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Abstract Over the past few years, time-dependent ultrafast
fluorescence spectroscopy method has been applied to the
study of protein dynamics. However, observations from these
experiments are in a controversy with other experimental
studies. Participating of theoretical methods in this debate
has not reconciled the contradiction, because the predicted
initial relaxation from computer simulations is one-order
faster than the ultrafast fluorescence spectroscopy experiment.
In those simulations, pairwise force fields are employed,
which have been shown to underestimate the roughness of
the free energy landscape. Therefore, the relaxation rate of
protein and water molecules under pairwise force fields is
falsely exaggerated. In this work, we compared the relaxations
of tryptophan/environment interaction under linear response
approximation employing pairwise, polarized, and polarizable
force fields. Results show that although the relaxation can be
slowed down to a certain extent, the large gap between exper-
iment and theory still cannot be filled.
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Introduction

Water is an integral part of most proteins. Thermal motion of
hydration waters, also known as biological waters, shows
strong heterogeneity controlled by the topography and the
electrostatic property of protein surface, which differentiates
them from bulk waters. Understanding the hydration dynam-
ics of biological systems is essential to many biological pro-
cesses such as protein hydration, protein folding [1-9]. Local
order and mobility of water molecules around protein corre-
late well with the variability of protein structure [10—12]. In
return, the three-dimensional structures and dynamics of pro-
teins are slaved by water molecules in the hydration layer.
Water molecule serves as lubricant for large conformational
changes of proteins as in folding and realization of enzymatic
functions by alternating the hydrogen bond network. This
mutual interaction subtly alters the function of protein and
ultimately determines the form of life [13]. However, protein-
water interaction is probably the least understood one among
all the important problems in chemical biology. Protein dy-
namics involve many characteristic events of which the time
scales cover a wide range. This complexity poses a challenge
to the analysis of experimental data. A series of spectroscopic
methods, such as X-ray crystallography [14-18], nuclear
overhauser effect NMR [19-21], elastic/inelastic neutron scat-
tering [22-25], NMR dispersion [26-29], time resolved fluo-
rescence [30-36], TeraHerz spectroscopy [37, 38], infrared
spectroscopy [39-41], and optical Kerr-effect [42—44] have
been developed to date to scrutinize the protein dynamics on a
wide range of time scales. Unfortunately, these experiments
give contradictory points of view. For instance, using the
intrinsic tryptophan (TRP) as a local optical probe [45-49],
Li observed the relaxation time scales to be 5 ps and 87 ps by
ultrafast fluorescence study of the mutated myoglobin. They
suggested that the initial dynamics and slow relaxation are
related to fast local motions and strongly coupled water-
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protein motions [50]. While, NMR studies revealed that the
lifetime is within the sub-nanosecond regime [51, 52]. Com-
petition of fluorescence with other dark processes adds more
difficulties to the interpretation of spectrum [53, 54].

Computational investigation of protein dynamics is now
routinely utilized to peel down different characteristic mo-
tions, due to its strength in high spatiotemporal resolution.
However, its participation has not reconciled the contradiction
[55-61]. Instead, it adds more controversy to this debate.
Theoretical studies predicted that there is an ultrafast decay
of the fluorescence at the time scale of tens to a hundred of
femtoseconds, which is missing in experimental measure-
ments. There is a significant discrepancy existing between
experiment and theory, which raises a serious issue of the
traditional force fields used in simulations or the interpreta-
tions of the experimental spectra. This conflict is likely due to
the low resolution of experimental instruments relative to
molecular dynamics simulation. However, a recent study by
Zhong’s group suggested that the missing percentage could be
minor when the solvation dynamics is on the similar time
scale as the temporal resolution, and pushed the integrity of
the force field to the issue [62]. The reliability of computer
simulation depends on the accuracy of the potential energy
used to represent the interactions within protein and between
protein and solvent molecules. Lack of explicit polarization
effect has been known as the dominant limitation of some
contemporary force fields such as AMBER, CHARMM, and
OPLS. In these force fields, the atomic charges are only the
effective charge, of which the parameters are calibrated to
absorb the polarization energy term in a pairwise interaction
framework [63—65]. Therefore, it is valuable to employ the
explicit polarization effect in molecular dynamics simulations
and study its impact on the simulated characteristic time scales
of protein and water motions. We have shown that with
polarized charge for protein and water molecules in the first
solvation shell, the average life time of protein/water hydro-
gen bonds increases, and the structure of water molecules in
the first solvation shell is less labile than that under unpolar-
ized charge model [66]. In the past decade, much progress has
been achieved in the development of polarizable force fields.
Fluctuation charge, Drude-oscillator and induced multipoles
have been well parameterized and coded into several molec-
ular dynamics package such as AMBER, CHARMM, and
Tinker [67-77]. Realization of these polarization models
opens a new era of molecule modeling.

In this work, we studied the hydration dynamics of myo-
globin (Mb) with both AMBER force field and the polarized
protein-specific charges (PPC) [78] in the framework of linear
response. In pairwise force fields, polarization is counted in a
homogeneous way, which is not enough to give an adequate
delineation of the heterogeneous charge distribution in pro-
tein. PPC is designed to give a picture of charge distribution in
high fidelity for protein. It is fitted from on-site quantum
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mechanical calculation for each residue. It captures the spe-
cific electrostatic environment intrinsically. Comparing the
results from simulations employing unpolarized AMBER
charge and PPC, we can tell the impact of polarization effect
on the simulated thermal motion of protein in water. We also
utilized a recently developed AMBER12pol force field in the
simulation in order to confirm the conclusion.

Computational method
Simulations

The initial structure of myoglobin (PDB: 1MBD) was taken
from the Protein Data Bank. Heme group was removed.
Myoglobin has 153 amino acids [79] aligned into eight « -
helices embracing a hydrophobic core. It contains two intrin-
sic tryptophan residues, i.e., Trp7 and Trp14, which are both
located in the « -helix near the N-terminal. Trp14 is buried
inside the hydrophobic core, while Trp7 is exposed to the
solvent and is more slaved by water molecules [80]. We chose
Trp7 as the probe to study the characteristic time scales of
thermal motion. The protein was solvated in a TIP3P water
box with the minimal distance between the protein and the
boundary of the box no less than 12 A. There were altogether
9362 water molecules. Two chlorine ions were added to
neutralize the system. The system was optimized by 180,000
steps steepest descent minimization to remove bad contact,
followed by conjugate gradient minimization until conver-
gence was reached. The Coulomb interaction was calculated
by using the particle mesh Ewald (PME) algorithm with a
cutoff of 10 A in real space and van der Waals interaction was
truncated at 10 A. The system was heated up from 0 to 300 K
in 100 ps with weak restraint applied to the protein. In the
relaxation stage, a 100 ns simulation was conducted with a
time step of 2 fs. The trajectories were saved every 500 steps
(1 ps). This length is long enough to investigate the stability of
protein under these force fields. However, a frequency of 1
ps~ ! for recording the conformations is not enough for visu-
alizing the ultrafast motion patterns on fs time scale. There-
fore, we ran another 2.5 ns simulation for each force field and
the trajectories were saved every 20 fs. Pairwise
AMBER99SB force field, PPC and AMBER12pol force field
were utilized. Three versions of PPC were fitted and
employed in the simulations, which differed in the implemen-
tation of solvation effect while fitting the charge. In the first
version, an implicit solvent model was utilized, and induced
charges on the solute-solvent interface, which polarized the
electronic structure of protein, were calculated by solving the
Poisson-Boltzmann equation. In the other two versions, some
of the solvent molecules were explicitly included as back-
ground charges to polarize the electronic structure of the
protein. In the fitting of the second version of PPC (denoted
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as PPC"), water molecules in the first solvent shell also have
their atomic charges fitted, just like the residues in the protein.
Water molecules in a larger shell (5.5 A) were included in the
fitting of the third version of PPC (denoted as PPC"). Atomic
charges were fitted residue-by-residue with the restrained
electrostatic potential (RESP) method [81, 82]. Electrostatic
potential around each residue was calculated at B3LYP/6-
31G* level utilizing a molecular tailoring approach termed
molecular fractionation with conjugate caps (MFCC) [83, 84].
Polarization among residues and from solvent molecules were
included in the quantum mechanical calculations as back-
ground charges. Restraints were applied to maintain the total
atomic charge of each residue to be an integer, therefore
charge flow among residues was not allowed. In the simula-
tion with AMBERI12pol force field, POL3 water model was
utilized instead of the unpolarizable TIP3P water model. Due
to the slow convergence of the correlation of the interaction
energy, the simulation employing AMBER12pol force field
extended to 3.5 ns. All the simulations were carried out by
AMBER12 package.

Atomic charge of Trp7 at the excited state

We assumed that the excitation of Trp7 was localized on the
indole ring, which did not depend on its chemical environ-
ment. Strictly, this assumption does not hold, but we think that
it does not significantly affect the conclusion of this study.
Therefore, we calculated the charge distributions of an indole
ring in the ground state and the excited state instead of Trp.
Electronic structures of its ground state and L, excited state
[85-88] were calculated by time-dependent density functional
theory [89-91] at PBEPBE/6-31+G* level in gas phase. ESP
charge was fitted for the ground state and the excited state
utilizing their electron densities accordingly. Redistributed
charge within the indole ring after excitation was added to
AMBER charge or PPC of TRP7 for the MM simulations at
the excited state. All the quantum mechanical calculations
were carried out with Gaussian 09 package [92].

Linear response theory

Although the physical nature of photo excitation and fluores-
cence emission is a non-equilibrium process, fluctuation-
dissipation theory indicates that equilibrium simulation can
provide approximately the same information [93, 94]. Linear
response is a good approximation in the study of solvation
dynamics in polar solvents. However, dielectric response of
protein is far more complicated. Even so, the linear response
theory is still widely used in the interpretation of the time-
dependent Stokes shift (TDSS) of optical probes ‘sol-
vated’ in proteins. [11, 95-100]. In linear response
theory, the characteristic time scales for TDSS are ex-
tracted from the time correlation function C(?) of energy gap

between the excited state and the ground state, which is
calculated as
(1) = < AE(t)AE(0) > — < AE(0)>? (1)
< AE(0)AE(0) > — < AE(0)>?Y’

where AE(0) and AE(f) are the excitation energies at £, and
to+t, respectively. The average is over the different selection
of t,. AFE was calculated as a sum of the difference in Cou-
lomb interaction energy of TRP7 with its surroundings at the
excited state and the ground state and the transition energy in
the gas-phase that was almost irrelevant for the calculated
Stocks shift.

Results and discussion
Atomic charges in the excited state

The charges used for the indole ring in the ground state and the
excited state are shown in Table 1. In our model, these charges
result in a dipole moment of4.16 D and 5.05 D for the ground
state and excited state, respectively, under PPC with a differ-
ence dipole moment of 2.93 D. As a comparison, we also
calculated the ground and excited state dipole moment for
AMBERY4 charges, which are 2.68 D and 4.36 D respective-
ly. Besides, the directions of the dipoles from PPC are differ-
ent from those of AMBER99SB force field. The dipole mo-
ments of the ground state and the excited state under AM-
BER94 charge and PPC are shown in Fig. 1.

Table 1 Charges used for the indole ring in the ground state and the
excited state

AMBER99SB PPC

Atom  Ground state  Excited state ~ Ground state  Excited state
CG —0.1415 0.1952 —0.0983 0.2384
CD1 —0.1638 —0.2705 —0.1841 —0.2908
CD2 0.1243 —0.0028 0.0885 —0.0385
HD1 0.2062 0.1985 0.1966 0.1889
NE1 —0.3418 -0.2106 —0.3204 —0.1892
CE2 0.1380 0.1603 0.1335 0.1558
CE3 —-0.2387 —-0.2870 —-0.1553 —-0.2036
HE1 0.3412 0.3460 0.3595 0.3643
CZ2 —-0.2601 -0.3662 —0.2236 -0.3297
CZ3 -0.1972 -0.2062 —-0.1740 —-0.1830
HE3 0.1700 0.1393 0.0892 0.0585
HZ2 0.1572 0.1363 0.1501 0.1292
CH2 —0.1134 —-0.1001 —-0.1380 —0.1247
HZ3 0.1447 0.1421 0.1283 0.1257
HH2 0.1417 0.1316 0.1253 0.1152
CB —0.0050 —0.0441 —0.1058 —0.1449
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Fig. 1 Dipole moments of the
indole ring in the ground state
(green) and the excited state (red)
under AMBER99SB (left) and
PPC (right)

Trajectory stability

Trajectory stability is very important for the simulation of
correlation relaxation, otherwise the data would be contami-
nated by structure drifting. The root mean square deviations
(RMSD) from the experimental structure for the backbone
atoms in 100 ns simulations employing AMBER99SB force
field and PPC respectively are shown in Fig. 2. It is obvious
that the backbone RMSD reached a plateau after 30 ns for
both AMBER charge and PPC. Under AMBER99SB, the
final RMSD is around 2.5 A, which is reasonable for this
protein of which the native structure was determined by X-ray
diffraction. Under PPC, the RMSD is about 0.5 A smaller than
under AMBERO99SB. Therefore, the force fields employed in
this work were capable of stabilizing the protein structure, and
it was safe to employ these force fields in the following study.

Ultrafast relaxation

As our primary goal was to explore the ultra-fast relaxation of
tryptophan interacting with its surroundings and experimental

studies had shown that an inertial decay component was on
the order of sub-picosecond, we carried out a short simulation
in which a total of 125,000 snapshots were saved with 20 fs of
time interval. Comparison between AMBER99SB and PPC
can tell the impact of internal polarization effect within protein
molecule. However, the directional protein-water hydrogen
bonds and non-hydrogen bonded protein-water Coulomb in-
teraction have not been fully strengthened. Refitting the atom-
ic charges of the water molecules in the first solvation shell
can prolong the life time of protein-water hydrogen bonds
[66], which may hamper the relaxation. Therefore, we incor-
porated 200 water molecules in the first solvation shell into
charge fitting. In order to investigate the convergence of
relaxation with extending the solvation shell, we also carried
out another simulation with water molecules within 5.5 A
from the protein having their atomic charges refitted, as well
as the protein. Dynamic properties such as Einstein diffusion
constant, rotational diffusion of the water molecules in the first
solvation shell, time correlation function are compared to
identify how polarization effect impacts the dynamics behav-
ior of protein in water.

Fig. 2 Root mean square 4 .
deviation of the backbone atoms
from the native structure during

the 100-ns simulations utilizing

AMBERY9SB (black) and PPC

(red)

RMSD(A)

— AMBER99SB
— PPC

| I | | \ L | I
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Fig. 3 Root mean square 3
deviations of the backbone atoms
in the 2.5 ns equilibrium
simulations utilizing
AMBERY9SB (black), PPC (red),
PPC’ (green), and PPC” (blue) r

RMSD(A)

— AMBER99SB
— PPC
— PPC’
— PPC”

The time evolutions of the backbone RMSD in all the
simulations are shown in Fig. 3. It is consistent with the long
time simulations and again it demonstrates that protein is very
stable under AMBER99SB and various PPC. The structural
stability does not change too much among PPC, PPC’ and PPC”.
To get insights into the dynamical behavior of the waters mole-
cules in the first solvation shell of the protein, the Einstein
diffusion constant and the rotational diffusion time correlation
function for these water molecules were calculated. The Einstein
diffusion constants, describing the translational mobility of the
solvent molecules, are 0.746x10 °m?s~ ', 0.717x10 "m?s ",
0.615x10 °m’s™" and 0.579x10 °m’s~" for AMBER99SB,
PPC, PPC’ and PPC’, respectively, indicating that the electro-
static polarization reduces the translational mobility of the

0.5 1 1.5 2 2.5
Time(ns)

solvent molecules. The time correlation functions of the rota-
tional diffusion

_ {r()r(0)
RRCOZO o

for the water molecules in the first solvation shell are depicted
in Fig. 4. r is the vector connecting the oxygen atom and the
middle point of two hydrogen atoms in each water molecule.
The results show that the intra-protein polarization effect can
slightly hinder the rotation of the water molecules, and the
polarization effect between the protein and the water mole-
cules can further impede the rotational degree-of-freedom of
the water molecules.

— AMBER99SB| -
— PPC
— PPC’
— PPC”

Fig. 4 Rotational time 1
correlation functions of the water =
molecules in the first solvation el
shell fitted from the 2.5 ns 5
equilibrium simulations utilizing g 0.8~
AMBERY9SB (black), PPC (red), ES
PPC’ (green), and PPC (blue) 5 3
g 061
S
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c
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©
[
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'_
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0

Time(ps)
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Fig. 5 Relaxation correlation 1
function C(?) (top) and its
standard deviation (bottom) from
the simulations utilizing
AMBERY9SB (black), PPC (red),
PPC’ (green), PPC (blue), and
AMBER12pol force field
(purple)

c(t)

— AMBER99SB | A
— PPC

— PPC

— PPC”

— AMBER12pol

0
0 2 4 6 8 10
Time (ps)
0.2 ‘
| — AMBER99SB | |
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015~ — AMBER12pol | |
6 L .
S
S
5 01 =
e
(3]
©
f=
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1]
0.05
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Time (ps)

The Coulomb interaction energies between the indole ring
and its environment at the ground and excited states and their
difference along the simulation can be calculated straightfor-
wardly. The time correlation function C(z) of the difference in
Coulomb interaction between the excited state and the ground
state is calculated by Eq. 1 and are plotted in Fig. 5. The
decays of C(t) show clearly a non-exponential fashion. We fit
the relaxation curves approximately into tri-exponential func-
tions as

C(t) = ay*exp(—t/11) + ax*exp(—t/72) + a3*exp(—t/T3) (3)

with a constraint that the sum of g; is 1. The characteristic time
scale 1, t,, and 3 correspond to the ultrafast, fast, and slow
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modes of the relaxation, respectively. They can be interpreted
as the inertial dynamics, the fast local reorientation/translation
motions, and the slow surface hydration dynamics coupled
with protein motions [31, 101, 102]. The prefactors ay, a,, and

Table 2 The fitted relaxation time scales

a 71 a T2 as T3
(f9) (ps) (ps)
AMBER99SB  0.63 38 0.17 095 020 1573
PPC 0.66 32 0.17 106 017 2150
PPC’ 059 31 020 096 021 52.67
PPC’ 0.54 30 0.18 066 028  49.02

AMBER12pol 0.49 37 0.20 0.67 0.31 19.78
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a; determine how large each motion contributes to the total
relaxation relatively. The fitted curves are in high accordance
with the calculated time correlation functions with all the
correlation coefficient of fitting over 0.99. The fitted parame-
ters for Eq. 3 are shown in Table 2. Under AMBER99SB, the
dominant contribution (63 percent) to the relaxation is from
the ultrafast motion on femtosecond time scale (38 fs). The
fast local motions on 0.95 ps time scale contributes 17 percent
of the total relaxation. The other relaxation comes from the
slow surface hydration dynamics coupled with protein mo-
tions, which has a characteristic time scale of 15.73 ps. When
PPC is employed, the intra-protein polarization effect is turned
on. However, including this polarization effect only slightly
alters the inertial motion. It has only moderate impact on the
second time scale by increasing the characteristic time scale
by about 12 percent (0.11 ps). Although the longest time scale
is lengthened with this intra-protein polarization effect, its
contribution to the total relaxation is lowered by 3 percent.
Dynamics of protein is slaved by the solvent molecules.
According to our previous study, refitting the atomic charges
for the water molecules in the first solvation shell leads to
strengthened protein-water interaction and the rotational dif-
fusion of the water molecules are hindered [66]. However, the
time correlation of the difference in Coulomb interaction
energies employing PPC’ does not differ too much from the
simulation utilizing AMBER99SB or PPC for the first two
relaxation modes. The strong interaction between protein and
water molecule can extend further than the first solvation shell
and has some impact on the dynamics of the water molecules
beyond the first shell. In PPC” simulation, the water molecules
in the second solvation shell are also explicitly polarized. The
relaxation as shown in Fig. 5 is slower than those from
AMBER99SB, PPC and rmPPC’ simulations, which is orig-
inated from the smallest contribution of the initial decay,
although its characteristic time scale is comparable. It has
the fastest second decay mode, but this mode contributes only
18% to the total relaxation. The pre-exponential factor of its
third component is the largest as compared to AMBER99SB,
PPC and PPC’, with the time scale a little bit faster than that of
PPC'. Therefore, implementation of electrostatic polarization
effect cannot fill the gap between the experimental measure-
ment and the theoretical prediction. In order to further confirm
our observation, we carried out a simulation employing the
recent AMBER polarizable force field. It is shown in Fig. 5
that the initial decay under AMBER 12pol force field is a little
bit slower than the other force fields. The fitted parameters for
Eq. 3 shown in Table 2 indicate that the first characteristic time
scale is comparable with those from other force fields, but its
contribution to the total relaxation is smaller than the other
force fields. The second component is similar to that from
PPC". Its longest time scale is comparable with that from PPC
but is much faster than those from PPC’ and PPC". Its contri-
bution to the total relaxation is just a little bit larger than that

from PPC". From the simulation with AMBERI12pol force
field, the time scale for the initial relaxation is still much faster
than that from the experimental measurement. It confirms the
conclusion that the lack of explicit electrostatic polarization
effect is not the major cause of the one order gap between the
relaxation speeds from simulation and experiment.

Conclusions

The measured ultrafast relaxation time scale for tryptophan in
myoglobin is one order slower than the predicted one from
molecular dynamics simulations. In this work, we investigate
the possibility that employing electrostatic polarization effect
can fill the gap through simulations utilizing pairwise
AMBER99SB, polarized PPC, and polarizable AMBER12pol
force fields. Results show that although employing polariza-
tion effect can hinder the rotational and translational motion of
water molecules and the relaxation of the tryptophan residue
in protein, its impact is very limited and still cannot fill the gap
between experiment and theory, at least under linear response
approximation. Applicability of linear response approxima-
tion has been questioned [103]. More rigorous work such as
direct nonequilibrium molecular dynamics simulation at quan-
tum mechanical or quantum mechanical/molecular mechani-
cal hybrid level should be carried out to examine the origin of
this gap through rigorous calculations of the possibilities of
each possible destination of the excited states, especially the
coupling between the indole ring and the carbonyl group. An
accurate and fast computational method is in urgent need.
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