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Effect of Adiabaticity on Electron Dynamics in Zinc Myoglobin
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Electron-vibration coupling in zinc substituted myoglobin has been calculated using a quantum mechanical/
molecular mechanical method. The methodology has been tested by a direct comparison of the calculated
optical observables, the steady-state optical spectra and three-pulse-photon-echo-peak-shift (3PEPS) function,
to those experimentally measured showing a qualitative agreement. A range of experiments and calculations
were performed to explain the discrepancies, which lead to the conclusion that the discrepancy originates
from adiabatic coupling of the two nearly degenerate electronic transitions.

Introduction better than 20% of the experimental value. In this work, we
apply the same method to calculate the electron-vibration
coupling in zinc porphyrin IX substituted myoglobin. Strictly
speaking, the Stokes shift includes contribution from Franck
Condon progression which is not well-represented in the
classical MD simulations when the frequencies are much higher
%han KT, and vibrational sidebands do not therefore show up
electron-vibration coupling. well in the calculated spectra. We, however, are interested in
the contribution of the lower frequencies which cause line

For a chromophore bound to a protein, this coupling of the broadening. To remove anv ambiouity we use the term peak
electronic energy levels of the chromophore to vibrations allows ~ 9- any guity ; e
shift to represent the shift between absorption and emission

energy to be exchanged between the chromophore and its” . S . .
environment (protein bulk and solvent). Direct manifestations maxima to distinguish this from the total Stokes shift.

I : : : The peak shift in zinc protoporphyrin IX (ZnP) bound to
f such electron-vibrat [ the Stokes shift and line-
grgggeneirigc. ron-vibration coupling are fhe Stoxes shitt and ine myoglobin (ZnP-MB) measures-0.007 eV. We performed

Itis not possible to deduce from the steady-state spectra alone‘:lass'caI molecular dynamic calculations on ZnP-MB, using the

the time scales of the individual coupled interactions. This is AMBER 6.0 suite of molecular dynamics prografnsie

because steady-state spectra can only provide ensemble averagePSeduently used the resulting trajectory to calculate fluctuating
information. For instance, the width of an absorption spectrum 9round- to excited-state energy gaps for ZnP within the charge

could result from a large number of slowly interconverting field of thde E)rotgln %ntorllsolwtant. Fro:nt'Fhe ]Elme;erefnﬁ]en]ctl entergty
structures with different energy (inhomogeneous broadening), gap, we determined the auto-correiation function ot the fluctuat-

from fast processes that randomize the energy (homogeneouéng energy gap ‘_Nh'Ch IS th? central quantity that aIIOV\_/s us to
broadening), from unresolved vibrational progressions or from calculate the optical absorption and emission spectra, via optical

a combination of all three. In addition, the meaning of the term "€SPonse theory. The methodology was tested by a direct
“fast” or “slow” becomes unclear when the time scale of the comparison of the calculated spectra with those experimentally
measurement is similar to that of the fluctuation. To get the Measured. o _ _

time-scale information, time-resolved nonlinear optical methods _ Since the time-ordering is maintained during the sampling

such as three-pulse-photon-echo-peak-shift (3PEPS) measurle the phase-space, the time-dependent information is contained
ments are necessary. within the fluctuating energy gap trace. The time-varying optical

We have previously used our recently developed quantum observable, such as the 3PEPS function, can be calculated via
mechanical/molecular mechanical (QM/MM) method, for study- the autocorrelation function and reveals the extent of homoge-
ing equilibrium fluctuations in optical excitations, to calculate N€OUS or inhomogeneous broadening. Simulation of the 3PEPS
electron-vibration coupling in enzymes and protéghese function tests whether_the QM/MM method_ology can corrgctly
previous works showed that our QM/MM methodology can account for the dynamics. ZnP-MB conveniently absorbs in the

recover the fluorescence Stokes shift and absorption width to ViSible region. This made it possible to carry out a 3PEPS
measurement for a direct comparison to the calculation.

Central to an understanding of chemical dynamics in con-
densed phases is the knowledge of how the energy fluctuation
of a solvated macromolecule is influenced by its environment.
For example, in nonadiabatic electron-transfer theory, the origin
and the curvature of the quadratic free energy surfaces are du
to thermally induced fluctuatiorsThese fluctuations arise from
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Zn, to give zinc-myoglobin. No bonded interactions between TABLE 1: Atomic Partial Charges Used for the Porphyrin
. . . ' Molecular Electrostatic Potentials According to the RESP
moiety was effectively modeled as aZnion. Method of Bayly et al.i2a

The extracted coordinates were prepared for the molecular H35
dynamics simulations using the xLEaP modukehich forms 0133,,,,H36 Has ';44
part of the AMBER 6.0 suite of Molecular Dynamics programs. Hat % 45145 Hs2
Due to the lack of experimental data for the histidine tautomeric 403\0"*31 H39 I H54, |
states in horse-heart myoglobin, the states for the sperm-whale noy 12 c29 c38 C42 Grihes
C38_ -
variant of myoglobin were used. These have been well C\7.25~c24/ “car C40 Ca7—C48
characterized by a combination of NMRKpand modeling H26 H%B \ Nt / ;:49H50
studies’® Histidine residues 12, 48, 64, 81, 82, 97, 113, 116 czz'NZ?’\ ~Cs5
and 119 were therefore defined as being protonated or the H21-C20 pa C56—H57
nitrogen (HIE) and residues 24, 36 and 93 as protonated on the
o nitrogen (HID). Parameters for heme are not available in the 17 /019-N2 N59’C5< He4
standard Amber force fietdand so the parameters of Giam- \ _cfa C60~ce/1
mona® were used. H16m S0 TN P 0N s =62
The hydrogen atoms, not present in the crystal structure, were 0'1";8 12 T I C69 H73
. . X —C11 H68 H74 7N,
added at idealized bond lengths and angles as necessary to fulfill \_¢s N
valence requirements. The system was then neutralized by the H10.ce?” = HE H70 °'72 HT1
addition of two Nd ions distributed in a shell around the zinc- H'g C75__
myoglobin using a Coulombic potentiahaa 1 A grid. The or? 076

whole system was then solvated using the TIP8Rter model
by placing it in a box of dimensions 66.2 A 60.9 A x 62.3
A containing 5638 water molecules, to yield a system of 19 404

atoms with an average density of 0.788 g-€ém Zn  ZN 101669 H27 HC 006177 H53 HC  0.00019
. N2 NP -—0.49031 H28 HC  0.04681 H54 HC  0.02801
Atom centered point charges for the nonstandard Zn-heme c3 cc  0.14780 C29 CB —0.04446 C55 CC —0.02386

unit were derived for the ground state in accordance with the C4 CB —-0.05709 C30 CT  0.01364 C56 CD-0.04352
RESP2 method for the Amber force field.The heme unit C5 CT -000517 H31 HC 001297 H57 HC  0.07141
hydrogen atoms were optimized using Hartré®ck® STO- :s :g 8'88382 223 2(1; _o%ggff Nggs Ngc_o 4%311504
3G calculations implemented Wlthln th_e Gaussian 98 pack- C8 CT 006110 H34 HC —0.00262 C60 CB  0.04520
agel® All heavy atoms were kept fixed during these calculations. H9 HC —-0.02673 H35 HC —0.00262 C61 CT —0.13838
The electrostatic potential, required for the RESP fitting H10 HC -0.07037 H36 HC —0.00262 H62 HC  0.03987
procedure, was obtained using a single point HF calculation on Sﬁ 82 8-77;87;71 ((;:3337 CCDC —8-(1)‘2&23 :gi :g 8-8%83
the hydrogen optimized zmc-heme.structure. The Ahlrichs 013 02 —078849 H39 HC 014707 C65 OB—002777
pVDZ basis séf was used for the zinc atom, while the SV 14 cB 004791 C40 CC 000187 C66 CC  0.08495
6-31G*7 basis set was used for all other atoms. The derived c15 CT -0.11610 N41 NP —0.38759 C67 CD  0.03505
atom centered point charges are given in Table 1. H16 HC 004176 C42 CB 0.03162 H68 HC  0.17036

A molecular dynamics simulaf[ion Qf 'Fhe zinc-myoglobin in :i; :g 8:831;2 ﬁﬁ E(T: _0'&%1%820 ngo C;C_O'Oggg%%
water system was performed using similar methodology to our c19 cc 002379 H45 HC  0.04840 H71 HC  0.03810
previous work=on equilibrium dynamics. The program Sander, €20 CD -0.11630 H46 HC 0.03770 C72 CT  0.03682
incorporated within the AMBER 64 suite of molecular 22 gg %-%gi% (éig (Cﬁ *0-3304250205HL374 ch-iciglgelsggi
dynamlps programs, was gsed to carry out a classical MD N23 NO —037815 H49 HC 004630 C75 C 074898
S|muI§tlon of _the solvated zinc-myoglobin system. The system 5, cg 000421 H50 HC 0.02166 O76 0O2-0.82350

was first subjected to 200 steps of steepest descent followedcss cT —0.15121 C51 CT —0.08751 O77 O2 —0.81543

by 800 steps of conjugate gradient minimization in order to H26 HC  0.04541 H52 HC  0.02275

alleviate incorrect van der Waals contacts created by hydrogena-  athe nomenclature used for atom types and parameters is the same
tion and solvation of the system. A residue based nonbondedas in the Cornell et al. force field.

cutoff of 9 A was used for this and all subsequent simulations.
The system was then subjected to 30 ps of slow heating from
0 to 300 K following the method of Berendséro control the
temperature. After slow heating the system was equilibrated at
300 K for 100 ps. Equilibration was deemed to have been
successfully obtained when the Root Mean Square Deviation
(RMSD) of the proteiro. carbons was reasonably smatii.4

Zn-Mb porphyrin group atom types and charges

atom type charge atom type charge atom type charge

were employed, the integration time step was set at 1 fs and all
interactions were calculated at every step. No atoms had their
positions fixed or their motions damped.

Quantum Mechanical Calculation of Energy Gaps.The
theory used for calculating optical spectra from a fluctuating

i i energy gap has been discussed in previous Wditke reader
A) and both the RMSD and classical energies of the system is referred to this paper for details. The method requires the

fluctuated by less than 10% over a time scale of approximately 50 jation of an energy gap correlation function from a time
20 ps. An energy gap production run was then performed for o qereq trace of the fluctuation between ground and excited state
the subsequent 22 ps with the complete system coordinates beingy, 5 chromophore at equilibrium. The energy gap sampling
recorded every 4 fs, resulting in a trajectory of 5,500 coordinate pas to pe sufficiently frequent to adequately sample the fastest
sets. oscillations of the energy gap. In the case of zinc-myoglobin

In all stages of the MD simulation constant pressure periodic this equated to a sampling frequency of once every 4 fs for the
boundary conditions using the Particle Mesh Ewald method first 10 ps of the MD production phase.
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The trajectory obtained from the 22 ps production run of the modifications. The preparation is broadly divided into three
MD simulations was used to create time ordered structures for stages consisting of iron extraction, ZRP IX reconstitution
the QM calculations. The QM method employed in this study and purification. Each of these stages is outlined below. The
is implemented within the ab initio package Gaussiad®Jhe whole procedure was carried out at@ with as little exposure
method consists of incorporating the point charges of the waterto light as possible.
and protein surrounding the Zn-heme residue into the one- Stage 1— Iron Heme Extraction Using the 2-Butanone
electron Hamiltonian. This has the effect of polarizing the wave Method.2829The method used for extracting the iron heme from
function with respect to the protein structure and solvent the myoglobin protein matrix was based on the 2-butanone
distribution. method of heme extraction. 0.15 g of iron myoglobin (Sigma-

Taking structures from the classical MD trajectories, single Aldrich) used without purification was dissolved in 30 mL of
point CIS? calculations utilizing the 3-21G¥ basis set were  distilled water. The pH was lowered to 1.0 by adgliihM HCI
performed to calculate the singlet energy gap between thedropwise while stirring in order to denature the protein allowing
ground and first two excited states for the zinc-heme unit at 4 the iron heme moiety to be extracted.
fs intervals. The use of the 3-21G* basis set was to ensure that 100 mL of 2-butanone was added to the denatured myoglobin
the calculations were tractable to the available computing solution and shaken in a separating funnel. A hazy pale yellow
resources. Trial CIS calculations showed that the orbitals aqueous layer (bottom) containing the protein separated from
involved in the excitation were centered purely on the zinc- the dark brown iron-heme containing 2-butanone layer. The
heme moiety, and thus it was decided to treat the zinc-heme protein (apo-myoglobin) layer was shaken with a further two
residue quantum mechanically while treating the rest of the volumes of 100 mL of 2-butanone until the residual brown color
protein and surrounding water classically, giving a QM system disappeared.
consisting of 77 atoms corresponding to 475 basis functions.  The apo-myoglobin solution was transferred to a dialysis bag
In this way the need for link atoms was negated since the Zn- (Sigma-Aldrich) which had been prepared according to standard
heme residue is not formally bound to the protein matrix. The procedure. The solution was then exhaustibly dialyzed in 2
point charges of the classical system were included in the one-1 | of 0.01 M sodium bicarbonate solution, each lasting for 12
electron Hamiltonian of the quantum element of the calculations. h. This was followed by dialysis with 1 Ix 0.01 M pH 7

A total of 2500 points representing the first 10 ps of the 22 phosphate buffer for another 12 h.
ps production run were calculated for the Zn-heme residue. Stage 2 — Zn-Protoporphyrin IX Reconstitution. 22:27

Calculation of the Steady-State SpectraThe absorption Approximately 6 mg of Zr-PP IX (Sigma-Aldrich) used
and emission spectra were generated from the time correlatedwithout purification was dissolved in approximately 10 drops
energy gap fluctuations by utilizing the methodology found in of 0.1 M NaOH and then added dropwise to a vigorously stirred
Mercer et al This methodology has recently been shown to solution of the apo-myoglobin from stagellM HCI was added
work for protein based systems with Stokes shifts as large asas necessary to maintain a pH of 8®0 during the addition
0.87 e\? and for solvated molecules with energy relaxation as of the Zn-PP IX to the apo-myoglobin. The solution was then
small as 80 meV.Here we apply our methodology to a protein  stirred for 30 min before being neutralized Wil M HCI.
system with a peak shift of only 7 meV. Our previous Precipitate was then removed from the resulting solution by
calculations and arguments based on the nature of electroncentrifuging.
vibration coupling in proteins had shown that we could expect  Stage 3— Purification. 3° Sephadex CM C-50 ion exchange
reasonable convergence of the Stokes shift after 5 to 10 ps. Wegel which had been prepared according to standard procedure
chose our convergence criteria as previously with this methodol- was packed into a column and equilibrated with 0.01 M pH 7
ogy, namely that convergence was deemed to have occurredohosphate buffer. To this was applied the supernatant from stage
once the change in predicted Stokes shift was less than 10%2. The Zn-PP IX substituted myoglobin was eluted with the
for a doubling of the run length. phosphate buffer. Two clear bands were visible in the column:

Calculation of the Energy Gap Dynamics (3PEPS)The a fast moving first band (brown) and a slow moving second
energy gap autocorrelation function can be used to calculateband (pink). The second band containing the—B#® XI
nonlinear optical observables. The three pulse photon echo is asubstituted myoglobin band was collected.
signal generated from a third order polarization requiring three  Experimental Measurement of SpectraPrior to measuring
electric field-matter interactions. Within the framework of the the absorption and emission spectra the-B#® IX substituted
response function formalism, developed by Mukamel and co- myoglobin solution was concentrated with a centrifugal filter
workers?! this third order polarization can be expressed in terms device (Amicon Centricon Plus-20, Millipore). The absorption
of a nonlinear response function which, by application of the spectrum was then measured using a Shimadzu UV-160% UV
cumulant expansion, can be described in terms of a line-shapevisible spectrophotometer Vhita 1 cmpath length cell. The
function. The intensity of the echo signal at a photo detector is optical density at 596 nm was measured to be 0.01.
simply proportional to the square of the third order polarization ~ An emission spectrum and an excitation spectrum were
integrated over the detection period. The integrated echo is ameasured using a Spex FluoroMax fluorometer using the same
function of two variables, the time delay between the 1st and sample solution as the absorption spectrum.
2nd pulsesg and the 2nd and 3rd pulses, T. A plot of the  Absorption peaks are observed at 596 nm, 553 nm, 428 nm,
integrated echo as functianat a fixed T has a maximum, and 355 nm and 279 nm, and the spectrum agrees well with
this maximum shifts toward zerodelay as T increases. The  previously published daf&:3! An intensity ratio of~1:9 for
3PEPS function was simulated using the QMMM autocorrela- the 280 nm and 428 nm bands was observed, and this is
tion trace and by evaluating the required integrals numerically, generally accepted to indicate good sample pdff}:32The
taking into account the effect of the finite pulse duration. emission spectrum contains two bands around 598 nm and 650

Preparation of Zinc Substituted Myoglobin. Zinc proto- nm, which again agrees well with previously published wASrk.
porphyin IX (Zn—PP IX) substituted myoglobin was prepared The experimental peak shift between the absorption and
according to previously published methé&g” with minor emission spectra is measured to be- 0.5 meV.
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3PEPS Measurement.The three-pulse photon echo peak
shift (3PEPS) measurements were performed with a home-built ]
noncollinear optical parametric amplifier (NOPA), operating at 3.0
10 kHz using a standard 3PEPS configurafi®ihe NOPA .
was pumped by a commercial Coherent femtosecond oscillator 29
and amplifier system (Coherent Vitesse-RegA). ]

The commercial femtosecond oscillator and amplifier system
typically delivers~120 fs long (fwhm),~4 uJ pulses centered
at 800 nm. This so-called fundamental beam was used to
generate a single-pass noncollinearly phase-matched opticag
parametric amplification. The low repetition (1 kHz) rate and 25
high pulse energy~500uJ) versions are extensively reported

ergy Gap (eV)

g

in the literature®* A brief description of our high repetition rate, 244

low pulse energy set up is as follows. The fundamental beam 25 ]

was split into a ratio of 80:20, 32] going into the pump arm "0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
and 0.8uJ into the continuum arm. In the pump arm, the Time (fs)

fundamental beam was frequency doubladai 1 mm thick Figure 1. Calculated ground to excited-state energy gap trace against
f-barium borate (BBO) crystal to generate the second h"jlrmomctime for zinc-myoglobin. The first two excited states are shown and

(SH) beam centered at 400 nm. In the continuum arm, the beamyye |aheled according to their energy. The lowest energy transition is
was focused it a 1 mmthick Sapphlre disk, generating the shown in black, with the second lowest in gray.
white-light continuum. Finally the SH beam and continuum were

combined in a second 1 mm thick BBO crystal, producirZp transition), is a convolution of two nearly degenerate, orthogonal
fs pulses (after the pulse compression) that were tunable fromstates, known as @and Q bands®

500 nm to 650 nm. Pulse energies of up to 60 nJ were readily The QM/MM calculation delivers the time ordered trace of
achieved. i ) ) ~ the fluctuation between ground and excited state for the
The 3PEPS configuration is based largely on the design chromophore at equilibrium. In zinc-myoglobin there are two

previously reported by the Fleming grotfpBriefly, the beam  gch traces to consider, due to the existence of two excited states
from the NOPA was split into three roughly equal energy pulses ¢jgse in energy.

and sent along different paths. Of those, two travel over

. The near degeneracy of the two excited states is troublesome
computer controlled variable delay stages. The three beams

'because the magnitude of the fluctuation of the energy gaps is

fOfm".‘g an equilateral triangle geometry at the 20 cm singlet found to be bigger than the difference in energy between the
focusing lens, then recombine at the sample. The expenmentallytwo excited states. This causes difficulties in labeling the states.

variable parameters are the two time delays facilitated by the | short, this is because each QM calculation corresponding to

delay stages. The first delay is called the coherence period anda particular structural configuration in the MD trajectory returns

IS the delay betweer_1_the first and second pulses. Dgnng this energies and the transition dipole moments of the two transitions
period the superposition state of the ground and excited state%:/

ted by the first pul | Th d pulse th i ence oscillator strength) only. It says nothing about how those
created by e first puise evolves. 1he second puise then créaley, , giates are related to the two states present at other times. It
the population state either in the ground or excited state. This

tat | il th val of the third b Thi iod i is not entirely obvious how one should label the states such
state evolves until the arrival of the third beam. ThiS perioa is ¢ the spectroscopy would be best represented. To deal with
controlled by the second delay time, the population period. The

arrival of the third pulse creates the coherence again. If the phas {his problem, three types of assignments are made by the energy,

h g . scillator strength and the transition dipole moment (TDM)
during _the second cohere_nce period is the complex CoNJUGAtE irection, Once assigned, the energy gap fluctuations are
of the first, the sample radiates a coherent echo field, sometime econstructed for every a’ssignment method. Assignment by
aftgr the third pulse.l Th.e. echo signal was detected and integra}te nergy most closely agreed with experiment, and these results
using a purpose built S'I'(.:On photodetector, preamp setup USIN94re shown in Figure 1, with the corresponding absorption and
a lock-in amplifier. The integrated echo was measured as the !

funci  the first coh del t a fixed d del emission spectra shown in Figure 2. The absorption and
unction of the first cohérence delay at a fixed second delay. opiggion spectra are the sum of spectra due to the two excited
The echo peak shift is the first coherence delay time at which

. ) : N . states that are weighted by the calculated oscillator strength.
the integrated echo profile as function of the first time delay is The ab ti idth and th K shift d withi
at a maximum. The echo peak shift function or 3PEPS is the € absorption width and the peak snift are recovered within

change in the echo peak shift as function of the second deIzalya.;;ac;[.Or of 2, Irll. all oulr plret\_/loui work thedmetgotorll of eblectrot_n-
time, the population period. vibration coupling calculation has reproduced the absorption

The protein sample, prepared as outlined above, was S(,de_width and the peak shift to within 20% accuracy in proteins
wiched between two quartz windows and placed in the custom- with very large ¢-0.87 eV} as well as small (0.080 e¥nergy

made sample holder. A 250m-thick sample had an optical relaxation (the peak_ shift). . o
density of~0.2 at 596 nm. The sample was spun during the The factor of 2 discrepancy in the peak shift is somewhat

measurement such as to prevent the build-up of the triplet stateSUrPrising, given our previous level of accuracy. The discrep-
and multiple excitations. ancies are also observed in the calculated and measured 3PEPS.

Figure 3 shows the 3PEPS trace measured at 596 nm laser
wavelength. For comparison, the calculated 3PEPS traces are
also shown, using the same energy gap traces used to generate
The evaluation of the electronic energy gaps yielded two the steady-state spectrdhe two calculated 3PEPS traces
nearly degenerate transitions. This is in agreement with a bodycorrespond to two excited states. Since there is no simple way
of literature that suggests the experimentally observed peak atto treat two coupled transitions within our current theoretical
596 nm, which is the lowest electronic transition (i.e., (0,0) framework, the calculated 3PEPS traces shown are two indi-

Results and Discussion
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Figure 2. Calculated (solid line) and experimental (dashed line)
absorption and emission spectra for ZnP-MB. The calculated individual _ 0.4
spectra corresponding to the first and the second excited states areS
shown in dotted lines. The overall absorption spectra are the sum of 3
the spectra of the excited states weighed according to the calculated
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w | Figure 4. Autocorrelation (B) of the TDM angle (A) between the two
O 6 nearly degenerate ZnP-MB excited states. A correlation (B) between
4] the TDM angles (A) is clearly visible implying that the TDM angle
] between the two excited states does not span random values but instead
24 oscillates in a correlated fashion suggesting a coupling of the two states.
0] Inset shows full 10 ps time window.
2] 0
T T
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Population period (fs)

Figure 3. Calculated (circle and triangle) and measured (square and _ 1
inset) zinc myoglobin 3PEPS are compared. There are two calculatedo 064
3PEPS traces, corresponding to two excited states. The ultrafast initial §

decay is well reproduced in the calculation. However, the long-time
offset (see inset) and oscillatory features observed in the measuredg 044
3PEPS do not agree well (see text).

nisot

Nérmalise:

vidual 3PEPS traces calculated as if the two states were assume@ 02
to be independent of one another. This is in contrast to our |
previous attempt on chlorophyll a which has a single excitation 00

energy and shows a good ma#ch. -
Figure 4b shows the plot of the auto-correla_tlon functlpn _of . Ot

the angle between the two TDMs corresponding to excitation fime

to the first two excited states labeled by the energy. It is evident me(fs)

. Figure 5. Calculated anisotropy when electronic coherence is assumed
that the TDM angle does not span random values during the (black) or not assumed (grey). No significant difference is observed.

course of the MD simulation, in which case the TDM angle poyever, oscillation is indicative of nonrandom reorientation of the
auto-correlation function would show a rapid drop to a value time dependent TDM. This suggests that the two states are adiabatically
of zero and remain at zero. The oscillation seen in Figure 4b is coupled.
indicative of some correlated behavior.

Given the fact that the two electronic transitions are close in for the two transitions, time dependent anisotropy is simulated
energy, one might expect to see effects of electronic coher- when either coherence or incoherence is assumed. As Figure 5
ence3839 To test this idea, using the calculated TDM vectors shows, there is no significant difference in the anisotropy
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dynamics, indicating that electronic coherence is not inherent Wavelength (nm)
in the system. However, it is noted that an oscillation is clearly 1 680 660 640 620 600 580 560 540
seen. Because the molecule does not tumble in the time scale ~f * =~ " °~ * "~ T T T
of the MD simulation, the decay in anisotropy must be due to 1
rapid reorientation of the time dependent TDM and the 104
oscillation therefore implies nonrandom reorientation of the 0.9
TDM. 0.8
Figure 5 strongly suggests that the two electronic states 5 0.7
interact as their dynamics are not independent of each other, in& ¢ ]

114

which case they might be said to be adiabatically couffled. % 05.]
This has an obvious implication for calculating the optical § 04
observables. Specifically, it is not obvious how to account for £ ~ ]

0.3

the adiabaticity in the current theoretical framework. The ]
discrepancies seen, both in the calculated steady-state spectra 02
and the 3PEPS function, may therefore be due to not properly 0.1
accounting for the adiabaticity. Despite the fact that the effect o] =~
of adiabaticity is evident, without a theoretical framework that 180 185 190 195 200 205 210 215 220 225 230
includes this coupling implicitly, it is difficult to simulate the Energy (V)

effgct of adlabatICIFy on the 3PEPS 3'9“‘?‘" As such, other TaCtorS Figure 6. The 596 nm laser pulse spectrum (dashed) is overlaid with
which could contribute to the 3PEPS signal may merit discus- znp_mB absorption spectrum (solid). Dotted lines show Lorentzian
sion. A number of work¥-#2have shown that internal conver-  pand deconvolution of the Q(0,0) band representing two electronic states
sion time scales may give rise to a decay or rise of the 3PEPS,that are separated by20 meV ¢~0.80 kT).

when excited-state absorption contributes to the 3PEPS signal.

Others have indeed shown that related heme proteins such aslynamics shows that fast fluctuations are well represented in
cytochromec undergo complex internal conversion dynam- the calculation.

ics#344 One may also need to consider the effect of ligand  On the other hand, the slower dynamics that are clearly
dissociation and recombination of the proximal histidine side- observed in the experiment (long time offset) reflect inhomo-
chain?#>46 A topic that the classical MD simulation used in this  geneity. This inhomogeneity is presumably the residual memory
study was not capable of reproducing but an area worth of each of the initially excited electronic states. The optical pulse
investigating, in future work, with a coupled potential QMMM)/  is short enough to excite both states simultaneously (Figure 6),
MD approach in which the formation and subsequent breaking and for the 3PEPS signal to reach zero, both states would have
of the N—=Zn proximal histidine bond on a femtosecond time had to have lost their initial identity fully. This long term
scale could be implicitly included. The time scales of such inhomogeneity therefore suggests that the two states do not
processes may be responsible for the rise and decay of thecompletely mix on this time scale. Indeed the projection of the
3PEPS in the first 100 fs. Such dynamics will contribute to the a@ngle between the two dipoles shown in Figure 4 suggests that
3PEPS signal in a complicated way, especially in the first the two states retain some independence forafew p!coseconds.
hundreds of femtoseconds. Again, the modeling that incorporates©On the other hand, it might reflect genuine slow time scale
these effects is beyond the scope of this paper, given the factdynamics whereby the memory of the chromophore transition
that one still needs to account for the adiabaticity. Nevertheless frequency is made to last due to being enclosed inside the protein
lessons can be drawn from the comparison between thematrix. Certainly, the time scales seen in the measurements are

calculations and the experiments. The comparison is relevantnot inconsistent with those reported in the literature that sought

because there is a good qualitative agreement despite the facto find out the e_ffect of being “s_olvated” by a protein bulk as
opposed to being exposed directly to small solvent mol-

the aforementioned effects are not explicitly modeled. This
phctly ecules?’4851

indicates that a significant portion of the physics is well- 4
represented in the QM/MM method. Recer)tly Prall et al” have shown that two-color_ photon_ech_o
Althoudah h d ling bet the t peak shift spectroscopy can probe the electronic coupling in a
ough we have assumed no coupling between the Wo'ghthalocyanine homodimer. The existence of a two-color peak

states in the generation of the steady-_state spectra the mal hift revealed the existence of correlation between the two
features are successfully reproduced. This suggests that the QM ipole-allowed states. The same technique applied to zinc

MM method gets the coupling strength and the dynamics 1,y qqi0hin may reveal experimentally the correlation of the two
roughly right. We have also simulated separate 3PEPS functionsgyited states.

fo_r the two energy gap traces. Immeqliately obvious from Figure Another obvious discrepancy is the frequencies of the

3 is that there is a good agreement in the ultrafast decay in the ,qgijiatory modulations on the 3PEPS trace. Linear prediction

first 50 fs. However, the Iong-tlme of_fset and oscillatory features singular value decomposition analysis on the measured 3PEPS

are not very well reproduced in either of the two calculated yields two significant oscillations of 158 and 141 chwith

traces. 229 and 44 fs damping times, respectively. In the calculated
Physical interpretations usually given for the initial rapid 3PEPS, for state 1, there are two notable oscillations at 268

decay are that they are due to the inertial motion of the sdlvent and 98 cm* with ~200 and 390 fs damping time, respectively.

or inertial motions inside the protein matt%¢°that are coupled  For state 2, two prominent oscillations of 254 thand 154

to the energy level or destructive interference of the impulse cm™! are observed with 125 and 188 fs damping times,

excitation of vibration by short laser puls&sGenerally, in respectively.

condensed phase, these sorts of ultrafast dynamics account for There are a number of mechanisms by which the 3PEPS trace

the majority of the amplitude and the 3PEPS of ZnP-MB does can show oscillatory modulatidii.A vibration which may be

not seem to be an exception. A good agreement in the ultrafastinter- or intramolecular in origin could couple strongly to the
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energy level. Such strong coupling could also produce oscilla-

tions at the frequency of the vibration. A far IR measurement

on the iron heme compound has reported a vibration at 158

cm ! which was assigned to ethane twistftg.

Conclusions

The QM/MM methodology has been applied to calculate the
electron-vibration coupling inside zinc myoglobin whose energy
relaxation is~0.007 eV. A good qualitative agreement in the

Cho et al.

(13) Roothaan, C. C. Rev. Modern Phys1951, 23, 69.

(14) Hehre, W. J.; Stewart, R. F.; Pople, J.JAChem. Physl969 51,
2657.

(15) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery Jr., J. A;
Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A.
D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi,
M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.;
Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.;
Salvador, P.; Dannenberg, J. J.; Malick, D. K.; Rabuck, A. D.; Raghavachari,
K.; Foresman, J. B.; Cioslowski, J.; Ortiz, J. V.; Baboul, A. G.; Stefanov,
B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, |.; Gomperts, R.;

absorption width and the peak shift was observed. This strongly Martin, R. L. Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng, C. V.;

suggests that the methodology performs well in estimating the

magnitude of electron-vibration coupling. As for the dynamics,

Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.; Johnson, B.; Chen,
W.; Wong, M. W.; Andres, J. L.; Gonzalez, C.; Head-Gordon, M.; Replogle,
E. S.; Pople, J. A. Gaussian 98 (Revision A. 11); Gaussian, Inc., Pittsburgh,

a time dependent optical observable, namely 3PEPS wasP A, 2001.

measured and calculated. The comparison reveals that fas

fluctuations are well represented in the QM/MM calculation as

demonstrated by the good agreement in the ultrafast initial decay

of the 3PEPS traces.
Previous calculations that were performed on proteins with

t (16) Schafer, A.; Horn, H.; Ahlrichs, R. Chem. Physl992 97, 2571.

(17) Binkley, J. S.; Pople, J. A.; Herhe, W.Jl.Am. Chem. S0d.980
102 939.

(18) Berendsen, H. J.; Postma, J. P. M.; Van Gunsteren, W. F.; DiNola,
A.; Haak, J. RJ. Chem. Phys1984 81, 3684.

(19) Essmann, U.; Perera, L.; Berkowitz, M. L.; Darden, T.; Lee, H;
Pedersen, L. GJ. Chem. Phys1995 103 8577.

energy relaxations as large as 0.87 eV and as small as 0.080 (20) Foresman, J. B.; Headgordon, M.; Pople, J. A.; Frisch, M. J.

eV demonstrate the versatility of the QM/MM methodology in
accounting for electron-vibration coupling which may be
fundamental to understanding chemical dynamics in condense

Phys. Chem1992 96, 135.
(21) Mukamel, SPrinciples of Optical Nonlinear Spectroscost ed.;

deford University Press: Oxford, New York, 1995.

(22) Ascaoli, F.; Fannelli, M. R. R.; Antonini, Bvlethod Enzymol1981,

phases. Other features such as the rise and decay in the 3PEPS.

in the first few hundreds fs and the oscillatory features are not c
very well represented. The discrepancies seen in both steady-

(23) Papp, S.; Vanderkooi, J. M.; Owen, C. S.; Holtom, G. R.; Philips,
. M. Biophys. J.199Q 58, 177.
(24) Rothgeb, T. M.; Gurd, F. R. N\Method Enzymol1978 52, 473.

state spectra and 3PEPS may be due to near 2-fold degeneracy (25) Shosheva, A. C.: Christova, P. K.; Atanasov, B.Hochem.
which may be adiabatically coupled. In the 3PEPS signal, there Biophys. Actal98§ 957, 202. o
may be other additional processes such as internal conversionlg(%) Shosheva, A. C.; Devedjiev, Y. D.; Atanasov, BSRudia Biophys.

and/or ligand dissociation and recombination that may contrib-
ute, especially within a couple of hundred fs. Currently there is
no provision in the theoretical framework that can account for
the effect of adiabaticity. Such deficiencies will form the basis
of future work aimed at improving our QM/MM methodology.
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