatively narrow distribution
of heme out-of-plane displacements. The Arrhenius prefactor
of this (AS = 2) reaction is ~10"! s™!, which is similar to what
has been found for the (AS = 1) NO binding reaction in heme
proteins. This observation, along with other examples of
ultrafast CO binding, provides strong evidence that ligand
binding to heme is an adiabatic reaction with a spin-
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independent prefactor. In order to simultaneously account for the adiabatic nature of the reaction as well as the temperature
dependence of both ultrafast CO and methionine geminate rebinding, it is proposed that a spin triplet state intersects and
strongly couples to the reactant (S = 2) and product (S = 0) state surfaces in the transition state region along the reaction
coordinate. It is also suggested that the nature of the intersecting triplet state and the reaction path may depend upon the
proximity of the photolyzed ligand relative to the iron atom. At temperatures below ~60 K, the kinetic data suggest that there is
either an unexpected retardation of the heme photoproduct relaxation or that heavy atom quantum mechanical tunneling

becomes significant.

B INTRODUCTION

Cytochrome ¢ (cyt ¢) is an important and ubiquitous heme
protein, which functions as a reversible redox carrier in
electron-transport chains. It is involved in a variety of
biological functions including photosynthesis, oxidative
phosphorylation, and apoptosis. Both the ferric and ferrous
forms of cyt ¢ are six-coordinate, low-spin species with two
endogenous ligands, histidine (His18) and methionine
(Met80), bound to the heme iron. In addition, two cysteine
side chains (Cys14 and Cys17) provide the thioether bridges
to the heme. It was originally found that, even at pH 7, the
Met80 ligand of ferrous cyt ¢ is photolabile with a quantum
yield >80% and with a geminate rebinding time of about 6 ps.'
Recently, these results have been confirmed by other groups
using different spectroscopic techniques.”™"

The issues surrounding Met80 ligation in cyt ¢ have recently
been recognized as highly relevant”™ because this ligand can
also dissociate when cyt ¢ is bound in the mitochondrial
membrane.'® The resulting five-coordinate heme then plays a
key role in the apoptosis cascade. It first becomes a peroxidase®
and initiates peroxidation of cardiolipin in the membrane,
leading to permeabilization and the release of a nitrosylated
six-coordinate form of cyt ¢ in a process related to NO
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synthase activity within the mitochondria.”'" After release in
this form, cyt ¢ participates in formation of the apotosome,
which leads to cell death.'”

Photodissociation and rebinding of diatomic ligands from
heme proteins have been studied for many decades, and the
pioneering contributions of the Eaton group have led to
important insights concerning these fundamental biological
reactions."*™'® On the other hand, the geminate rebinding of
endogenous axial ligands has been less thoroughly investigated,
although the room temperature kinetics of several six-
coordinate ferrous heme proteins has been reported.'”’ It
was shown that these endogenous ligands rebind to the heme
iron with a dominant and universal kinetic phase that has a
time constant of ~5—7 ps at 298 K."*'??° It has also been
hypothesized that this fast phase corresponds to the barrierless
formation of a heme—ligand bond from a configuration close
to the bound state.”” Transient Raman investigations showed
that, following Met80 photolysis in cyt ¢, the heme iron moves
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out of plane, leading to a domed heme configuration.”
Theoretical work by Zhang et al.”' has used molecular
dynamic simulations to study the kinetics of Met80 rebinding
in cyt c. A surface hopping algorithm based on Landau—Zener
theory has been applied to address the assumed nonadiabatic
transition dynamics. The authors found the rebinding kinetics
to be nonexponential at all temperatures with a rebinding
mechanism that is distinctly different at 300 K than at lower
temperatures. Additional experimental studies by Yamashita et
al*” investigated the T-dependent kinetics of methionine
rebinding in WT ferrous DosH near room temperature. Their
results indicate that Met rebinding is biexponential and
essentially barrierless.

More recently, Solomon and co-workers’ analyzed the
methionine binding reaction in cyt ¢ by estimating a time-
dependent local temperature for the heme that is higher than
the environmental temperature. This thermal perturbation is
associated with the excess energy of the absorbed photolytic
photon. They suggest that endogenous ligand rebinding in cyt
¢ can be considered as a thermal equilibrium system after ~2
ps and assume a time-dependent thermal bath temperature,
allowing them to extract an equilibrium free energy for the
Met80 ligand binding reaction (i.e., the so-called entatic state
stabilization energy: cyt ¢ (5C) + Met80 « cyt ¢ (6C), as
described in eq 3 of the Supporting Information in ref 4).

The analysis in this study” is questionable because the heme
is only a small part of a nonequilibrium reacting system and its
local temperature on the 1—10 ps timescale cannot be
considered as the temperature of the thermal bath. The
thermal bath (reservoir) in this case must include the protein
and the solvent. During the first few picoseconds following the
photodissociation reaction, the local heme temperature rapidly
decreases, due to vibrational energy redistribution from the
heme into the protein + solvent bath. The measured bound
and unbound state populations on this timescale must be
considered as a nonequilibrium system undergoing an
essentially unidirectional rebinding reaction. The equilibrium
assumption requires that multiple (i.e., bidirectional) binding
and dissociation reactions are taking place on the ps timescale
and that the ratio of these rates determines an equilibrium
population distribution of unbound (5C) and bound (6C)
heme. Because the bath (protein + solvent) is much larger than
the heme, the rise in its temperature due to heme cooling is
actually rather small.*’ The nonequilibrium thermal gradient
between the heme and the surrounding protein + solvent bath
rapidly decays to the environmental temperature, ie., the
measured temperature of the sample. Because the ratio of
bound and unbound population measured during the kinetic
window reflects rebinding, rather than equilibrium populations,
constructing a van’t Hoff plot based on the time-dependent
local heme temperature* does not reveal a genuine equilibrium
thermodynamic free energy for the ligand binding reaction.
Moreover, the values of AH and AS extracted from the van’t
Hoff plot for the Met80 ligand binding reaction” predict a 5.7%
high-spin (SC) fraction for cyt ¢ in equilibrium at room
temperature, which is not observed.”**’

In the current study, we investigate the geminate
recombination kinetics of Met80 in cyt ¢ over a wide
environmental temperature range. We show that the rebinding
kinetics above the solvent glass transition (Tg) is mono-
exponential and displays a very small enthalpic barrier
compared to the thermal energy within this temperature
range. On the other hand, the kinetic response below T, is

clearly nonexponential and it can be attributed to a frozen
ensemble of heme photoproduct conformations (as charac-
terized by the heme out-of-plane equilibrium position). On the
basis of the similarity between the Arrhenius prefactor found
for this (AS = 2) reaction (~10" s7') and that of diatomic
ligand binding (e.g, NO***” and CO’**®) to other heme
proteins, with either AS = 1 or AS = 2 spin-state changes, we
suggest that endogenous ligand binding in heme proteins is an
adiabatic reaction with a spin-independent prefactor, as
recently found for CO rebinding.”® Below 60 K, the measured
rebinding kinetics are much faster than the prediction of the
classical distributed coupling model,” suggesting that either
the heme photoproduct relaxation is somehow retarded or that
quantum mechanical tunneling starts to compete with the
classical “over-barrier reaction” at very low temperatures.

B MATERIALS AND METHODS

Horse heart cytochrome ¢ (cyt ¢) was purchased from Sigma-
Aldrich, and it was used without further purification. Ferric cyt
¢ was dissolved in a mixture of 25% 0.1 M phosphate buffer
and 75% glycerol (vol/vol, pH 8.0). The sample was then
reduced using a small amount of sodium dithionite and loaded
anaerobically in a 1 mm path length home-built gold plated
copper cell with two PMMA windows. The cell was then
mounted on a closed cycle helium cryostat equipped with a
digital temperature controller. The pump—probe setup used in
this experiment is described in detail elsewhere.'””" Transient
absorption experiments at different temperatures 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 425
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.

B RESULTS

The normalized rebinding kinetics of Met80 to ferrous cyt ¢ at
temperatures above the solvent glass transition (Tg ~ 180 K) is
displayed in Figure 1. Within this temperature range, the rate
of Met80 geminate recombination in cyt ¢ is weakly dependent
on temperature and can be fit relatively well with a single
exponential. Table S1 displays the extracted rates at each
temperature. An Arrhenius plot of the rebinding rate as a
function of temperature is shown in Figure 2. The enthalpic
barrier (H) and the prefactor (k,) for this reaction are found to
be 0.34 + 020 kJ/mol and (1.62 + 021) x 10" s7,
respectively. The time constant for Met80 rebinding in cyt ¢ at
room temperature (296 K) was found to be 7.2 ps, which is in
good agreement with previous investigations.l_4 Figure 3
shows the kinetic traces of Met80 rebinding in cyt ¢ below T,
where nonexponential behavior is clearly displayed. To fit
these data, we invoked a model that involves a heme
conformational distribution and which has been used
successfully to explain CO rebinding kinetics in a variety of
heme proteins and model compounds.'”*%*%2%3132

The enthalpic barrier for ligand binding to heme can be
formally separated into two parts™

1,2
H = H, + H, = —Ka’ + H,
P D 2 D (1)
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Figure 1. Geminate rebinding kinetics of the endogenous Met80
ligand in ferrous cyt ¢ at temperatures above the glass transition
temperature. The symbols represent the data, and the solid lines
represent the fits to the data using a single exponential function. All
kinetic data are normalized so that N(t = 0) = 1.
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Figure 2. Arrhenius plot of Met80 rebinding in ferrous cyt ¢ for T >
160 K. The symbols represent the measured rebinding rates, and the
solid line represents the fit. The extracted Arrhenius prefactor and
enthalpic barrier, along with their fitting errors, are found to be (1.62
+ 0.21) X 10" s7" and 0.34 + 0.20 kJ/mol, respectively.

where Hp primarily represents 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, while K is an “effective” force constant
between the iron—protein and the iron—porphyrin that is
related to the linear restoring forces in the quintet state (note
that K includes a scaling factor ($1) that accounts for the
location of the reaction cusp as well as the relative energy
separation between the reactant quintet state and the product
singlet state along the iron—ligand coordinate”¥*").

The quantity Hy, represents the remaining (a-independent)
contributions to the enthalpic barrier, which primarily account
for steric constraints associated with the distal pocket. For
many heme systems, this term has been found to be
negligible,lg‘z"”2 32 although, when a distal residue or substrate
blocks the diatomic ligand binding site, Hp can become
significant.”” Generally, Hp is not taken to be a Gaussian
distributed parameter with significant width because the
breadth and asymmetry of the rebinding barrier distribution
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Figure 3. Geminate rebinding kinetics of Met in ferrous cyt ¢ below
the glass transition temperature, T < 160 K. The symbols represent
the data. The solid lines represent the fits to the data using the
distributed linear coupling model, without constraint on the three
fitting parameters.

due to Hp account for the nonexponential kinetics as well as
being consistent with the asymmetric inhomogeneous broad-
ening of the heme optical lineshapes®** and the associated
heme iron out-of-plane displacement and its disorder.’>™’
Thus, Hy, is simply approximated by its mean value.

The distribution of the heme iron out-of-plane displacement
in the photolyzed ferrous state ensemble, P(a), is taken to be a
Gaussian with a mean value g, 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), as given by eq S2 in the Supporting
Information. The survival population of the five-coordinate
photoproduct at time t after photolysis is then given by eq 2

N(t) = /0 (Hy) exp(—k,te /5Ty dH,

with

2)

ky = koo to/kT 3)

The quantity k, is the Arrhenius prefactor, and kg is
Boltzmann’s constant. The algebraic transformations per-
formed on eq 2 to generate a simple temperature-dependent
three-parameter nonexponential fitting function are given in
the Supporting Information (eq S7). The solid lines through
the points in Figure 3 are the fits to the kinetic data at each
different temperature. As can be seen from Figure 4, this
simple distributed barrier model uses self-consistent parame-
ters for heme doming that account very well for the low
temperature nonexponential rebinding kinetics of Met80 to the
heme of cyt c. The fits are distinctly superior to a stretched
exponential approach, which has difficulty fitting in the long
time tail of the kinetic response (as discussed in the Supporting
Information of ref 19).

In Figure 4, we plot the temperature dependence of the
mean iron out-of-plane displacement 4, and its variance o, for
Met80 binding to ferrous cyt c. The absolute values of these
underlying parameters are extracted from the kinetic data for a
particular choice of K, and as shown in the Supporting
Information (egs S9 and S10), they depend inversely on /K.
Because the details of the cyt ¢ photoproduct structure are not

DOI: 10.1021/acs.jpcb.8b07355
J. Phys. Chem. B 2018, 122, 11431-11439


http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.8b07355/suppl_file/jp8b07355_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.8b07355/suppl_file/jp8b07355_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.8b07355/suppl_file/jp8b07355_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.8b07355/suppl_file/jp8b07355_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.8b07355/suppl_file/jp8b07355_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.8b07355/suppl_file/jp8b07355_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.8b07355/suppl_file/jp8b07355_si_001.pdf
http://dx.doi.org/10.1021/acs.jpcb.8b07355

The Journal of Physical Chemistry B

® a K=22 N/m

010 o

Ca

0.08 — . ° °
S; 0.06 —
5 °
®  0.04

[ ] | |
002-{ ® u
0.00 —|
T T T T T T T
20 40 60 80 100 120 140

T(K)

Figure 4. Temperature dependence of the average iron out-of-plane
displacement g, and its variance ¢, as a function of temperature for
Met80 rebinding in ferrous cyt ¢, as extracted from the kinetic data
using K = 22 N/m and the approach as outlined in the Supporting
Information.

available, Figure 4 displays the results for K = 22 N/m, which
is the same value used for the heme protein CooA.”>*’
However, the value for K may actually need to be reduced for
the endogenous Met ligand in cyt ¢ because its transition state
cusp is likely to be located at a more domed heme
conformation due to a low energy triplet state intersection
(vide infra). Thus, we consider K = 22 N/m as an upper limit,
as noted in Table 1. When the value of K is reduced to a value
of K' < 22 N/m, the values of g, and o, are increased by a

factor of /K/K' in Figure 4.

In Figure S, we display the plot of log;, k; (eq 3) and the
average enthalpic barrier, (H), for Met80 binding in ferrous cyt
¢ as a function of inverse temperature. The slope of the log, k,
plot yields Hy, ~ 0 and a prefactor ko = 1.55 X 10" s™', which
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Figure S. Temperature dependence of log(k,) as described by eq 3
(circles) and the average enthalpic barrier, (H) = %Kaoz + Hp, for

Met80 rebinding in ferrous cyt ¢ (squares). The temperature-
independent value of log(k;) gives Hy ~ 0 kJ/mol and k, = 1.55 X
10" 57

agrees very well with the prefactor found from the independent
analysis of the high temperature kinetics based on Figure 2.

B DISCUSSION

Apparent Monoexponential Behavior of the Rebind-
ing Kinetics above Ty. Time resolved spectroscopic
investigations' ~> and recent ultrafast X-ray absorption studies”
have shown that methionine dissociation and rebinding involve
a (AS = 2) spin transition. For the rebinding reaction, the
reactant is a high-spin quintet (S = 2) and the product is a low-
spin singlet (S = 0). This is analogous to heme—CO rebinding
except that Met80 replaces CO, which can affect progress
along the reaction coordinate because both the proximal heme
distortion and the iron—ligand distance”****” affect the heme

Table 1. Kinetic Parameters for Ligand Binding to Heme Proteins and Protoheme”

complex (a0) (A) (00) (A)
cyt c—Met80 (T > 180 K)
cyt c—Met80 (T < 160 K) 0.08° 0.03”
cyt c—Met80 (T < 160K) 0.3° 0.11°
ChCooACO (T = 300 K) 0.34 0.085
ChCo0oACO (80 K < T < 180 K) 0.22 0.075
MbCO (T =295 K)
MbCO (T < 180 K) 0.35 0.11
H,0-PPIXCO (T = 295 K) 0.26 0.09
H,0-PPIXCO (T < 180 K) 0.10 0.07
2MeIm—PPIXCO (T < 180 K)“ 0.30 0.14

MBNO® (T = 300 to 20 K)
H,0—PPIXNO (T = 300 to 20K)
MbO,° (room temp)

(Hp) Hp (H) k, (GHz) references

0.34 162 this work

0.4 0 0.4 155 this work

0.4 0 0.4 155 this work
7.5 0 7.5 120 28
3.2 0 3.2 120 28
18 1.6 59
5.0 7 12 1.6 29
59 0 5.9 150 26
1.0 0 1.0 150 26
4.0 0 4.0 150 26
0 0 0 ~100 26

0 0 0 130 26, 27

~200 SS

“All values of enthalpic barriers (H) are given in kJ/mol, and T, ~ 180 K is the temperature of the glass transition. (H) = (Hp) + Hp and
(Hp) = %Kaoz. The values for MbCO are taken from refs 59 and 29, and the values for FePPIXCO are taken from ref 26. The values taken for K

are K = 14 N/m for Mb and 2Melm—PPIX, K = 27.8 N/m for H,0O—FePPIX, and K = 22 N/m for CooA. These values are consistent with a heme
doming mode frequency® that is usually found near 40—50 cm ™. “Values of a and o, are given for cyt c—Met80 when we choose an upper limit of
K =22 N/m. However, if the transition state cusp is located at a more domed heme conformation, as suggested by Figure 6, the value of K will be
reduced and the relative values of a, and o, will increase as 1/+/K. “In the alternative limit, where a fully domed heme is assumed for the cyt c-
Met80 photoproduct, we take a, = 0.3 A to find 6, = 0.11 A and K = 1.6 N/m. The more domed heme dphotoproduct conformation with a reduced
value for K indicates a transition state cusp along g,y that is reflective of a constrained Fe—L distance. “After relaxation at T > 180 K, the 2MeIm—
PPIXCO kinetics remains nonexponential but is slower than the laser repetition rate and difficult to fully analyze so that (H,) = 8—16 kJ/mol
depending on the assumed entropic barrier.”® “The fast phases of NO and O, binding are used for k, determination. The NO binding rate is
temperature-independent.”” The rate of O, geminate rebinding to Mb at room temperature is 2 X 10'" s™.>° This rate is not expected to
significantly change with T.
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enthalpic barrier, Hp. The barrier for the reaction is related to
the ligand field strength that is needed to vacate the high
energy (e,) d-orbitals as the heme iron is driven from a domed
high-spin (d,,)*(d.,.)*(d,)'(d>_,?)" quintet configuration to a
more planar ligand-bound low-spin (dxy)z(dxz,yz)“(dzl)O(dxl_yl)o
singlet configuration where the t,, d-orbital subset is filled.
There are at least two possible triplet configurations:
(tZg)s(dzz)l(dxz—yz)o and (tZg)S(dzz)O(dxz—yz) 1) denoted as
(dxl_yl)o and (d,)° for simplicity, which may intervene during
the ligand binding reaction. The mixing of these triplet states
with the reactant and product spin states is governed by first-
order spin—orbit coupling, and this helps to explain the
adiabatic reaction surface and spin-independent selection rules,
as observed experimentally. We note that, for the heme iron
atom and other biologically relevant transition metals, there
can be strong dependence of the spin state with respect to
small modifications in the surrounding structure and that this
is consistent with entangled spin states.”' ~*’ In our analysis of
experimental results, we consider only the most basic crystal
field concepts. However, it is clear that correlation effects
beyond standard density functional theory, which are
associated with the subtle interplay of Coulomb repulsion
and Hund’s coupling, must be included in order to generate a
more complete theoretical picture.”’

Previous investigations have shown that CO rebinding to
heme proteins and heme model compounds, at both room and
low temperature, is taking place via a transition state that can
be described by an enthalpic barrier that is distributed due to a
heterogeneous ensemble of heme out-of-plane conformations,
interconverting slowly relative to the CO rebinding time-
scale.! 2028293132 15 contrast, the rebinding kinetics of Met80
in cyt ¢ at high temperatures (Figure 1) can be fit relatively
well with a single exponential and the extracted enthalpic
barrier for the reaction between 160 and 298 K is very small
(H =0.34 + 0.20 kJ/mol). To explain these results, we suggest
that, because both the c-type heme and the Met80 are
connected to the highly structured protein conformation, the
Met80 dissociation leaves it in tight proximity to the heme iron
during the 1—10 ps timescale. This can act to drive up the d >
orbital energy, forming a “reactant-like” transition state,”” ™
where the (d,2)° triplet descends in energy and mixes with the
singlet and quintet states, resulting in a substantial reduction of
the enthalpic energy barrier. The tight proximity between the
methionine sulfur and iron atoms can be inferred from the
simulations of recent ultrafast X-ray absorption spectroscopy
results.” These simulations set a lower bound on the Fe—S
(Met) distance in the high-spin photoproduct state to be only
2.9 A, which is significantly shorter than the van der Waals
contact distance (~3.8 A) expected between these two atoms.

The apparent monoexponential and nearly temperature-
independent behavior of Met80 rebinding kinetics at high
temperature is evidently due to the very small thermally
averaged enthalpic barrier (H = 0.34 = 0.20 kJ/mol), which is
much less than the thermal energy (kzT ~ 1.6—2.5 kJ/mol) in
this temperature regime. Thus, the rebinding reaction at these
temperatures appears as a nearly barrierless and temperature-
independent process. This observation differs significantly
from the high temperature (T > T,) CO rebinding kinetics
found for CooA'”** and bare heme (PPIX),*® both of which
display ultrafast nonexponential behavior, but with a much
larger average enthalpic barrier, (H) 2 6 kJ/mol.

It should be noted that the small (or nearly absent)
enthalpic barrier found for the endogenous Met80 ligand could

conceivably be related to a transient elevation of the local
heme temperature. However, the observed, nearly exponential,
kinetic response would be unlikely if local cooling on the
rebinding timescale was significantly affecting the reaction.
Moreover, because the heme vibrational relaxation takes place
on the ~2 ps timescale,” the magnitude of the thermal
increment in the surrounding protein rapidly diminishes as the
vibrational energy spreads into the larger protein volume
where additional structural and/or residual thermal relaxations
can take place.’” The temperature increment in the protein
(AT, ~ 10 K) is reduced by roughly a factor of 20 compared
to the heme.”” Because of its small size and rapid equilibration
with the solvent, we neglect its effect on the measured
environmental temperature. In addition, the transient
absorption amplitude associated with the ligand binding
electronic state change is very much larger than the spectral
changes due to vibrational heating, so that the detected optical
transmission signal accurately reflects the time-dependent
populations of the reactant and product states. Finally, the
good agreement of the enthalpic barriers found in the
temperature ranges 60—160 K (Figure 3) and 180—296 K
(Figure 1) acts as a consistency check for the use of the
environmental temperature in the kinetic analysis (vide infra).

Quenched Disorder at Low Temperature. As shown in
Figure 3, the kinetic response of Met80 rebinding in cyt ¢, at
low temperature, is clearly nonexponential and follows the
expected behavior where the rebinding kinetics slows down as
the temperature decreases. This behavior mimics CO binding
kinetics to heme proteins and heme model compounds, where
the system undergoes the same overall spin transition (AS = 2)
during the rebinding process. This kinetic response can be
quantitatively explained using the distributed linear coupling
model® associated with a quenched distribution of heme
geometries and proximal enthalpic barriers in the photo-
product state. As expected, the extracted average proximal
heme barrier, (H) ~ 0.4 kJ/mol, is nearly constant in the
temperature range below T, (down to ~40 K) and is in very
good agreement with the independent value for the enthalpic
barrier (0.34 + 0.20 kJ/mol) found at high temperature in
Figure 2.

The average out-of-plane distance, a,, and the width of the
distribution, o, (Figure 4), are nearly constant between 140
and 60 K and their values (based on K = 22 N/m) are ~0.08
and ~0.03 A, respectively. These values are smaller by about a
factor of 3 than found for CO binding to heme systems”**®
(see Table 1), and they are apparently reflecting that, upon
methionine dissociation, the iron and sulfur atoms are held in
close proximity by protein folding forces, forming a “reactant-
like” transition state.””** We note that the values for a, and o,
can be increased if the effective force constant, K, is reduced so
long as Kay* ~ 0.8 kJ/mol and Ko,* ~ 0.1 kJ/mol, which are
the unambiguous quantities determined by the kinetic data. As
discussed previously,29 as well as in the Supporting
Information, a reduction of the “effective” force constant
(K) relative to the quintet-state doming force constant (k,) will
occur as the transition state cusp is moved toward a more
domed (reactant-like) heme conformation.

Adiabatic Ligand Binding in Heme Proteins. We have
recently shown that CO binding to the heme iron is an
adiabatic process,”® in contrast to the commonly held
view*™*" that it is nonadiabatic due to spin-forbidden (AS
= 2) selection rules. In this study, we find the measured
Arrhenius prefactor for Met80 binding in cyt ¢ to be ky ~ 1.5 X
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10" s7'. As can be seen from Table 1, the prefactor is very
similar to what is found for CO and NO binding to other heme
proteins (the notable exception is MbCO, where the prefactor
is reduced due to an entropic barrier that has sufficient time to
develop'”****). The fact that NO binding involves a first-order
spin—orbit coupling channel (AS = 1) but has the same
prefactor as “spin-forbidden” (AS = 2) CO binding in a variety
of systems demonstrates that the ligand binding reaction is
independent of spin selection rules. All other endogenous
heme ligand photolysis rebinding reactions investigated up to
now involve a AS = 2 transition, yet they rebind to the ferrous
heme iron at room temperature with a dominant and universal
kinetic response having a time constant of ~5—7 ps."”*° Thus,
we expect that the temperature-dependent rebinding kinetics
of these other heme protein systems will be similar to that of
Met80 in cyt c. More specifically, the Arrhenius prefactor for
these reactions is likely to be ~10"" s, which strengthens the
proposition that ligand binding in ferrous heme proteins is an
adiabatic process with an Arrhenius prefactor having essentially
no dependence on spin selection rules. The proximity of the
endogenous ligand to the iron atom can also act to increase the
spin—orbit coupling matrix elements,”"** and when a triplet
state intersection is involved, these matrix elements will be
first-order (rather than second-order) in the spin—orbit
coupling. This will mix the reacting states more strongly and
lead to an adiabatic surface where the electrons and the
associated spin-state amplitudes can instantaneously follow the
nuclear motion during the reaction. It is noteworthy that
frictional effects also tend to damp the magnitude of the
thermal fluctuations needed for nonadiabatic surface hopping,
and this also serves to move the reaction toward the adiabatic
limit.>

As an example, we present a putative “reactant-like”
adiabatic surface in Figure 6 where the intersections of a
triplet state surface lead to the much stronger (e.g., first-order
in spin—orbit coupling) spin-state mixing that is needed to
create an adiabatic ground state reaction surface. In contrast,
weaker coupling at the intersection point is expected for the
nonadiabatic (e, direct AS = 2) case,* " because only
second-order spin—orbit coupling is available to mix the
reacting states. Figure 6 also suggests how the CO and
methionine rebinding reactions can both be adiabatic but with
very different reaction barriers and reaction paths. Different
paths for diatomic and endogenous ligand binding are
suggested by their differing kinetic responses as a function of
temperature. Because the reaction coordinate path involves
both heme doming and the Fe—L distance, the presence of a
triplet state intersection on the adiabatic surface can lead to
significant differences between the rebinding of an endogenous
ligand held in close proximity to the heme iron compared to a
diatomic ligand at a more distant location. In the case of
methionine rebinding, the close proximity of the sulfur and
iron atoms will lead to depopulation of the d? orbital and the
intersection of the (dz)° triplet at relatively lower energy
compared to a higher energy intersection for the (dxz_yz)O
triplet. This results in a lower reaction barrier for the
endogenous methionine ligand because it allows for a more
domed transition state where a small in-plane heme doming
fluctuation simultaneously reduces the Fe—L distance. On the
other hand, the (dz_)° triplet is more relevant for the
adiabatic CO rebinding reaction, where the photolyzed ligand
is not held in a fixed position and it can move to a more distant
docking site.”* In this case, the (dxz_yz)o triplet configuration is

Energy

Adiabatic Reaction Coordinate

Figure 6. Proposed potential surface where the iron triplet state
intersects along the reaction coordinate so that first-order spin—orbit
coupling strongly mixes the spin states and leads to an ultrafast
binding reaction that proceeds exclusively along the ground state
adiabatic potential energy surface shown as the black solid line (not to
scale), with spin-independent prefactors. The reactant (S = 2) and
product (S = 0) states can still be relatively pure spin states in this
adiabatic model, but in the transition region, the “triplet” state (S ~ 1)
will very likely be a strong admixture of all three possible spin states.
The restoring forces along the heme doming coordinate are expected
to be larger in the bound state, but this is not shown to scale in order
to more easily visualize the transition state region. The specific nature
of the triplet state may depend upon the proximity of the
photodissociated ligand. For endogenous ligands like methionine in
cyt ¢, protein folding forces hold the coordinating sulfur atom very
close to the iron atom® and this serves to depopulate the higher lying
d2 orbital so that the (d,?)° triplet state is lower in energy than the
(dxz,yz)o triplet state. This allows a small in-plane heme doming
fluctuation to more easily admix the triplet (d,2)° spin state into the
ground state adiabatic reaction surface. Such a scheme can help
explain the larger rebinding barrier found for CO compared to the
smaller barrier found for the endogenous methionine ligand.

admixed during the in-plane heme motion along the doming
coordinate, and this leads to a more planar heme in the
transition state and a higher energy proximal barrier. Here it is
important to note that the ultrafast optical studies do not
reveal the transient population of an independent triplet
state.">*>>° However, as shown in Figure 6, the observed two-
state reaction behavior is easy to visualize for a strongly spin
admixed adiabatic surface, because the triplet state inter-
sections only take place in the transition state region.
Tunneling at Low Temperature. As can be seen from
Figure 4, the parameters a, and o, which describe the
distribution of heme configurations in photolyzed cyt ¢ below
T,, are nearly constant in the temperature range 60—140 K.
This is consistent with the fact that, below T, large
conformational changes of the heme and the protein are
inhibited and the distribution should be quenched. However,
at 20 K, the extracted value of 4, found by fitting the data,
becomes significantly smaller than what is found in the 60—
140 K temperature range. This is a manifestation of an increase
in the rebinding rate at 20 K, as can be seen from the
calculated average enthalpic barrier for Met80 rebinding, which
is significantly reduced at this temperature (Figure S). This
reduction in the enthalpic barrier is not expected for a classical
overbarrier process where the barrier distribution should be
quenched (i.e,, frozen in) at all temperatures below T,.
Under the assumption that the development of the
photolyzed heme conformational distribution is not retarded
at these lower temperatures, the apparent reduction of the
enthalpic barrier below 60 K may indicate that a heavy atom
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tunneling channel becomes active in this temperature regime.
A similar anomalous kinetic response at low temperature was
recently observed in the case of CO binding to the
transcription activator heme protein ChCooA.”® The anom-
alous increase in the rebinding rate was attributed to the
existence of a heavy atom quantum tunneling channel, which
can become competitive with the classical overbarrier process
at very low temperatures. In the absence of a distal barrier
(Hp) contribution, the crossover temperature for ChCooA,
where the tunneling and the classical overbarrier rates are
equal, was estimated”® to be ~45 K. The crossover
temperature turns out to be independent of the nature of
the photodissociated ligand and the details of the proximal
barrier.”® It depends only on the frequency of the heme
photoproduct doming mode.”**°

The alternative possibility would involve retardation of heme
relaxation and the associated development of the full
photoproduct distribution below 60 K. However, because the
405 nm photon pump energy is the same at all temperatures
and it contains enough excess energy to significantly heat the
heme and the surrounding protein,3’23’45’57’58 it would be
surprising if the low temperature distribution was not fully
established by the photoexcitation and the subsequent
vibrational heating (due to nonradiative decay processes). As
noted above, similar effects (i.e., faster than expected low-
temperature ligand rebinding) have been observed in CooA—
CO,”” where the rebinding timescale is greater than ~10 ps.
Because the transient thermal increment, due to the ~2 ps
transfer of heme vibrational energy into the protein material,*
should be relatively small and fully dissipated into the solvent
for t 2 10 ps, we assume that, although the photon-induced
thermal perturbation can be important during the ultrafast
heme relaxation phase, it can be considered negligible during
the ligand rebinding phase.

B SUMMARY

In conclusion, we have investigated the kinetics of Met80
geminate rebinding in cyt ¢ over a wide temperature range. We
found that the geminate recombination, above the solvent glass
transition, is nearly monoexponential with a very small
enthalpic barrier. The kinetic response below the glass
transition, on the other hand, displays nonexponential and
temperature-dependent behavior that is consistent with a
quenched distribution of heme doming geometries in the
photoproduct state. This distribution is fully consistent with
the independent analysis of the high temperature kinetics. On
the basis of its ultrafast timescale, we suggest that the Met80
rebinding process is best described by an adiabatic reaction
surface and a “reactant-like” transition state.”* The Arrhenius
prefactor for geminate ligand binding in most ferrous heme
proteins and heme model compounds,” including Met80
binding to cyt ¢, is ~10" s7'. This pre-exponential rate is
independent of the nature of the geminate ligand, and it does
not depend on spin selection rules. Taken together, these
observations indicate, quite generally, that ligand binding in
heme proteins is an adiabatic process.”® It is proposed that
first-order spin—orbit coupling strongly mixes the reactant (S =
2) and product (S = 0) spin states with a triplet state (S = 1)
configuration in the transition state region and that this creates
the observed adiabatic reaction surface. In addition, the specific
nature of the triplet state configuration may differ and affect
the rebinding barrier height, depending on the proximity of the
photolyzed ligand to the iron atom. At temperatures below

~60 K, it is possible that quantum mechanical tunneling along
the doming coordinate might contribute significantly to the
rebinding process.
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