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ABSTRACT
This work presents a combined study of time-resolved fluorescence spectroscopy and all-atom molecu-
lar dynamics simulation to investigate periodic boundary conditions’ and water models’ influence on
the orientation dynamics and translational and rotational diffusion of peptides in solution. We have
characterized the effects of solvent box size and water model choice on the dynamics of two peptide
systems, NATA and WK5. Computationally, translational, and rotational diffusion and internal fluctua-
tions are investigated through all-atom molecular dynamics simulation with two water models and dif-
ferent box sizes. These results are compared with time-resolved fluorescence anisotropy decay (FAD)
measurements. The associated time constant and orientation dynamics from FAD measurement along
the 1Lb axis provided baseline data to validate molecular dynamics simulation. The modeling results
show that diffusion rates vary roughly in inverse proportion to water model viscosity, as one would
expect. Corrections for finite box size are significant for translational diffusion and insignificant for
rotational diffusion. This study also finds that internal dynamics described by autocorrelation functions
and kinetic network models are relatively insensitive to both box size and water model properties. Our
observation suggests that different peptide properties respond differently to a change in simula-
tion conditions.

ARTICLE HISTORY
Received 23 April 2021
Accepted 17 June 2021

KEYWORDS
Time-resolved fluorescence;
molecular dynamics
simulations; periodic
boundary conditions;
kinetics; optimum
dimensionality reduction

Introduction

The conformational motion of peptides and proteins in bio-
logical systems often accounts for their regulation capabil-
ities and function. An extensive effort, applying theory and
experiments, has been dedicated to probing internal
motions, especially in the picosecond to microsecond time
scale (Shoup & Szabo, 1982; Northrup et al., 1984; Morelli &
Ten Wolde, 2008; Klein & Schwarz, 2014; Ilie et al., 2014;
Berne & Pecora, 2000; Woessner, 1962a; Woessner, 1962b;
Lipari & Szabo, 1982; Tjandra et al., 1995; Br€uschweiler et al.,
1995; Lee et al., 1997; Ghose et al., 2001; Wang et al., 1997;
Boisbouvier et al., 2003; Duchardt et al., 2008; Wolf et al.,
2012; Debye, 1929; Perrin, 1936; Perrin, 1934; Ortega et al.,
2011; McKinney et al., 2003; Boisbouvier et al., 2003).
Fluorescence spectroscopy with site-directed fluorophore has
become an essential tool to study the dynamics and interac-
tions of biomolecules (Lakowicz, 1999; Schr€oder et al., 2005;
Loman et al., 2010; Hummer & Szabo, 2017; Szabo, 1980;
Schuler et al., 2002; Margittai et al., 2003; Weiss, 1999;
Schr€oder & Grubm€uller, 2003; Munro et al., 1979; Jas et al.,
2021; Jas et al., 2016). Since the fluorophore is attached to
the peptide and protein system, time-resolved fluorescence

anisotropy can be used to monitor structure, conformational
changes, and flexibility in the system. Molecular dynamics
simulation has become an essential computational tool for
studying dynamic properties in a native-like environment
and accurately interpreting experimental observation
(Juszczak et al., 1997; Hasimoto, 1959; D€unweg & Kremer,
1993; Yeh & Hummer, 2004; V€ogele & Hummer, 2016;
Venable et al., 2017). A recent molecular dynamics study of
rotational motion of horse heart myoglobin and B-DNA sug-
gests effect from solvent box size on translational and rota-
tional diffusion because of the introduction of periodic
boundary conditions (PBC) (Linke et al., 2018). Here, in con-
trast to the previous study, we wanted to examine the finite-
size effect on the reorientation dynamics on slightly smaller
biomolecular systems by varying PBC using solvated systems
with increasing simulation box size. Additionally, we have
explored the difference in peptide dynamics upon solvation
with TIP4P and TIP4P-EW water models, which differ signifi-
cantly in viscosity.

Here we present a combined time-resolved fluorescence
spectroscopic study and molecular dynamics simulation of
two distinctly different peptide systems in solution. We have
used solvated N-acetyl-Tryptophan-Amide (NATA) and a five-
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residue peptide with tryptophan in the N-terminal and lysine
in the C-terminal end and three alanine in between (WK5) for
the measurements and the simulations. The N and C termini of
WK5 were protected with acetylation and amidation, respect-
ively. We have measured time-resolved fluorescence anisot-
ropy targeting the tryptophan at several temperatures in the
experimental component. Molecular dynamics simulation
studies have been carried out on identical peptide systems to
validate simulation and gain atomically detailed insight into
experimental measurements. In the first part of two compo-
nents MD studies, we examined the peptide motions using
three different simulation boxes with the TIP4P water model.
We examined and compared the dynamics of systems in three
simulation box sizes and under two water models, TIP4P and
TIP4P-EW. This carefully designed MD study is in place to
monitor the influence of PBC and water model on the re-orien-
tational dynamics and validate computational observation by
comparing them with the time-resolved measurements.

This study’s primary objective is to obtain microscopic
information about the anisotropy experiments with an atom-
ically detailed interpretation of the measured data. We spe-
cifically addressed the following questions:

How do the time-resolved fluorescence anisotropy decay
measurements of the peptide system vary with increasing
complexity from the simplest dipeptide to a five-residue pep-
tide? How does a change in temperature affects the anisot-
ropy decay? What can be inferred about the conformational
dynamics from the anisotropy decay curve? How does a vari-
ation in the periodic boundary condition under a constant
water model influence the reorientation dynamics? Is there a
finite-size effect under a specific periodic boundary condi-
tion? A finite-size dependence of the rotational diffusion con-
stant is assumed to be present under periodic boundary
conditions. This combined, carefully designed study will test
the validity of this assumption.

Methods

Materials
Experimental measurements on NATA and WK5 were per-
formed by dissolving them in 20mM acetate buffer of pH
4.8. The NATA was purchased from Sigma. The WK5
(AcWA3K-NH2) was obtained from GenScript Corporation
with greater than 95% purity. Sample concentration for each
peptide is determined with the absorbance of tryptophan at
280 nm with a molar extinction coefficient of 5690M!1 cm!1.

Circular dichroism
Far-UV circular dichroism spectroscopy for both NATA and
WK5 at pH 4.8 are measured with a JASCO 815 spectropo-
larimeter in a cylindrical cell with a path length of 0.5mm
and at a concentration of "120 lM concentration. The
recorded spectral range of CD spectra is
between 170! 260 nm.

Fluorescence anisotropy decay measurements
The experimental setup of the time-resolved fluorescence
spectroscopy is described in detail elsewhere. Briefly, NATA
and WK5 fluorescence is generated with excitation at 290 nm
wavelength of light. Fluorescence was collected at 350 nm
with an 8-nm bandpass monochromator. Similarly, parallel
and perpendicular fluorescence polarizations are collected
simultaneously in a T-format. Rotational correlation times for
the NATA and WK5 were obtained by globally fitting the
fluorescence decays with polarization parallel and perpen-
dicular to the excitation polarization.

Computational

The influence of varying solvent box size and solvent viscos-
ity on the structure and dynamics of NATA and WK5 were
analyzed from all-atom MD simulation trajectories in explicit
solvent. We generated four explicit solvents MD trajectories
of 200 ns length for NATA. Three trajectories were generated
with the TIP4P water model in a cubic box of 32.9 Å, 41.7 Å,
and 47.9 Å, respectively. Additionally, a single trajectory was
generated with TIP4P-EW water in a 32.9 Å cubic box.
Analogously, four MD trajectories of 5,000 ns length were
generated for WK5. Three trajectories were with TIP4P
(Jorgensen & Jenson, 1998) water model and cubic box sizes
of 40.4 Å, 50.3 Å, and 56.2 Å, respectively, and a single trajec-
tory with TIP4P-EW (Horn et al., 2004) water and a cubic box
size of 40.4 Å. The trajectories with the largest box sizes have
been described elsewhere (Jas et al., 2016), while the TIP4P-
EW trajectories were described in more detail elsewhere (Jas
et al., 2021). The three box sizes are further denoted as
PBC1, PBC2, and PBC3, for brevity. System details are sum-
marized in Tables S1 and S2 of the SI. Initial peptide struc-
tures were generated with CHARMM (Brooks et al., 2009) in
the extended conformation for NATA and helical form for
WK5. Solvation, the addition of ions, energy minimization,
NPT equilibration at 1 bar and 300 K, and NVT trajectory gen-
eration at 300 K were performed with GROMACS version
4.5.6 and 5.1.4 (Hess et al., 2008); the OPLS-AA protein force
field (Kaminski & Jorgensen, 1996). The PME (Li et al., 2013)
method was used to describe long-range electrostatic inter-
actions, van der Waals interactions were truncated at 1.0 nm,
and all bonds were constrained with LINCS (Heinz et
al., 2001).

In simulations, the ionization states of titratable groups
have been assigned at pH 7, i.e. with a protonated Lys side-
chain in the WK5 pentapeptide and all remaining groups
neutral. These same ionization states are also appropriate at
the experimental conditions of pH 4.5, as pKa values for all
groups present lie well outside the 4.5-7.0 pH range.

Autocorrelation functions (ACFs) were calculated for
selected system variables to describe system dynamics. For
distance-type variables x, we use C1 tð Þ ¼ DxðtÞÞDxð0Þ

! "
, with

DxðtÞ ¼ x tð Þ ! xh i, while for angle-type variables /, we use
the circular statistics result from C1 tð Þ ¼ cosð/! /h iÞ

! "
, with

/h i defined as in Jammalamadaka et al. Correlation times
were obtained from these ACFs in two ways. Most simply, an
average correlation time was generated by integration from
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t¼ 0 to t¼ tc, where the cutoff time is defined by C(tc) ¼
0.01. Alternatively, the functions were fitted to sums of two
exponentials.

Raw values of translational diffusion coefficients Dtr were
calculated from mean-squared-displacements of molecular
centers-of-mass using GROMACS (Hess et al., 2008). PBC cor-
rections Dtr were considered as described by In-Chul et al.
(Yeh & Hummer, 2004)

Rotational diffusion coefficients Drot were calculated in
two ways. In the first, local approach (further denoted as
LOC), three orthogonal axes were defined for the indole side
chain of Trp in NATA and WK5: axis a between CD2 and CE2
atoms, axis b between atom CD1 and center of CH2 and
CZ3, and axis c defined as the vector product of a and b
(Figure 1A and B). In the second global approach (further
denoted as CM or center-of-mass), the axes were defined by
eigenvectors of the peptide instantaneous moment of inertia
tensor in the trajectories. Here axes x1, x2, and x3 corre-
sponded to the largest, intermediate, and lowest eigenval-
ues, respectively (Figure 1C and D). In both methods,
autocorrelation functions C1 tð Þ ¼ cosðhÞ

! "
for reorientations

of each of the three axes were calculated, with h the axis
reorientation during time t. Time constants from integrals of
the functions, as described above, were used to calculate the
rotational diffusion coefficients Drot. Complete details are
described in SI. PBC corrections for Drot were applied follow-
ing Linke et al. (Linke et al., 2018)

To model observed rotational correlation times corre-
sponding to experimentally observed FAD signals, C2 tð Þ ¼
3 cos2 hð Þ!1
! "

functions were calculated, where h is the
reorientation during time t for the 1Lb transition dipole axis
of tryptophan. The 1Lb axis orientation is obtained as a

combination of a and b indole in-plane vectors according to
the description in Yamamoto et al. (Yamamoto & Tanaka,
1972) (Figure 1A and B).

A synthetic description of peptide conformational dynam-
ics was generated by building kinetic network models using
the Optimal Dimensionality Reduction (ODR) (Hummer &
Szabo, 2015), and Markov State Modeling (MSM) (Bowman et
al., 2014) approaches. Details of these procedures have been
described elsewhere. Briefly, discretization of state space is
performed by dihedral angle clustering, and a set of transi-
tions between microstates is generated based on MD trajec-
tories. These are used to obtain the kinetic matrix K in ODR
and transition matrix T in MSM. In ODR, the PCCAþ (Kube &
Weber, 2007) is employed for kinetic coarse-graining, and
the optimal reduced rate matrix R is obtained (Hummer &
Szabo, 2015). MSM models are generated with Emma 1.4
(Senne et al., 2012). More details on the kinetic models are
given in the SI.

Experimental results

Axis representation
Two-axis systems were employed to analyze molecular
reorientations, the local LOC system on the tryptophan
and the global CM system on the center of mass, as
described in the Computational methods (Figure 1). The
decay times measured in time-resolved fluorescence
anisotropy experiments were compared with results from
two-exponential fits to computed C2(t) ACFs of 1Lb, transi-
tion dipole. Time constants associated with the C2(t) ACF
of 1Lb and CM-X2 are in good agreement with the experi-
mental time constants.

Circular dichroism
Far-UV circular dichroism (CD) spectra of NATA and the
pentapeptide WK5 at pH 4.8 as a function of temperature
between 266 K and 333 K are measured, analyze, and
details are reported elsewhere (Jas et al., 2019). To specify
the studied system’s structural properties, here we have
shown the far-UV CD spectrum at 293 K for both NATA and
WK5 in Figure 2A and 2B, respectively. Figure 2C and D
show the starting structure of NATA and WK5, respectively,
from molecular modeling studies. Figure 2A shows the CD
spectrum of NATA at 293 K with two minima at 210 and
198 nm and two maxima at 225 and 185 nm, suggesting
the presence of ordered structural population in the CD at
293 K. In Figure 2B is the CD spectrum of WK5 at 293 K.
There are two maxima at 227 and 185 nm and a minimum
at 198 nm for WK5. There was also an appreciable ampli-
tude at 220 nm. These three components suggest the pres-
ence of distinct populations of three secondary
structural elements.

Fluorescence anisotropy decay
Tryptophan fluorescence decay in parallel and perpendicular
polarization are shown in Figures 3 and 4. NATA fluorescence
decays for parallel and perpendicular polarization at 283 K

Figure 1. Axis systems for peptide reorientation. (A) LOC system on Trp side-
chain in NATA. Axes a and b are shown in red, 1Lb axis representing the transi-
tion dipole in black. (B) LOC system for WK5. Axes a and b are shown in green,
1Lb axis in black. (C) CM system for NATA, axes in the green, center-of-mass
location indicated with a dashed arrow (close to CB atom) shown at t¼ 0. (D)
CM system for WK5, axes in the green, center-of-mass location indicated with a
dashed arrow (close to ALA4 CB) shown at t¼ 0.
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(blue and green), 293 K (blue and orange), and 303 K (green
and cyan) in acetate buffer at pH 4.8 are presented in Figure
3A, C, and E, respectively.

Fluorescence decays for parallel and perpendicular
polarization for WK5 at 283 K (blue and green), 293 K (red
and green), and 303 K (green and cyan) in acetate buffer at

Figure 2. Far-UV circular dichroism measurements at 303 K for NATA (2 A) and WK5 (2B). Starting structures employed in molecular dynamics simulation for NATA
(2 C) and WK5 (2 D).

Figure 3. Time-resolved fluorescence in the parallel and perpendicular polarization with a sum of two exponential fit and instrument function (light blue) for
NATA at 283 K (blue-parallel, green-perpendicular, orange-fit), 293 K (dark-blue-parallel, orange-perpendicular, cyan-fit), and 303 K (green-parallel, cyan-perpendicular,
red-fit) are shown in 3 A, 3 C, and 3E. Fluorescence anisotropy decay (blue) for NATA at 283 K, 293 K, and 303 K are with a single exponential (green), and a sum of two
exponential fits (red) are shown in 3B, 3 D, and 3 F.
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pH 4.8 are presented in Figure 4A, C, and E, respectively. A
bi-exponential fit to each data set is shown with the
solid line.

Fluorescence anisotropy decay (blue) with a single (green)
and bi-exponential (red) fits all data at 283 K, 293 K, and
303 K of NATA and Wk5 are shown in Figures 3B, D, F, and
4B, D, F, respectively. A bi-exponential fit with two-time con-
stants at each temperature for NATA is 6.2ps and 94 ps at
283 K, 6 ps and 83ps at 293 K, and 5.5ps and 60ps 303 K,
respectively.

This analysis suggests that the longer reorientation time is
getting significantly faster with increasing temperature. The
faster time constants are nearly temperature independent.
One of the possible reasons for this observation may be a
coupled motion where reorientational motion moves
through the initiation and propagation pathway. Time con-
stants associated with a bi-exponential fit to the anisotropy
decay of WK5 at 283 K, 293 K, and 303 K are 29ps and 328ps,
28ps 298ps, and 26ps and 247ps, respectively. The faster
time constants for WK5 in a nearly temperature independent
manner, as seen in NATA.

When each anisotropy decay curve was fitted with a sin-
gle exponential function, shown in green with each decay

curve (blue), it could not fully describe the complete data
set. Whereas a bi-exponential function adequately describes
the entire curve, indicating the measured decay is a bi-expo-
nential process.

A possible explanation for this observation may be a
motion combining two distinct processes involving initiation
and global motions within the measured reorientation
dynamics in NATA and WK5. Here the initial step is an initi-
ation process in the form of an internal motion through
vibration and translation. It may then propagate to trigger a
global reorientational motion. The initiation process starts
with the vibrational motion upon excitation of the trypto-
phan indole ring with 280 nm photons which eventually
propagates and manifests into a global movement. It
appears that the initiation process is nearly temperature
independent in the measured temperature range between
283 K and 303 K. The slower components of NATA are meas-
ured to be about three times faster than WK5. These findings
point to size differences in an identical solution. This is a rea-
sonable assessment considering the smaller hydrodynamics
volume and compactness of NATA.

Overall, fluorescence anisotropy decay and far-UV circular
dichroism spectroscopy for NATA and WK5 presented a

Figure 4. WK5 time-resolved fluorescence in the parallel and perpendicular polarization with a sum of two exponential fit and instrument function (light blue) at
283 K (blue-parallel, green-perpendicular, orange-fit), 293 K (red-parallel, dark-green-perpendicular, cyan-fit), and 303 K (light-green-parallel, cyan-perpendicular,
red-fit) are shown in 4 A, 4 C, and 4E. Fluorescence anisotropy decay (blue) at 283 K, 293 K, and 303 K with a single exponential (green) and a sum of two exponen-
tial fits (red) are shown in 4B, 4 D, and 4 F.
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consistent insight for structural and dynamical behavior in
solution. Structurally, MEF analysis showed that even in the
simplest peptide, NATA could have two sets of identifiable
populations with a discernable lifetime. CD analysis showed
they could be a distorted and extended helix. Combining
these two experiments can characterize the heterogeneous
population of structures in solution and assign them with a
lifetime. WK5 derived two dominant species, like poly-L-pro-
line II and beta-hairpin, with a significantly less populated
a-helical population. Analysis of the fluorescence lifetime
data (Jas et al., 2019) suggests that NATA and WK5 adopt
two different shapes in an identical solvent environment.
Time-resolved fluorescence anisotropy decay of NATA and
WK5 showed two very different reorientation times under
identical temperature and solvent conditions. The reorienta-
tion time for WK5 is slower by a factor of about three com-
pared to NATA. These results illustrate a significant difference
in these two peptide systems’ shape and size in an identical
solution condition, with WK5 being larger than NATA.

To obtain anatomically detailed insight and an accurate
interpretation of these experimental measurements and val-
idate computational results, we have carried out all-atom
molecular dynamics (MD) simulation of NATA and WK5 by
varying periodic boundary conditions and water models.

Molecular dynamics results

We have performed MD simulations to characterize internal
motions, translational and orientation dynamics, and associ-
ated diffusion coefficients of the peptides in solution. A
detailed description of NATA and WK5 structure and

dynamics from MD trajectories have been presented else-
where (Jas et al., 2021; Jas et al., 2016). Here we have
focused on the effects of water models and solvent box sizes
on MD simulation. We have generated MD trajectories with
three different simulation box sizes and the TIP4P (Jorgensen
& Jenson, 1998) water model for each peptide and one tra-
jectory involving TIP4P-EW (Horn et al., 2004). Simulation
details are given in Methods and SI. The three trajectories
with varying box sizes and TIP4P water are considered to
investigate the effects of simulation system size on peptide
structure and dynamics. Trajectories with the same box size
and different water models (TIP4P (Jorgensen & Jenson,
1998) and TIP4P-EW (Horn et al., 2004)) are employed to
study the effects of water properties on peptide behavior.
Initial structures of the peptides are given in Figures 2C and
D. To analyze the internal dynamics of the peptides, we have
calculated autocorrelation functions (ACFs) C1(t) and C2(t) for
a range of variables, including end-to-end distance, hydro-
gen-bond length, the radius of gyration, root mean square
deviation of the backbone C-alpha atoms (RMSD) and solvent
accessible surface area. ACFs of the fluctuations of the end-
to-end distance for NATA and WK5 are shown in Figure 5.
The ACFs for NATA for in PBC1, PBC2, and PBC3 with TIP4P,
Figures 5A and C, are nearly superimposed on one another.
C1(t) and C2(t) correlations for WK5 in Figures 5B and D
showed no significant deviation in PBC1, PBC2, PBC3 with
the TIP4P (Jorgensen & Jenson, 1998) water model.
Hydrogen bond fluctuation (HB) ACFs for NATA (Figure 6A)
and WK5 in (Figure 6B) showed nearly identical behavior, as
described in Figure 5 for NATA and WK5, with no significant
deviations. ACFs considering other coordinate systems are
shown in Figures 7 and 8 with corresponding probability

Figure 5. Examples of C1(t) and C2(t) ACFs for fluctuations of the end-to-end distance coordinate following MD trajectory of NATA (5 A, 5 C) and WK5 (5B, 5 D) at
300 K with TIP4P in PBC1, PBC2, and PBC3. ACFs are in blue, green, and light blue. A sum of two exponential fits to the ACFs are in red.
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distributions. In all cases, there are no significant changes in
behavior in varying simulation box sizes.

Figures 6 and 8 compare the ACFs for internal fluctuations
for the TIP4P and TIP4P-EW (Horn et al., 2004) water models,
with the box size kept constant for each peptide.

Comparison of HB C1(t) ACFs between TIP4P and TIP4P-
EW showed slight deviations for both peptides (Figure 6C
and D) with calculated correlation times agreeing within stat-
istical errors. Effects of water model on SASA fluctuations
were negligible (Figures 8C and D). Thus, for both NATA and
WK5, it appears that the change from TIP4P to TIP4P-EW
does not markedly influence the rates of internal fluctua-
tions. Correlation times for several properties are given in
the SI.

Anisotropy decay

The time constants (s2) associated with the C2(t) ACF for the
indole 1Lb axis may be compared with experimentally meas-
ured anisotropy decay times to establish the MD simulations’
validity. To better represent the s2 data, the longer time con-
stants from two-exponential fits to 1Lb axis C2(t) obtained
from the MD trajectories were employed, shown in Figures
9A and B. For NATA, the times are 33, 31, and 31 ps in the
TIP4P trajectories and 44ps in TIP4P-EW (Figure 9A, statistical
errors are about 3 ps). For WK5, the times are 109, 110, and
96ps in TIP4P and 158 ps in TIP4P-EW (Figure 9B, errors are
about 6 ps). Thus, we find that the box size does not system-
atically influence s2: A Change of the water model does have
a significant influence. The s2 times are "40% slower for
NATA and "50% for WK5 in the more viscous TIP4P-EW. This

is consistent with the viscosity change from 0.494 for TIP4P
to 0.742mPa s for TIP4P-EW at 298 K and 1 bar (Horn et al.,
2004). Compared to the experimental data, 60 ps for NATA
and 247 ps for WK5, the computed 1Lb s2 time constant tend
to be underestimated. This is consistent with our previous
analysis (Jas et al., 2019).

Global vs. Local peptide reorientation

We have obtained two measures of molecular reorientation.
The LOC axes’ reorientations, located on the tryptophan
indole group, follow the motions of this rigid sidechain and
may be probed with FAD measurements. Reorientations of
the CM axes describe changes in the moment of inertia ten-
sor, which are sensitive to both the whole molecule’s rota-
tions and changes in the peptide shape. The x1 axis in the
CM system, by definition, describes the slowest reorienta-
tions, while x2 and x3 are comparatively faster. As shown in
Figure 10, the time scales of the CM-x1 axis reorientation do
not vary systematically with box size for either peptide. The
effect of the water model on CM-x1 reorientation is similar
to that seen for the LOC 1Lb axis, with "50% change for
NATA (Figure 10B) and "30% for WK5 (Figure 10D) consider-
ing TIP4P and TIP4P-EW.

Interestingly, the CM-x1 reorientations are systematically
slower than we found for LOC axes for the same simulation
system, according to the intuition that the whole system
should tend to move more slowly than its parts. However,
the CM-x2 and x3 axes tend to reorient faster than the Trp-
based LOC axes. This most probably is the result of more
substantial effects of peptide shape change. Figure 9

Figure 6. ACFs C1(t) for length fluctuations of hydrogen bonds – blocking acetyl CO with blocking amide NH2 for NATA and acetyl C¼O with peptide HN of LYS5
in WK5. (A) Different box sizes PBC1, PBC2, and PBC3 with TIP4P for NATA. (B) PBC1 box with TIP4P and TIP4P-EW for NATA. (C) Different box sizes PBC1, PBC2,
and PBC3 with TIP4P for WK5. (D) PBC1 box with TIP4P and TIP4P-EW for WK5.
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compares the s2 correlation times for the LOC and CM axes
in NATA and WK5 and exhibits the same trends as discussed
above. More information on axis correlation times is given
in the SI.

Rotational diffusion in LOC axes
Rotational diffusion coefficients, calculated from the C1 ACFs
of three axes of the Trp indole group (described in Methods
and SI), are presented in Figures 11A and C, with more

Figure 7. Examples of ACFs C1(t) for structural variables of NATA for three box sizes, PBC1, PBC2, and PBC at TIP4P water. (A) The radius of gyration (RGYR) (B)
Acetyl blocking group carbonyl O distance from Trp sidechain (W1-CO) (C) non-hydrogen atom RMSD from starting structure (D) End-to-end distance (EE). Insets
show probability distributions of the variables. Variation in RMSD value distributions reflects slight differences in starting structures after equilibration under the dif-
ferent conditions.

Figure 8. ACFs C1(t) for fluctuations of peptide solvent accessible surface area (SASA). (A) Different box sizes PBC1, PBC2, and PBC3 with TIP4P for NATA. (B)
Different box sizes PBC1, PBC2, and PBC3 with TIP4P for WK5. (C) PBC1 box with TIP4P and TIP4P-EW for NATA. (D) PBC1 box with TIP4P and TIP4P-EW for WK5.
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details in Supplementary Information. Besides the raw rota-
tional diffusion coefficients Drot, we also include the limiting
values Drot,0 obtained by adding corrections for the finite sys-
tem size due to periodic boundary conditions, as done previ-
ously (Linke et al., 2018). The raw Drot values obtained from

the TIP4P MD trajectories exhibited slight variation with box
size, reaching 5.99, 6.41, and 6.24 ns!1 for the three NATA
boxes, shown in Figure 11A, and 1.78, 1.94, and 1.94 ns!1 for
WK5, shown in Figure 11C. The NATA results all agreed
within statistical errors, while for WK5, only the smallest box

Figure 9. Rotational correlation times from C2(t) ACFs measuring time scales of peptide reorientations. Comparison of results with PBC1, PBC2, and PBC3 box sizes
and TIP4P and PBC1 with TIP4PEW. (A) NATA LOC 1Lb axis. (B) NATA CM-x2 axis. (C) WK5 LOC 1Lb axis. (D) WK5 CM-x2 axis.

Figure 10. Rotational correlation times from C1(t) ACFs measuring time scales of peptide reorientations. Comparison of results with PBC1, PBC2, and PBC3 box sizes
and TIP4P and PBC1 with TIP4PEW. (A) NATA LOC 1Lb axis. (B) NATA CM-x1 axis. (C) WK5 LOC 1Lb axis. (D) WK5 CM-x1 axis.
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results were measurably lower than those from the other
two simulations. The PBC corrections were relatively small for
rotational diffusion, with statistically insignificant differences
between the corresponding raw Drot and corrected Drot,0 val-
ues. The raw data followed the theoretical model straight
line dependence on 1/V, with V the molecular volume (Linke
et al., 2018), but the line itself is almost horizontal in the
data range explored by our peptides. In conclusion, PBC cor-
rections are not crucial for small peptide rotational diffusion
in boxes of a few nm in size. In the TIP4P-EW simulations,
the raw rotational diffusion coefficients were 4.59 ns!1 for
NATA and 1.38 ns!1 for WK5. Here, the PBC correction factors
were relatively small. The decreases in diffusion rates
between TIP4P-EW and TIP4P were consistent with the vis-
cosity changes.

Rotational diffusion in CM

A detailed description of the methods and data used to cal-
culate rotational diffusion coefficients from the C1 ACFs of
the three eigenvectors of the peptide moment of inertia ten-
sor (CM axes), are presented in the SI. The raw Drot values
obtained from the TIP4P MD trajectories exhibited slight vari-
ation with box size, reaching 9.7, 8.8, and 9.1 ns!1 for the

three NATA boxes, and 3.32, 3.26, and 3.18 ns!1 for WK5.
These variations showed insignificant systematic trends and
mostly agreed with their statistical errors, estimated as
0.4 ns!1 for NATA and 0.06 ns!1 for WK5. Similar to the LOC
analysis, the PBC corrections were also relatively small, in this
case. In the TIP4P/EW simulations, rotational diffusion coeffi-
cients of 6.2 for NATA and 2.4 for WK5 were calculated. The
decrease in diffusion rates was due to the viscosity change
between models, as expected.

Translational diffusion
Results for translational diffusion are presented in Figures
11B and D for NATA and WK5, respectively, detailed data
sets are presented in SI. Besides the raw translational diffu-
sion coefficients Dtr, we also include the limiting values Dtr,0

obtained by adding corrections for periodic boundary condi-
tions, as calculated by Hummer and co-workers (Yeh &
Hummer, 2004). In TIP4P water the peptide diffusion coeffi-
cient values derived from the MD trajectories were 0.800,
0.824, and 0.877' 10!9 m2/s for three NATA boxes, and
0.396, 0.480, and 0.489' 10!9 m2/s for WK5. Typical errors
were in the 3-5% range. As expected, the Dtr data in Figures
11B and D may be fitted to a straight line as a function of 1/

Figure 11. Peptide diffusion coefficients. (A) Rotational diffusion coefficients Drot for NATA in LOC axes. Raw MD trajectory values and corrected limiting values (D0)
for three box sizes with TIP4P and one size with TIP4P. The model line represents the expected theoretical behavior of raw values in TIP4P (Jorgensen & Jenson,
1998). Raw and limiting values overlap for NATA. (B) Translational diffusion coefficients Dtr for NATA. Raw MD trajectory values and corrected limiting values (D0)
for three box sizes with TIP4P and one size with TIP4P. The model line represents the expected theoretical behavior of raw values in TIP4P. (C) Rotational diffusion
coefficients Drot for WK5 in LOC axes. Raw MD trajectory values and corrected limiting values (D0) for three box sizes with TIP4P and one size with TIP4P. The model
line represents the expected theoretical behavior of raw values in TIP4P. (D) Translational diffusion coefficients Dtr for WK5. Raw MD trajectory values and corrected
limiting values (D0) for three box sizes with TIP4P and one size with TIP4P. The model line represents the expected theoretical behavior of raw values in TIP4P.
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a, with a solvent box size (Yeh & Hummer, 2004) (the equa-
tion is in SI).

In NATA’s case, the variation with box size is not statistic-
ally significant, with all three values agreeing within their
errors. For WK5, the value for the smallest box size is signifi-
cantly lower than the other two results. However, the transla-
tional diffusion PBC corrections were quite large, up to 45%
for NATA and up to 70% for WK5. The corrected limiting val-
ues Dtr,0 obtained from the three TIP4P simulations were in
agreement for each of the peptides, falling into the 1.114-
1.167' 10!9 m2/s range of NATA and 0.695! 0.720' 10!9

m2/s range for WK5. Generally, for small peptides in boxes of
several nm sizes, it appears that it is crucial to include PBC
corrections in translational diffusion analysis. For TIP4P/EW
simulations, the corrected coefficients Dtr,0 were 0.794' 10!9

m2/s and 0.539' 10!9 m2/s for NATA and WK5, respectively.
In this case, the PBC corrections were also significant, and
the slower diffusion relative to TIP4P was in accord with the
viscosity difference.

Kinetic models
Kinetic models with varying levels of trajectory discretization
and kinetic coarse-graining are described in detail in the SI.
We employed both Optimal Dimensionality Reduction and
Markov State Modeling approaches. For NATA, the slowest
kinetic process was the reorientation of the Trp v 1 sidechain
dihedral at a 1 ns time scale. Faster relaxations involved
coupled transitions in backbone and sidechain dihedrals.
There was no marked influence of simulation box size or
water model on the kinetic modeling, either in terms of time
scales or transition pathways. For WK5, the slowest process
involved folding of a 310 helix state from extended-type
structures at a 10 ns time scale. In this pentapeptide, faster
processes involved transitions between extended, PPII, and
turn conformations. Kinetic models of sufficiently high reso-
lution did not exhibit significant changes with box size or
water model. To summarize the ODR results, we present the
representative structures from three-dimensional kinetic
models in Figures 12 and 13 for NATA and WK5, respectively.

In most cases, the MSM and ODR methods generated con-
sistent kinetic predictions. The one exception was the MSM
model for WK5 in TIP4P/EW at the highest resolution (102
dihedral clusters), which predicted the slowest relaxation at
ca. 20 ns, much longer than any other MSM or ODR calcula-
tions. Details of kinetic modeling are in the SI.

Validation of simulation results
MD simulation results for NATA and WK5 were validated by
examining time-resolved fluorescence anisotropy decay
measurements (FAD). The time constant associated with C2
ACFs for NATA and WK5 was compared with FAD data.
Results from the FAD measurements at 303 K were used to
compare with simulation results. A fit to the FAD data with a
sum of two exponential functions generated two associated
time constants, 5.5ps and 60ps for NATA and 26ps and
247ps for WK5. C2 ACFs along transition dipole, 1Lb, and Cm-
X2 from molecular dynamics simulation for NATA and WK5

were compared with the FAD. A sum of two exponential fits
to NATA C2(t) of

1Lb in PBC1, PBC2, PBC3, and TIP4P-EW gen-
erated 8ps and 33ps, 1ps and 31ps, 1ps and 32ps, 3ps and
48ps, time constants, respectively. Considering NATA Cm-X2
reorientation under identical boundary conditions produced
4ps and 28ps, 5ps and 30ps, 4ps and 33ps, 3ps and 37ps,
and time constants. It is important to note that time con-
stants extracted from varying periodic boundary conditions
and considering the LOC and CM axis systems produced very
similar effects, with motions in TIP4P-EW slower due to the
water viscosity effect. This also points out that NATA reorien-
tation motion is barely affected by the change in periodic
boundary conditions but is strongly influenced by the
change in water viscosity. Reorientation along 1Lb for WK5
C2 ACFs generated time constants of 24ps and 108ps in
PBC1, 29ps and 111ps in PBC2, 19ps and 100ps in PBC2,
33ps and 152ps in TIP4P-EW. Extracted time constants associ-
ated with reorientation motion along Cm-X2 are 25ps and
143ps in PBC1, 31ps and 100ps in PBC2, 30ps and 143ps in
PBC3, 45 and 250ps in EW, respectively. Time constants
along 1Lb for WK5 significantly underestimate the experimen-
tal value, 26ps, and 247ps, in all periodic boundary condi-
tions, including the use of TIP4P-EW. This finding may be
explained by the fact that both TIP4P and TIP4P-EW under-
estimate the shear viscosity of water (Jorgensen & Jenson,
1998,Horn et al., 2004). Cm-X2, C2(t) ACFs for WK5 underesti-
mate the experimental time constant in PBC1, PBC2, and
PBC3. Whereas in TIP4P-EW, C2(t) along Cm-X2 produced
almost identical value as observed in the FAD. In summary,
both NATA and WK5 MD simulations yield reorientation
times that essentially do not vary with PBC box size while
scaling as expected with the viscosity of the water model.

Discussion

The regulation and function of peptides and proteins are
governed by the motions associated with their conforma-
tions. The reorientation dynamics are often seen as an essen-
tial component of biomolecular assembly and binding.
Theoretical characterization of many experiments such as
time-resolved fluorescence anisotropy (Jas et al., 2021; Jas et
al., 2016), nuclear magnetic resonance (NMR) (Tjandra et al.,
1995; Br€uschweiler et al., 1995; Lee et al., 1997; Ghose et al.,
2001; Wang et al., 1997; Boisbouvier et al., 2003; Duchardt et
al., 2008), dynamic light scattering (Berne & Pecora, 2000)
involves rotation. Significant effort combining theory and
experiments has been employed to probe internal motions
in the picosecond timescale (Shoup & Szabo, 1982; Northrup
et al., 1984; Morelli & Ten Wolde, 2008; Klein & Schwarz,
2014; Ilie et al., 2014; Berne & Pecora, 2000; Woessner, 1962a;
Woessner, 1962b; Lipari & Szabo, 1982; Tjandra et al., 1995;
Br€uschweiler et al., 1995; Lee et al., 1997; Ghose et al., 2001;
Wang et al., 1997; Boisbouvier et al., 2003; Duchardt et al.,
2008; Wolf et al., 2012; Debye, 1929; Perrin, 1936; Perrin,
1934; Ortega et al., 2011; McKinney et al., 2003; Boisbouvier
et al., 2003). Fluorescence spectroscopy with a carefully
placed fluorophore in biomolecular structure has become an
essential tool to monitor dynamics and interactions
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(Lakowicz, 1999; Schr€oder et al., 2005; Loman et al., 2010;
Hummer & Szabo, 2017; Szabo, 1980; Schuler et al., 2002;
Margittai et al., 2003; Weiss, 1999; Schr€oder & Grubm€uller,
2003; Munro et al., 1979; Jas et al., 2021). Time-resolved
fluorescence anisotropy is used to monitor structure, con-
formational changes, and flexibility of the bio-molecular sys-
tem in solution as the fluorophore is attached to the peptide
and proteins. All-atom molecular dynamics simulation is
developed into a powerful computational method to provide
microscopic insight into the experimental observation. It has
been suggested that the results of rotational dynamics of
proteins and nucleic acid may be contaminated with finite-
size effects in molecular dynamics simulation. Recent
molecular dynamics study of a single domain protein and B-
DNA rotational dynamics found systematic effects of solvent
box size on translational and rotational diffusion upon intro-
ducing periodic boundary conditions (PBC) (Linke et al.,
2018). It is of fundamental interest to examine how a signifi-
cantly smaller system such as di and pentapeptides behave
under different PBC by changing simulation box sizes and
water models. To examine this effect, we have carried out
fluorescence lifetime measurements with maximum entropy
fits to characterize structural population with a lifetime
stamp for two simple peptide systems NATA and WK5. We
then performed time-resolved fluorescence anisotropy meas-
urements to study reorientation dynamics for these two pep-
tide systems. We measured fluorescence anisotropy under
various conditions, such as varying temperatures and the

systems’ structural complexity. This experimentally measured
data provided a baseline to test the validity of molecular
dynamics simulations, provided the opportunity to accurately
interpret the measured data, and create an atomically
detailed picture with microscopic insight into the conform-
ational dynamics. We designed and carried all-atom molecu-
lar dynamics simulations by varying the simulation box-size
and water model to test the effects of finite system size on
translational and rotational diffusion and internal
fluctuations.

To validate simulation predictions, we have experimentally
examined the time scales of FAD signals and far-UV CD spec-
trum at relevant temperatures for NATA and WK5. Molecular
dynamics simulations in three different simulation box-size
and with two different water models for NATA and WK5
were carried out to accurately interpret experimental obser-
vation and gain atomically detailed insight into the dynam-
ical properties of the peptides in solution.

Experimental measurements and a sum of two exponen-
tial fit the FAD data yield two-time constants for NATA and
WK5. Analysis of the FAD showed that the faster of the two
constants remain unchanged with increasing temperature.
The slower components showed significant temperature
dependence, becoming faster with increasing temperature.
Faster and nearly temperature-insensitive components can
be attributed to the motion due to vibration upon excitation,
which will then propagate and manifest as a global orienta-
tion motion. FAD analysis of NATA and WK5 showed a

Figure 12. Representative structures for NATA ORD kinetic models with N¼ 3 aggregate states. Left-to-right: state1, state two, and state 3, described in SI. PBC1 –
model with Nc ¼ 15 and TIP4P, PBC2 – model with Nc ¼ 16 and TIP4P, PBC3 – model with Nc ¼ 19 and TIP4P, EW – model with Nc ¼ 17 and TIP4P-EW. In each
case, the Nc clusters are divided into N¼ 3 aggregate states. The representative structure shows the most populated cluster from each aggregate state.
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temperature-insensitive and temperature-sensitive compo-
nent for each peptide system. This observation can be
inferred possibly as an initiation step, temperature-insensitive
component, and a propagated motion as global reorienta-
tion (Jas et al., 2021).

Molecular dynamics simulations with three different box
sizes and in two water models yielded several notable
effects. The system properties examined from the MD
included translational diffusion, rotational diffusion measured
in a local and global axis system, and fluctuations of various
structural variables. We have also analyzed the kinetic prop-
erties of peptides with ODR and MSM to study internal
dynamics under different periodic boundary conditions.
Notably, the internal fluctuations time scales for NATA and
WK5 showed statistically insignificant variation with either
solvent box size or change of water model from TIP4P to
TIP4P-EW. The lack of any noticeable change with the vari-
ation of simulation box size suggests that typical minimum
box sizes used in biomolecular simulations are sufficient to
capture peptide conformational dynamics. An extra water
molecule does not change the peptide behavior. The lack of
variation with the water model indicates an absence of cou-
pling between the internal motions of peptides and solvent
in these molecules. This contrasts with the definite effects of
viscosity on measured folding studies in larger systems
(Linke et al., 2018). In accord with theory, translational and
rotational diffusion coefficients from simulations in TIP4P and
TIP4P-EW water models were approximately inversely

proportional to viscosity. Thus, the global peptide motions
exhibited the expected solute-solvent coupling. The detected
effects of water model change on internal and external pep-
tide dynamics are robust, with similar trends in both studied
systems. However, several exciting features of the diffusion
were detected, different from what is found in previous stud-
ies for larger systems (Jas et al., 2001). For both translational
and rotational diffusion, the changes in rates with box size
were insignificant for sizes studied here. However, the correc-
tions for finite system size magnitudes were significant for
translational diffusion coefficients Dtr and insignificant for
rotational diffusion coefficients Drot. Therefore, finite-size cor-
rections to Dtr should be widely applicable in molecular
dynamics simulations.
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