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Direct evidence for mode-specific vibrational energy relaxation
from quantum time-dependent perturbation theory. I. Five-coordinate

ferrous iron porphyrin model
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The time scales and mechanisms of mode-specific vibrational energy relaxation in imidazole ligated
ferrous iron porphine were studied using a non-Markovian time-dependent perturbation theory and
density functional theory calculation. Seven normal modes, including v, v;, and five Fe
out-of-plane modes (Fe-oop), were treated as the relaxing system mode coupled to all other modes
forming the bath. The derived cooling time constants for the v, and v; modes agree well with the
results of previous experimental studies. The pathways for energy transfer from each system mode
were identified. The 7, mode, associated with Fe-oop motion with frequency ~350 cm™!, was
observed to couple strongly through its overtone with the v; porphine in-plane vibration. This
suggests a possible mechanism for the excitation of the v; mode, which is distinct from the direct
excitation together with Fe-oop motion of the v, mode. Four other Fe-oop motions were observed
to couple to low frequency modes including those involving significant imidazole ligand motions.
Through these couplings, excitation following ligand photodissociation may be efficiently
transferred from the heme doming mode to the protein backbone motions essential to
conformational changes associated with the protein’s function. © 2009 American Institute of

Physics. [DOI: 10.1063/1.3055277]

I. INTRODUCTION

In myoglobin (Mb) or hemoglobin (Hb), ligand dissocia-
tion can occur when the ligand-heme complex absorbs a vis-
ible or UV photon. Photoexcitation can cause vibrational ex-
citation of the ligand, heme, and the surrounding residues.
Understanding the time scales and mechanisms of vibrational
energy excitation and relaxation that follow such events is an
essential component of an understanding of the ultrafast con-
formational changes associated with protein function. Much
experimental and theoretical work has explored this
subject.S_25

Using time-resolved resonance Raman spectroscopy, Mi-
zutani and co-workers®®™ monitored the intriguing mode-
specific behavior of heme vibrational relaxation following
ligand dissociation. It was found that the v, and v; modes
were highly excited during the reaction, and the decay time
constants were found to be 1.1 +0.6 ps for the v, band and
1.9%+0.6 ps for the v; band, implying a thermal decay of the
heme within 2 ps.zs’29 As a model of the heme moiety, met-
alloporphyrins have been studied,”® ™ and the mode-specific
properties observed.”™  For nickel octaethylporphyrin
(NiOEP) in organic solvents, the relaxation of both the v,
and the v; modes was found to have a fast phase with time
constants ~10 ps and a slow phase with time constants
longer than 300 ps. For iron(Ill) meso-tetrakis(4-
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sulfonatopheyl)porphyrin (FeTPP), the fast phase was found
to be 1.9+0.4 ps, whereas the slow phase depends on the
ratio of the solvent components.34

The low frequency heme modes (<400 cm™!) were
studied using femtosecond coherence spectroscopy in Refs.
36—41. Using a 50 fs pulse, a series of modes at ~40, ~80,
~130, and ~170 cm™! were observed for several myoglobin
derivatives.*” The couplings between these modes were sug-
gested. Using a sub-10-fs pulse, Miller and co-workers'®*
extended the range of the coherence spectroscopy to higher
frequencies (up to 3000 cm™!). The heme v»; mode was
found to be most strongly excited following Q band excita-
tion. By comparing to the deoxyMb spectrum, they demon-
strated that the signal was “reaction driven,” derived from
the structural transition from the six-coordinate to the five-
coordinate heme. Less prominent excitation of the v, mode
was also observed. The selective excitation of the v; mode,
following excitation of out-of-plane heme doming, led to the
intriguing conjecture that there may be directed energy trans-
fer of the heme excitation to motions connected to backbone
displacement and to protein function.

Anfinrud and co-workers* studied heme cooling in
myoglobin and observed single-exponential decay kinetics
with a time constant of 6.2£0.5 ps. Using molecular dy-
namics simulation, Sagnella and Straub® and Bu and
Straub*® found that the decay of the heme excess kinetic
energy following ligand dissociation is a single-exponential
process with a time constant of 5.9 ps for both wild type
sperm whale myoglobin and the H93G mutant. The strong
interaction between the isopropionate side chains and the
solvent water molecules was conjectured to be the dominant
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pathway for excess energy dissipation from the heme. This
conjecture was supported by subsequent experimental
studies.*”*

In spite of years of intensive and inventive study, the
detailed process of energy transfer following ligand dissocia-
tion is still not fully understood, and many open questions
remain. How are the v, and v; modes excited, and how is the
excess energy dissipated? What is the role of the covalent
bond between Fe and His93 in the heme cooling process? By
comparing the crystal structures, it was found that carbon-
monoxymyoglobin and deoxymyoglobin have distinct ter-
tiary structures.”® How is ligand dissociation and subsequent
heme cooling connected to this global protein structural
change?

To address these questions, we carried out quantum
chemical density functional theory (DFT) studies of a five-
coordinate heme model, imidazole (Im) ligated ferrous iron
porphine (FeP-Im). Using a time-dependent perturbation
theory,51 for the dynamics of a single “system mode”
coupled to surrounding “bath modes,” the mode-specific vi-
brational energy transfer process was examined. The v,
mode, »; mode, and five modes involving Fe out-of-plane
motion (Fe-oop) were independently treated as the system
mode, and the vibrational energy relaxation (VER) time
scale and pathways were identified. The resulting VER time
constants of the v, and v; modes agree well with previous
experimental results. Strong coupling between the y; Fe-oop
motion and in-plane v; mode is predicted providing a pos-
sible explanation for the preferential excitation of the 15
mode following ligand photolysis in MbCO observed by
Miller and co-workers. The coupling between Fe-oop modes
with low frequency motions is identified and its relation to
global protein structural relaxation discussed.

Il. THEORY AND METHODS

A. Non-Markovian time-dependent perturbation
theory

The VER rate formula employed in this work®? is
briefly summarized. We expand the potential energy surface
with respect to the normal coordinates of the system, ¢y, and
bath, g,, and their frequencies up to third and fourth order
nonlinear couplings

H=Hg+ Hy— qs6F + 436G, (1)
2
p
Hg= ;S +V(gs), (2)
2 2 2
pa waqa
Hy= > |22 4 —ada) 3
=2 ( 27 2 ) ®)
SF = 2, Csaplqadp—qadp) (4)
B
8G=2, Cssap(quds—q09p) + > Cysallas (5)
a,B a

where Hg (Hp) is the system (bath) Hamiltonian and Cg,g
(Cssap) are the third (fourth) order coupling terms. From the

J. Chem. Phys. 130, 025102 (2009)

von Neumann-Liouville equation, a reduced density matrix
for the system mode is derived using the time-dependent
perturbation theory after tracing over the bath degrees of
freedom. The commonly employed Markov approximation is
avoided, and no assumption of a separation in time scales
between system and bath mode relaxation is invoked in this
theory. The final VER formula is obtained,

2
(Ps)oolt) = ﬁz [CPPu @5 — w,— wp)

+C? B u(Dg+ wy, + wp) + CY ut((os Wy + wp)]
+ ?E [Clu s — wy) + Ciu (g + w,)], (6)

where the subscript of (pg)g indicates the vibrational ground
state and u,(Q)) is defined as

—cos Ot

u,(Q) = fdtf dt" cos Q(t' —1t") = Q— (7)

The coefficients, C*#, C%# C“B C?, and C¢, can be derived

— 4+
from the nonlinear coupling constants Cg,g and Cgs,p as
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where n,=1/(e#"?=—1) is the thermal phonon number.
When the system mode is excited to the v=1 state, VER is
described by the decay of the reduced density matrix element
p11(1)=1—=poo(t) =exp[—pyo(t)] with only the normal mode
frequencies of the model system and the nonlinear coupling
constants Cg,p and Cgg,pg as input.

B. Simulation and analysis protocol

As a model of the heme following ligand photodissocia-
tion in Mb, the five-coordinate imidazole ligated ferrous iron
porphine (FeP-Im) was studied. The structure was optimized
to its ground state, the quintuplet state,> ™ at the
UB3LYP/6-31G(d) level. The “very tight” self-consistent
field (SCF) convergence criterion and “ultrafine” integration
grid were applied in the calculation. The normal mode analy-
sis was carried out for the optimized structure. The third and
fourth order anharmonic coupling constants were calculated
using a finite difference method.”” All calculations was car-
ried out using the GAUSSIANO3 package.58

The system mode vibrational energy transfer rate con-
stant was derived by fitting the reduced density matrix ele-
ment p;;(¢) time profile to a single exponential decay func-
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TABLE I. The calculated and experimentally measured relative energies and
selected geometrical parameters for different spin states of FeP-Im.

E, rel dFe—P dFe—N dFe—N(Im)
(kcal/mol) A) A) A)
Singlet 7.0 0.153 2.001 1.924
Triplet 13.2 0.108 2.001 2.249
Quintuplet 0.0 0.311 2.085 2.164
Expt. (quintuplet)” e 0.42 2.086 2.161
Expt. (deoxyMb)" 0.290 2.057 2.15

“Data for Fe(II)TPP(2Me-Im) (Ref. 66).
®Data for deoxyMb (Ref. 50).

tion. The energy transfer pathways were identified by
calculating the third order Fermi resonance parameters de-
fined as™®

|Csagl h h h
rSaB: _ - s (12)
filog— w, — wﬁ| 265 V2w, Y2wg

where g and w,, are the frequencies of the system mode and
bath modes, respectively.

It has been observed that vibrational modes involved in
the most effective energy transfer pathways have large over-
lap in space with the system mode. As a quantitive measure,
the geometrical overlap of the system mode, S, and bath
modes, a and B, was calculated following the definition of
Kidera and co-workers,61

N

atom

G3(S,a.B) = 2 m?/2|Vis||Vm||ViB
i=1

, (13)

where N, is the number of atoms in the molecule, m; is the
mass of atom i, and v,, is the calculated eigenvector for
mode « and atom i. Large values of G; imply strong spatial
overlap of the system and designated bath modes.

lll. RESULTS

A. Calculated structure and frequencies of FeP-Im
system

It has been reported that the ground state of imidazole
ligated ferrous iron porphyrin is a electronic quintuplet
state.>® While previously reported DFT calculations have
failed to produce the correct ground state,®"% it was suc-
cessfully predicted in our calculation. The relative energies
of FeP-Im at its singlet, triplet, and quintuplet states are sum-
marized in Table I alongside the porphine Fe-oop displace-
ment dp,_p, core size dp, y and Fe-N(Im) distance dge n(im)»
both computed and derived from experirnents.5

The optimized porphine structure is nearly planar, as
shown in Fig. 1. The displacement of each atom relative to
the porphine plane (with the Fe atom at the origin) is shown
in Fig. 2, compared to those derived from deoxyMb and
MbCO crystal structures [protein data bank (PDB) entries
IBZP (Ref. 50) and IMBC (Ref. 67), respectively]. The por-
phine plane is slightly displaced from C, symmetry due to
the ligation of the imidazole. The porphine is domed with the
Fe atom displaced ~0.3 A from the average plane defined by
the four pyrrole N atoms, close to the displacement observed
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FIG. 1. (Color online) Depiction of the optimized structure of FeP-Im (S
=2) at the UB3LYP/6-31G(d) level (top view and side view). The four
pyrrole rings, A, B, C, and D, are labeled.

in deoxyMb (see Table 1).%%® The core size, defined as the
distance between the Fe and pyrrole N atoms, was found to
be 2.085 A, which agrees with the distance observed for
Fe(II)TPP(2Me-Im) (Ref. 66) and somewhat larger than ob-
served in myoglobin.

The calculated harmonic frequencies are summarized in
Table II (only those mentioned in the text or involved in the
important VER pathways, a complete list is available in the
supplemental material).”’ The contribution to the norm from
the porphine ring and from the porphine ring in-plane motion

0.6
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|
o
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L | | | | | |
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FIG. 2. (Color online) The calculated displacements of the porphine heavy
atoms of FeP-Im relative to the porphine plane defined by the four nitrogen
atoms (with origin centered at the Fe atom) ordered as the iron, pyrrole
nitrogens, pyrrole carbons (A, B, C, and D as shown in Fig. 1), and methine
carbons. The displacements derived from deoxyMb and MbCO crystal struc-
tures [PDB entries 1BZP (Ref. 50) and IMBC (Ref. 67)] are provided for
reference.
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TABLE II. The calculated normal mode frequencies and the contribution to
the norm from (1) the porphine ring (vs the imidazole) and (2) from the
porphine ring in-plane (vs out-of-plane) motion for each mode of the
FeP-Im in its electronic ground state (only those involved in the important
VER pathways or mentioned in the text).

Frequency Norm of porphyrin
Mode number (cm™) Norm of porphyrin in-plane motion

1 23.3724 0.336 0.080

2 29.5028 0.059 0.021

3 33.3330 0.406 0.088
4 58.0715 0.988 0.007

5 64.5136 0.731 0.003

7 117.9128 0.388 0.027

8 130.0445 0.307 0.039

9 147.8020 0.697 0.026
10 153.3291 0.756 0.015
11 163.0287 0.603 0.021
12 195.6650 0.938 0.645
14 209.6426 0.984 0.071
15 212.6182 0.978 0.025
17 237.1221 0.967 0.925
18 242.1653 0.949 0.028
23 348.5159 1.000 0.191
24 363.3370 1.000 0.804
31 480.6535 1.000 0.005
33 646.7218 0.001 0.000
34 674.3655 1.000 0.009
35 678.5292 1.000 0.006
36 679.6977 0.067 0.001
37 680.9503 0.938 0.009
38 691.7220 0.999 0.006
39 703.1181 1.000 0.004
40 706.9701 0.995 0.008
41 710.2070 1.000 0.006
43 731.5817 0.001 0.000
44 733.0905 1.000 0.992
55 826.0840 0.002 0.002
65 907.2398 1.000 0.005
69 1006.8913 0.999 0.994
82 1160.1371 0.001 0.001
95 1380.7058 0.778 0.775

is given for each mode. The contribution of 1.0 (0.0) from
the porphine ring means that the mode is localized in the
porphine (imidazole ligand). Similarly, a contribution of 1.0
from the porphine ring in-plane motion indicates a pure por-
phine in-plane mode.

B. Vibrational energy relaxation in », mode and v,
mode

The frequencies calculated for the v, and v; modes, both
in-plane breathing-like motions as demonstrated in Fig. 3,
are summarized in Table III. Applying the time-dependent
perturbation method described above, the vibrational energy
transfer time constant from the excited v, mode was found to
be 1.7£0.2 ps. The v; mode was observed to have a longer
energy transfer time constant of 2.9 ps (see Table III). The
calculated results agree well with the experimentally deter-
mined values for heme in MbCO following photodissocia-
tion (1.1x£0.6 ps for v, mode and 1.9+0.6 ps for w»,
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FIG. 3. (Color online) Depiction of the computed porphine v4 and v; modes.
The ligand imidazole has the same orientation as in Fig. 1 (not shown here).

mode),”’ considering the use of a model system and approxi-
mations inherent to the theory. The time evolution of the
initially excited density matrix element is shown for each
mode in Fig. 4. The inset shows the corresponding time evo-
lution of the important VER pathways.

The energy accepting “doorway” modes define the en-
ergy transfer pathways from the excited mode. Those modes
were identified by calculating the third order Fermi reso-
nance parameters using Eq. (12). (The higher order param-
eters were found to be much smaller and were neglected in
the analysis.) For each system mode, the calculated third
order Fermi resonance parameters rg, g of the important VER
pathways (defined as rg,5=0.05) are shown in Fig. 5 as well
as the important coupling constants Cgs,gz and the frequency
resonance parameters 1/|@g—w,—wg|.

For the excited v, mode, most bath modes involved in
the important energy transfer pathways are associated with
porphine out-of-plane motions (not to be confused with Fe-
oop motions). Most of these modes have frequencies near
700 cm™'. Modes 33, 36, 43, 55, and 82 have significant
contribution from the ligand imidazole motions. Modes 24
and 69 are associated with pure porphine in-plane motions,
and 69+ 24 forms the only important in-plane mode pathway
for relaxation of the v, system mode. No mixed in-plane/out-
of-plane combination was found to be important in the en-
ergy transfer pathways. No direct energy transfer from the v,
to v; mode was observed.

Energy transfer from the excited v, mode was found to
have fewer important relaxation pathways. Save mode 24, all
modes involved in the relaxation pathway of the v, system
mode are porphine out-of-plane motions including mode 23
(assigned as the y; mode), which is associated with Fe-oop
motion (see Fig. 6). The excited v; mode is strongly coupled
with the overtone of mode 23 through a large third order
coupling constant. This coupling will be discussed in detail
below.

Following the definition in Eq. (13), the geometrical
overlap of each system mode (v, or v;) with bath mode
combinations was calculated. The results are summarized in
the supplemental materials.® It was found that all important
energy transfer pathways have large geometrical overlap
with the system mode. This indicates the importance of geo-
metrical overlap in effective energy transfer pathways as
suggested previously by Kidera and co-workers.”!
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TABLE III. Summary of system mode frequencies (harmonic and corrected anharmonic), the VER time con-
stants, and the assignments studied for FeP-Im in its electronic ground state.

Frequency T,
(em™) (ps)
Mode number Harmonic Anharmonic Simulation Experiment" Assignment

95 1380.7 1372.6 1.7x0.2 1.1x0.6 vy
44 733.1 729.9 29*0.0 1.9*0.6 vy
23 348.5 349.2 7.9x0.7 Vs
18 2422 238.2 25*0.1 Va2
16 230.7 2335 49+0.2 Va30
11 163.0 170.2 7.9*0.9 v(Fe-Im)

5 64.5 75.8 66.5+81.1 Doming

“Data for carboxyMb (Ref. 27).

C. Vibrational energy relaxation in Fe out-of-plane
modes

Five modes associated with Fe-oop motion, including
mode 23 implicated in the v, relaxation pathway, were iden-
tified in the calculation. Three high frequency modes, 23, 18,
and 16, do not involve imidazole ligand motion, whereas the
two low frequency modes, 11 and 5, are coupled with Im
motion. Mode 23 is the porphine methine wagging associ-
ated with Fe-oop motion, assigned as y,. Modes 18 and 16,
at 242.2 and 230.7 cm™!, respectively, are similar in motion
(split by the imidazole ligation) and are labeled 7,4, and
Y230, Tespectively. Mode 11 is assigned as Fe-Im stretching,
v(Fe-Im), and mode 5 as porphine doming. The frequencies
of these modes are summarized in Table III and depicted in
Fig. 6 with the porphine atom relative displacements indi-
cated by the normalized eigenvectors (scaled by 100). The
decay of the time evolution of the density matrix element for
each excited Fe-oop mode is fitted by a single exponential
function, and the time constants are summarized in Table III.
The calculated third order Fermi resonance parameter rg,g of
the important VER pathways, the coupling constants Cg,g,
and the frequency resonance parameter 1/ |(’I)S—a)a—wﬁ| are
shown in Fig. 7 for each system mode.

Relative to the coupling between the v, and v; system
modes and their bath modes, the couplings between Fe-oop
motion and their bath modes are relatively weak and associ-
ated with smaller Fermi resonance parameters (with excep-

1 T T T T T T T T
v4 mode v mode
0.8 &N
++++
T
= 0.6 - +++++
= “+
2 04 H T ] o1 ++++++++++H+ T 1 04
02 H Simulation data ~ +
- L 0 Exponeptial fit I
0 0 0.5 i 1 I I 1 0 105 4 1
0 02 04 06 08 1 02 04 06 08 1
time(ps) time(ps)

FIG. 4. (Color online) The time evolution of the initially excited density
matrix element p;; for the v, and v; modes. The simulation data are shown
as points, and the single-exponential fit to the initial decay is shown as a
solid line. The time evolution of py, of the important VER pathways is
shown in the inset. The fitted time constants are summarized in Table III.
For each mode, the calculated third order Fermi resonance parameters of the
important VER pathways are plotted in Fig. 5 together with the important
coupling constants and the frequency resonance parameters.

tions due to close frequency resonance). With the exception
of mode 17 for system mode 7,4,, no pure porphine in-plane
mode was involved in the important energy transfer path-
ways. On the other hand, the imidazole ligand motion ap-
pears to be involved in the energy transfer pathways for all
excited Fe-oop modes. Specifically, all important energy
transfer pathways from the excited v(Fe-Im) mode involve
significant imidazole motions. No strong coupling between
the Fe-oop modes was observed. For these bath mode com-
binations, large geometrical overlap with the system mode
was observed.

IV. DISCUSSION AND ANALYSIS

In MbCO, the Fe-oop motions have received consider-
able attention due to their role in conformational transitions
associated with protein function.”’*7 It has been sug-
gested that Fe-oop motion is the first event to follow ligand
dissociation in Mb or Hb.”* This local structural change in
the heme has long been identified as the motion triggering
global conformational change in Mb or Hb essential to
intramolecular  signaling  associated ~ with  protein
function.” 777 n this study of model imidazole ligated
ferrous iron porphine, five Fe-oop modes have been identi-
fied. The relaxation of these modes, as well as the in-plane v,
and v, modes, from vibrationally excited states was studied
to gain insight into the time scale and pathways of vibra-
tional population relaxation.

A. Identification of Fe out-of-plane modes

In this work, mode 5 with frequency 64.5 cm™! was
identified as the heme doming motion. This is consistent with
the general belief that the heme doming motion has a fre-
quency below 100 em™' 87 The Fe-Im stretch, another
well studied mode, was identified as mode 11, having fre-
quency 163.0 cm™!. The other three Fe-oop modes, 7, Y242,
and 1,39, do not appear to have been widely studied. In a
femtosecond coherence spectroscopy study on 2-methyl imi-
dazole ligated iron-protoporphyrin IX (2Melm-FePPIX) by
Champion and co-workers, ™ a series of signals were ob-
served at 38, 72, 127, 213, 259, and 349 cm™, respectively.
Similar modes were observed in other porphyrin species.
Due to the different porphyrin model used in this study, we
cannot conclude that these experimentally observed signals
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FIG. 5. (Color) The calculated third order Fermi resonance parameters rs,z of the important VER pathways for the v, (top) and v, (bottom) modes as well
as the important coupling constants Cg,z and the frequency resonance 1/ |55—wa—w,3|‘ The x and y axes are the indices of the bath modes.

correspond to the modes found in our simulation, having
frequencies of 33.3 cm™' (mode 3), 64.5 cm™' (doming),
117.9 cm™ (mode 7), 163.0 cm™' (v(Fe-Im)), 242.2 cm™'
(¥242), and 348.5 cm™' (), respectively. However, it is rea-

FIG. 6. (Color online) Depiction of the computed five porphine Fe-oop
modes and the imidazole-porphine tilting mode. For the five Fe-oop modes,
the porphine atom relative displacements are shown by the normalized
eigenvectors (scaled by 100) with the directions indicated by the positive or
negative signs. The ligand imidazole has the same orientation as in Fig. 1
(not shown here).

sonable to believe that similar modes exist in the experi-
ments and are involved in the dynamics following heme pho-
toexcitation.

Note that all Fe-oop motions identified have significant
contribution from the imidazole ligand in their energy trans-
fer pathways. These low frequency modes are presumed to
be coupled to the delocalized protein backbone motions in
Mb following photodissociation, triggering large-scale pro-
tein conformational change, especially in the F helix, toward
the deoxyMb equilibrium structure. For example, mode 3,
involved in the Fe-oop mode relaxation pathway, was found
to be a imidazole-porphine (Im-P) tilting motion (see Fig. 6).
It has been suggested that a similar tilting motion plays a
central role in the protein structural change in Mb and Hb
following ligand binding or dissociation.””**3! The weak
coupling and the low frequency characteristic of these modes
is the origin of the relatively long time scale related to the
protein structure relaxation,'2#88%83

B. Resonant energy transfer between out-of-plane v,
and in-plane »; modes

In our simulation, mode 23 (+y,) was found to be methine
wagging motion, with an Fe-oop contribution, in which the
Fe motion is correlated with C,, and H,, out-of-plane motions
and anticorrelated with pyrrole N motion as demonstrated in
Fig. 6. When v, was treated as the system mode, only one
important energy transfer pathway was identified due to poor
coupling to lower frequency modes, a bad frequency match,
or both. On the other hand, analysis of the relaxation of the
v, mode, in which it was found that the v; mode couples
strongly to the overtone of 7, suggests effective energy
transfer from the 7y; Fe-oop motion back to the v; mode. If
we assume two quanta excitation of 7y,, which is reasonable
for such a low frequency mode following heme excitation,
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FIG. 7. (Color) The calculated third order Fermi resonance parameter ry, of the important VER pathways for the Fe-oop modes, from top to bottom, 7, ¥,
V230, V(Fe-Im), and the doming motion as well as the important coupling constants C sap and the frequency resonance parameter 1/ |&35—wa—wﬂ|. The x and

y axes are the indices of the bath modes.

the third order coupling constant for the y,; overtone and v,
mode was 1.338 kcal/mol A3, which is five times larger
than any coupling between the 7y; mode and various low
frequency bath modes (see Fig. 7). The Fermi resonance pa-
rameter for energy transfer from y;+ 5 to v; was found to be
0.099 (slightly different from v, to y;+, coupling due to
the way we deal with the anharmonic correction in the

model), larger than any other pathway. The vibrational peri-
ods of the 7, and v; modes are roughly 100 and 50 fs, re-
spectively, faster than the time resolution of the mode-
specific time-resolved resonance Raman spectroscopy
experiments (~2 ps).26729 The recurring behavior observed
in the »; mode density matrix element time profile (see Fig.
4) is caused by this coupling.
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C. Enhanced energy transfer in excited electronic
state

Our discussion has been based on the properties of elec-
tronic ground state of FeP-Im. It has been reported that the
heme iron is in the low spin state (S=0) in a ligated six-
coordinate heme protein, and it changes to an intermediate
spin state (S=1) in less than 50 fs following diatomic ligand
dissociation.'******7 This process is accompanied by iron
out-of-plane motion and followed by decay to the vibra-
tionally hot electronic ground state (S=2) in 300 fs (Ref. 14)
with shorter time scale, ~30 fs, also repor’ted.47 It is not clear
which process completes first, the Fe-oop motion or the de-
cay from the electronic excited state to the ground state. It is
clear that the Fe-oop motions start before the S=1 to S=2
transition."* This does not complicate the relatively long time
scale behavior of VER from the vibrationally excited modes.
However, it does affect the initial vibrational excitation pro-
cess and the relaxation right after that. It is interesting and
necessary to check the mode coupling properties in the elec-
tronic excited state, especially for those couplings directly
related to Fe-oop motion.

Following the same procedure, the VER properties of the
v, mode, v; mode, and the Fe-oop motions were calculated
for FeP-Im in its excited state (S=1). As in the ground state,
the Fe-oop motions, with frequencies 358.8 cm™' (mode 21,
¥7), 270.1 cm™! (mode 17), 146.0 cm™! [mode 9, v(Fe-Im)],
and 83.0 cm™! (mode 6, doming), respectively, have signifi-
cant imidazole motions involved in the dominant energy
transfer pathways. In addition, the three lower frequency Fe-
oop modes are coupled by overtones. For example, mode 17
couples with the overtone of mode v(Fe-Im), while mode
v(Fe-Im) couples with the overtone of the doming mode.
These couplings make the energy exchange between the Fe-
oop modes possible. In addition, the doming mode couples
with the overtone of mode 3, which is the Im-P tilting motion
with more than 70% of the contribution from the imidazole.

For the FeP-Im in its excited state, mode 21 is the high-
est frequency Fe-oop mode and is assigned to be the y; mode
corresponding to mode 23 in the ground state calculations.
The Fe-oop mode 21 is observed to be somewhat decoupled
from the other three Fe-oop modes and lower frequency
modes. However, its overtone couples with the v; mode even
more significantly than in the ground state. The third order
coupling constant was found to be 1.565 kcal/mol A3,
which is more than 25 times larger than couplings between
mode 21 and its low frequency bath modes. The Fermi reso-
nance parameter for 2y, to v; energy transfer pathway was
found to be 0.305, more than six times larger than any other
pathway, indicating that this pathway may serve as an effi-
cient channel for the Fe-oop mode relaxation in the excited
state.

D. Distinct excitation mechanisms for v, and v,
modes

It has been reported that both the v, and v; modes can be
highly excited following ligand photodissociation in
myo,globin.26’27’32’34 As demonstrated in Fig. 3, the v, mode
is principally porphine Fe-N and N-C stretching motions

J. Chem. Phys. 130, 025102 (2009)

and can be directly excited through Fe-oop motion. The v
mode is a porphine outer ring breathing-like motion, mainly
localized on C,, and H,, atoms, and not structurally coupled
to the Fe-oop motions. Based on these observations, it is
reasonable to believe that the populations of the v, and v,
modes follow distinct excitation mechanisms: the v, mode is
directly excited together with the Fe-oop motion, whereas
the »; mode is excited by the strongly coupled overtone of
the 7 Fe-oop motion (mode 21 when S=1 or mode 23 when
S§=2). The effect is most pronounced in the electronic excited
state. When electronic state changes are involved, such as
those associated with ligand photodissociation in heme pro-
teins, the energy transfer mechanism can be overwhelmed by
the electronic-vibrational coupling. The electronic-nuclear
coupling leads to forces orders of magnitude larger than the
vibrational mode-mode coupling that has been the focus of
this study, and act on much faster time scales.

The v; mode has been observed to be highly excited
following the ligand dissociation in the MbCO coherence
spectrum. No similar signal was observed for deoxyMb.43
Based on femtosecond coherence spectroscopy, Champion
and co-workers™>™* suggested that low frequency vibrational
modes associated with electronic rearrangements in the heme
iron following ligand photodissociation can be excited simul-
taneously. We have assumed the separation of the population
decay and dephasing processes in our time-dependent pertur-
bation theory. As such, it is beyond the reach of our theory to
address the questions concerning mode-mode coherent cou-
pling in these systems.

Due to the poor couplings relative to other Fe-oop
modes, indicated by the small third order coupling constants
and Fermi resonance parameters, the y; mode was observed
to be decoupled from other Fe-oop modes and low frequency
modes including those involving imidazole motions. This de-
coupling may block the energy transfer between the high
frequency modes (such as v;) and low frequency protein
backbone motions through the heme-imidazole connection.
This observation provides a possible explanation for the
similar heme cooling rates observed in native Mb and the
H93G mutant.

V. SUMMARY AND CONCLUSIONS

Using a combination of time-dependent perturbation
theory51 and DFT calculations, the mode-specific VER of the
imidazole ligated ferrous iron porphine was studied at the
UB3LYP/6-31G(d) level. The optimized structure provides
a close mimic of the five-coordinate heme moiety in deoxy-
myoglobin. Seven modes, including v4, v7, and five modes
with iron out-of-plane motion, were independently treated as
the system mode with all other heme modes being included
explicitly as the bath. The time scale and mechanism for
vibrational energy transfer from each system mode were
identified with a focus on the interpretation of experimental
data on fast energy transfer following heme excitation in
myoglobin.

The initial decay process of each system mode was fitted
by a single-exponential function. The time constant of
1.7%+0.2 ps was derived for the v, mode and ~2.9 ps for the
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v; mode. These theoretical predictions, which make no as-
sumptions regarding mechanism, agree well with previous
experimental results of Mizutani and Kitagawa27 for MbCO.

Vibrational energy transfer pathways were identified by
calculating the third order Fermi resonance parameters. For
the excited v, and v; modes, the important dominant energy
transfer pathways involve porphine out-of-plane motions as
energy accepting doorway modes. No direct energy transfer
between the v, and v; modes was observed.

Cooling of the five Fe-oop modes, including the well-
defined heme doming motion and Fe-Im stretching motion,
takes place on the picosecond time scale. All modes dissipate
vibrational energy through couplings, weaker or stronger,
with low frequency out-of-plane modes involving significant
imidazole ligand motion. It has been suggested that these
couplings trigger the delocalized protein backbone motion,
important for protein function, which follows the diatomic
ligand dissociation in Mb. With the exception of the highest
frequency y; mode, these Fe-oop modes couple to one an-
other through overtones in the electronic excited state.

The y; mode, a porphine methine wagging motion asso-
ciated with Fe-oop motion, is believed to be directly excited
following ligand photodissociation in MbCO. The coupling
of this mode to lower frequency bath modes is predicted to
be very weak. However, its overtone is strongly coupled to
the v; mode, forming an effective energy transfer pathway
for relaxation on the electronic ground state and excited state
surfaces. This strong coupling suggests a possible mecha-
nism of excitation of the v; mode through energy transfer
from the 7; mode. That mechanism is distinctly different
than direct excitation together with Fe-oop motion of the v,
mode and provides support for earlier conjectures of directed
mode-specific energy transfer following ligand dissociation
in myoglobin.
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