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ABSTRACT: Precisely quantifying the magnitude, direction, and
biological functions of electric fields in proteins has long been an
outstanding challenge in the field. The most widely implemented
experimental method to measure such electric fields at a particular
residue in a protein has been through changes in pK, of titratable
residues. While many computational strategies exist to predict these
values, it has been difficult to do this accurately or connect predicted
results to key structural or mechanistic features of the molecule. Here, we
used experimentally determined pK, values of the fluorophore in
superfolder green fluorescent protein (GFP) with amino acid mutations
made at position Thr 203 to evaluate the pK, prediction ability of
molecular dynamics (MD) simulations using a polarizable force field,
AMOEBA. Structure ensembles from AMOEBA were used to calculate
pK, values of the GFP fluorophore. The calculated pK, values were then compared to trajectories using a conventional fixed charge
force field (Amber03 ff). We found that the position of water molecules included in the pK, calculation had opposite effects on the
pK, values between the trajectories from AMOEBA and Amber03 force fields. In AMOEBA trajectories, the inclusion of water
molecules within 35 A of the fluorophore decreased the difference between the predicted and experimental values, resulting in
calculated pK, values that were within an average of 0.8 pK, unit from the experimental results. On the other hand, in Amber03
trajectories, including water molecules that were more than 5 A from the fluorophore increased the differences between the
calculated and experimental pK, values. The inaccuracy of pK, predictions determined from Amber03 trajectories was caused by a
significant stabilization of the deprotonated chromophore’s free energy compared to the result in AMOEBA. We rationalize the
cutofts for explicit water molecules when calculating pK, to better predict the electrostatic environment surrounding the fluorophore
buried in GFP. We discuss how the results from this work will assist the prospective prediction of pK, values or other electrostatic
effects in a wide variety of folded proteins.
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B INTRODUCTION

Electric fields generated by the three-dimensional position of

from both experimental and computational perspectives have

demonstrated that a measurable indicator of integrated protein

amino acid atomic charges within a protein have long been
recognized as a fundamental driving force directing critical
biomolecular properties including folding, dynamics, catalysis,
ligand bmdmg, protein—protein interactions, and other
functions.'™® Quantifying the magnitude and direction of
electric fields within and around proteins is a complex task
because these fields are generated by a large amount of partial
charges interacting through space over short and long-
range.””” It has been demonstrated that it is often necessary
to consider Coulombic information from residues far from an
enzyme active site in order to replicate experimentally
observed effects such as reduction potential'® or enzyme
kinetic efficiency.'' ™"’ Taken together, long-standing work
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electric field combined with a physical model that can support
the experimental measurements is extremely complicated.
Although there are a number of experimental methods for

measuring electric fields in proteins, including NMR spectros-
14—16

copy and vibrational Stark effect spectroscopy,'”'® by far
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the most common method has been measuring pK, shifts of
titratable residues and interpreting those shifts in terms of local
electric field around the proton.'””>® This is because the
tendency of the residue to stay in its charged versus neutral
state can be accurately measured through 'H and "*C chemical
shifts by NMR or by absorption or emission energy changes of
an internal spectroscopic probe."”">'7'*** Moreover, the
tendency of a residue to stay in its charged or neutral state in a
protein is physically determined by the electrostatic environ-
ment generated from the positions of partial charges of all
atoms in that protein, including associated water mole-
cules.”*™*° Thus, the development of the understanding on
the pK, values of residues at the active site or targeted location
in a protein is the base of any protein application technology
and the corresponding model theory. Although measured pK,
values are good indicators for local fields generated by the
surrounding electrostatic environment, even with this
information it is challenging to determine which specific
interactions contribute to a pK, value because it is a
measurement of a change in free energy of two separate states
(protonated and deprotonated), affected by the chemical
environment over a range of distances from the position of the
titrated proton. For example, the pK, value of a lysine side
chain in water is 10.5, but when lysine is buried in a low
dielectric, hydrophobic protein interior, pK, values as low as
5.3 have been measured.”” Similarly, the side chain of aspartic
acid has a pK, of 1.99 in water, but this can increase to as high
as 9.30 when the residue is buried in a more hydrophobic
protein interior.”® However, knowing that a hydrophobic
environment stabilizes the neutral form of an acid or base does
not provide the specific magnitude and direction of electric
fields or indicate which atoms over which distance range are
involved, a level of detail necessary for understanding the effect
of electric field on all aspects of protein structure and function.
To obtain this, many attempts have been made to theoretically
predict the pK, values of different targeted residues using
quantum mechanics, combining quantum mechanics with
classical molecular mechanics (QM/MM),””*® different
approaches of continuum electrostatics,””™>>**~>* and the
more recent constant pH molecular dynamics (MD)
simulations.*> ™37 Among these techniques, the more conven-
tional and available electrostatic calculation methods could
accurately predict the pK, values of protein residues that are
exposed to solvent, but the pK, values of residues that are
buried in a complicated environment such as a protein interior
remain challenging.””** The pK, values of buried residues
could possiblgf be accurately calculated by constant pH MD
simulations;>*>” however, this is not currently available with
polarizable force fields, the focus of the current work.

One significant challenge in quantifying the electrostatic
effect of a protein interior accurately with all relevant physical
details is the computational cost. A common strategy to
calculate pK, values of buried residues is to use a
thermodynamic cycle to calculate the differences between the
electrostatic free energy of a titratable residue in water and in a
protein embedded in continuum solvent by solving the linear
Poisson—Boltzmann (PB) equation.”””** While the direction
of the pK, shifts between water and protein for protein surface
residues can usually be predicted accurately,””** the magnitude
of the pK, shifts can be off by several pK, units, especially for
buried residues.'”***> Combining the PB equation with
different MD force fields allowed us to improve the reliability
of pK, calculations by optimizing the computational

procedures. In this work we explore the contributions of
three common contributions to inaccurate predictions of pK,
values: (1) relegating all water molecules, no matter their
distance from the protein surface, to part of the dielectric
continuum that may neglect critical nonbonded interactions;
(2) i%noring many-body polarization during calcula-
tions;'”*”*® and (3) inaccurate structural ensembles generated
by MD simulations that will skew accurate representation of
electrostatic effects.'”*>*%*

To conduct MD simulations, it is necessary to choose a
potential energy function to evaluate the forces on every atom,
such as that shown in eq 1, where the total potential energy of
the system is a sum of potential energies from bond vibration
(Upona), angle bending (Uangle), vibrational and bending
coupling (Uyy), out-of-plane bending (U,,,,), dihedral torsions
(Uyy), van der Waals interactions (U,g,), permanent electro-

erm

static interactions (UE™), and many-body induction or

- indy 44
polarization (U%d

U="Uypq + Upge + Upg + Uy, + U,

oop tor

+ Uy, + U™ + U

(1)
Common classical force fields use fixed charges for every atom
without considering the polarization effect (U%d 19,4946 for
computational speed. Although MD simulations using these
fixed charge force fields can predict the secondary structures of
peptides and proteins with a high degree of accuracy,””** they
may fail to generate structures that can be used to accurately
predict the pK, values of buried residues.'” One possible
reason for this is that the short-ranged polarization between
atoms makes strong contributions to pK, in addition to long-
ranged permanent electrostatic interactions, suggested by
several studies that compared the calculated pK, values from
both fixed charge and polarizable force fields.””*"**>°
However, previous studies have either only included polar-
ization in the energy minimization process or applied auxiliary
particles to polarizable atoms rather than directly considering
many body polarizabilities by applying atomic dipole
induction. To investigate this, we have chosen to explore the
polarizable atomic multipole optimized energetics for bio-
molecular applications (AMOEBA) force field that includes
many-body polarization through atomic dipole induction.
Moreover, the permanent electrostatic interaction term (UZ™
in AMOEBA also considers permanent dipole and quadrupole
interactions to generate a more detailed description of
electrostatic fields generated within a protein that are from
atomic charge only.””**

Previous work in our laboratory used the Amber03 fixed
charge force field to perform MD simulations of structures of
mutants of superfolder GFP (hereafter GFP).'”*" The wild
type structure of this construct (taken from protein data bank
(PDB) accession number 2b3p) is shown in Figure 1.°" It
includes 11 strands arranged in a f-barrel, the fluorescent
chromophore, multiple water molecules within the protein
interior (two are shown in Figure 1), and a nearby residue
T203 that was mutated in this work. The naturally occurring
fluorophore located inside the GFP f-barrel can be either
protonated (A state) or deprotonated (B state), shown in
Figure 2. To quantify the effect of electric fields on the
electrostatic environments around the fluorophore, mutations
were made at a nearby residue, T203, to Cys, Phe, His, Asn,
Ser, and Tyr. The experimentally measured pK, values of the
fluorophore in these mutants ranged from 6.48 to 7.95"
because of changes in the electrostatic environment near the

ngle
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Figure 1. Representative structure of WT GFP (cyan) enclosing the
TYG fluorophore (green) with the hydroxyl group (yellow) that is
titrated in experiments and simulations. T203 (pink) and two nearby
water molecules are also shown.
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Figure 2. Structure of the chromophore that was used to parametrize
the molecule for AMOEBA simulations showing the protonated (A)
and deprotonated (B) states.

chromophore controlled by the chemical structure at position
203. The different hydrogen bonding network between nearby
water molecules, protein residues around the fluorophore, and
the phenol group of the fluorophore determined the pK, values
of the fluorophore in these mutants. Interactions between the
fluorophore and the side chains of aromatic residues, such as
tyrosine and phenylalanine, tended to stabilize the neutral form
of the fluorophore. However, the computational predictions
made using Amber03 trajectories with linear PB equations in
our previous work were not able to reproduce the experimental
pK, values of the fluorophore."”

In this work, we used the AMOEBA polarizable force field in
MD simulations to compare pK, predictions directly to the
Amber03 fixed charge force field. Equilibrium ensembles from
AMOEBA MD simulations were used to calculate the
electrostatic free energies of the A and B states of the
fluorophore in GFP by solving the linear PB equation.””™** In
a typical application of the linear Poisson—Boltzmann
equation, all of the water molecules are replaced by a dielectric
continuum of 78.54.'”>* In this work, to better compare the
pK, values calculated from the trajectories from Amber03"
versus those from AMOEBA force fields, different amounts of
water molecules were treated explicitly by PB. In this

treatment, every atom in the simulation (protein and water)
for trajectories from both force fields was represented by the
atomic charges and radii based on the corresponding values of
the two force fields as water at increasingly large distances
away from the fluorophore was included explicitly in the PB
calculation. The pK, values of the fluorophore generated by
these two different force fields were compared with the
previously published experimental pK, data sets."” We found
that including more explicit water molecules in PB calculations
lowered the accuracy of the predicted pK, values from the
Amber03 force field trajectories but increased the accuracy of
predicted pK, values from AMOEBA trajectories. Moreover,
the greater discrepancy in pK, values from Amber03
trajectories were not random but instead were caused by
overstabilization (and subsequent decrease in free energy) of
the deprotonated states of each of the mutants as more water
molecules were included explicitly.

B METHODS

Molecular Dynamics (MD) Simulation—AMOEBA
Force Field. The parameters for the AMOEBA polarizable
force field for the GFP fluorophore in both protonated (A) and
deprotonated (B) states (Figure 2) were derived from the
AMOEBA parameter generator program Poltype.53 Gaussian
09 was used for the QM calculations in Poltype.”* The initial
GFP structures of WT and all mutants were taken from our
previous work,"® which describes preparation of each structure
and the considerations of the protonation states of the residues
as they relate to previous studies.**”"*> We conducted MD
simulations of WT (T203), T203C, T203F, T203H, T203N,
T203S, and T203Y with both protonated and deprotonated
states of the fluorophore by using the AMOEBA force field
implemented in Tinker version 8.7.°° Packmol®” was used to
build the simulation box containing 5—6 Na* to neutralize the
charge of the GFP and water molecules to fill a cubic box of 98
A3™ After energy minimization of the system, the MD
simulations started at constant volume heating from 0 to 298 K
for 6.6 ns with a time step of 2 fs, followed by constant
pressure MD at 298 K for 2 ns at a time step of 2 fs. The
production MD simulations were done with the averaged
constant volume for 90 ns by using a time step of 2 fs with
frames recorded every 4 ps. From the energy minimization
process to every phase of the MD simulations, the permanent
charge, dipole, quadrupole, and many-body polarization were
all considered. For all mutants, we calculated the root-mean-
square deviation (RMSD) of protein backbone atoms between
each MD structure and the initial energy minimized protein
structure to determine when the AMOEBA structures became
stable. These results are shown in Figure S1; we observed that
the RMSD values became stable after a few ns. For the
fluorophore itself, the RMSD values between the AMOEBA
trajectories and the fluorophore of the initial energy minimized
proteins were less than 1 A throughout the simulation, shown
in Figure S2. We took the trajectories, including the water
molecules and every atom in the protein, that were generated
from the last 40 ns, collected in 500 ps steps, to calculate pK,
values.

The corresponding RMSD values from Amber03 trajectories
for the protein backbone atoms for each captured structure and
the initial energy minimized protein are shown in Figure S3."
The parameters of the protonated and the deprotonated
fluorophore were generated by Nifost et al.>® The Amber03
structures included the MD simulations on the protein
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structures by Amber03 force field*”® in the GROMACS
(5.0.4) software package and explicit solvation with TIP3P
water.> We observed that the RMSD values remained low
(<2.7 A) after 10 ns. As previously observed, the AMOEBA
polarizable force field gave rise to larger fluctuations (measured
by RMSD) during MD simulations of proteins than fixed
charge force fields due to the differences in torsional
parameters.”> RMSD values for the fluorophore when
compared to the initial energy minimized structure were less
than 1 A throughout the simulation, shown in Figure $4."” We
used trajectories from 10 to 50 ns generated from the previous
work'? to further calculate pK, values.

Combination of MD Trajectories with Electrostatic
Free Energy Calculation in APBS. We treated both the
Amber03 and the AMOEBA MD trajectories exactly the same
way since they were the input trajectories in the APBS
calculations. We referred this treatment to previous work that
calculated the pK, values of carboxylic residues in protein with
the both fixed charge (OPLS) and the polarizable force field
(PFF) energy minimized structures followed by an electro-
statics calculation with PB. In that work, the authors concluded
that the PFF structure combined with PB equation predicted
pK, values closer to the experimental results despite the fact
that the PB calculation does not take advanced electrostatic
terms into account.”” The value of the dielectric constant of
GFP in this work was determined by referring to the previous
work,"® which suggested the screening effect throughout the
dielectric constant between 2 and 8 were similar'’ when the
MD trajectories were generated by all-atom simulations for
GFP. The value 6 was then determined based on the better
correlation with experimental pK, values of GFP fluoro-
phore;'” the value 6 was then adopted in this work.

For the last 40 ns of both AMOEBA and Amber03
trajectories, we collected structures every 500 ps to calculate
the free energy differences between the protonated and
deprotonated fluorophore in GFP wusing the adaptive
Poisson—Boltzmann Solver (APBS) to calculate protein free
energy.” The goal was to calculate the free energy of the
fluorophore in water and in GFP (AA,G), as shown in eq 2:

AA,G = —RT In(K,) (2)

using_ a convenient thermodynamic cycle illustrated in Figure
3.19957% Here, the pK, shift (ApK,) between the fluorophore
in water (8.2) and in protein was determined using eqs 3 and
4:

AAG = A,G,, — AG

a “protein

= AfoerB - AfoerA
= —RT In(K,) (3)

AaGfree - AaGpmtein _ AfoerB - AfoerA _ AAaG

ApK, = =
RT In 10 RT In 10

RT In 10
4)

where AA,G is the free energy difference between the
fluorophore in an aqueous environment isolated from the
protein (A,G..) and the protein environment (A,Goein). We
calculated AA,G by determining A, G, x and A, Gy, which
represent the differences in electrostatic free energy of the
fluorophore transferred from water to the protein environment
for the A state and B state, respectively. These were calculated
from eq 5:

Afoer A

Figure 3. Free energy cycle used to calculate the electrostatic free
energy differences between the A (blue) and B (red) states of the
fluorophore. The GFP structure is shown in cyan.

1 BN BN
AGyun = - [ () () dy

1 N N
AGy 5 = — f r) W(r) dv
xfer B 2 pB( ) B( ) B (5)
by integrating charge density p(¥) and electric potential W(7)
over the total volume of the system. We used APBS version 1.4
to perform the free energy calculations®*®’ by solving the
linear Poisson—Boltzmann equation (eq 6):

Ve(r)VE() = e(r )& (r) — 47p(r) (6)

where €(7) is dielectric constant as a function of position
vector and was assigned 78.54 for implicit water'” and 6 for the
protein based on previous work,'” W(7) is electric potential, &
is the ion accessibility coefficient, and p(7) is the charge
density with respect to the positions. For every atom in the
protein, we included the atomic charge and radius explicitly
with the corresponding values from either the Amber03 or
AMOEBA force fields during the APBS free energy
calculations. For water molecules, we included the partial
charges and radii of water molecules with the corresponding
values from the two force fields during the free energy
calculations that were (1) separated from the fluorophore
phenol oxygen by S A, (2) separated from the fluorophore
molecule by distances of 20 A, and 35 A, and (3) separated
from the protein surface by 4, 8, and 12 A. Any water not
contained within these regions was treated as a continuum and
assigned a dielectric constant 78.54. For the two sets of
trajectories, the ions were not included in PB calculations due
to negligible interactions with the low ion concentration.

B RESULTS AND DISCUSSION

Comparing pK, Values Generated from AMBER and
AMOEBA. We compared the experimental pK, values to those
calculated from both Amber03ff'” and AMOEBA trajectories
combined with APBS. While an accurate approximation of free
energy calculations may be achieved by conducting APBS
without every explicit water molecule for some compact
globular proteins or the targeted residues located on the
protein surface,””” it may not be true for the fluorophore in
the p-barrel structure of GFP that contains several water
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Figure 4. Average pK, difference from experiment determined from simulations from AMOEBA (red), Amber03 (gray), and Amber03 trajectories
analyzed with AMOEBA atomic charges and radii (blue) with different amounts of explicit water included in the APBS calculation. “5 A” indicates
all water within a radius of S A from the fluorophore probe; “20 A” indicates all water within a radius of 20 A from the fluorophore; “35 A” indicates
all water within a radius of 35 A from the fluorophore; “4 A” indicates all water within a radius of 4 A from the surface of the protein”; “8 A”
indicates all water within a radius of 8 A from the surface of the protein; “12 A” indicates all water within a radius of 12 A from the surface of the

protein.

molecules that are very close to the titratable proton of the
fluorophore, as shown in Figure 1.'””" Therefore, we first
calculated the pK, values from both Amber03 and AMOEBA
trajectories with APBS free energy calculations that included
explicit water molecule within S A of the fluorophore phenol
oxygen. We calculated the average of the differences between
the experimentally measured and calculated pK, for WT and all
mutants of interest for both Amber03 and AMOEBA
trajectories; these results are shown in Figure 4. Although
the major conformational change did not occur in both
Amber03 and AMOEBA trajectories as we can see from the
RMSD values in Figure S1 and S3, the calculated pK, values
showed different trends in the trajectories from the two force
fields in Figure 4. PB calculations using trajectories generated
from both Amber03 and AMOEBA force fields predicted lower
pK, values than the experimental results. The error in
calculated pK, when water molecules within S A of the
fluorophore phenol oxygen were included explicitly were larger
for AMOEBA (—2.0 + 1.1) than for Amber03 (—1.2 + 1.3).
We further investigated how the cutoft distance of explicitly
included water molecules affect free energy (and thus pK,)
calculations by testing a variety of different treatments of
explicit versus implicit water around the fluorophore in the
APBS pK, calculations for both AMOEBA and Amber03
trajectories by changing cutoff distance of explicit water
molecules included in the pK, calculations. The average
differences between experimental pK, values and results of
these two force fields when considering different quantities of
water are shown in Figure 4. First, we treated water molecules
that were within 20 A of fluorophore explicitly in APBS pK,
calculations. We again observed that both trajectories resulted
in lower pK, values than experimental results; however, the
treatment of the two force fields resulted in very different
predictions from the S A water shell. In this case, the pK,
differences between the experimental results and the Amber03
predictions were larger (—3.5 + 1.4) than the pK, differences
between experimental results and the AMOEBA trajectories
(=1.7 £+ 1.1) with the same explicit water cutoff. These data
indicate that including more water molecules explicitly in
APBS calculations would cause pK, predictions from

AMOEBA trajectories to improve but Amber03 predictions
to worsen and deviate further from experimental values. We
next treated every water molecule that was within 35 A of the
fluorophore explicitly in the APBS calculation for both
AMOEBA and Amber03 simulations. As shown in Figure 4,
we observed that this further improved the agreement between
experiment and AMOEBA-derived pK, (—0.8 + 1.1) but the
agreement for Amber03 was essentially unaffected (—3.1 +
1.5). We therefore observe a clear pattern in which including
more explicit water decreases the accuracy of pK, predictions
in Amber03, but increases it in AMOEBA. The result from
Amber03 in particular is surprising as one would expect that
explicitly treating water molecules improve the physical
representation and thus prediction of the pK, shift.

To determine the amount of water needed to be treated
explicitly to predict the pK, values with the greatest accuracy
and understand the reasons for these observations, we
compared these results to a variety of selections for number
and distance of water to be included in the electrostatics
calculation for both Amber03 and AMOEBA trajectories. For
example, water molecules that were within 35 A of the
fluorophore formed a thick hydration shell around the protein
surface, shown in Figure SA. We calculated the radial
distribution function g(r) between the fluorophore and water
molecules for all mutants, including the protonated and
deprotonated state. This is the probability of finding water
molecules within the distances of the protonated and
deprotonated fluorophores for all mutants; a representative
result for the WT A state is shown in Figure SB. Essentially, the
radial distribution functions of the water molecules surround-
ing the protein (and thus the fluorophore) were identical with
the two force fields out to a distance of >30 A, and water
molecules that were farther than 30 A from the fluorophore
were too far to have direct hydrogen bonding and other
nonbonding interactions with the GFP surface residues. Thus,
to understand how the water molecules interact with protein
residues and how the interactions affect the pK, values in
Amber03 and AMOEBA trajectories, we calculated the pK,
values in both trajectories by including the water molecules
that were within a set of different distances of the GFP surface.
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Figure 5. Representative structures of GFP (cyan) and water molecules (red and white) included in APBS calculations. Left column: water
molecules that are within 35 A of the fluorophore (A), or 4 A (C), 8 A (E), and 12 A (G) from the surface of the protein. Right column:
representative radial distribution function of the WT A state calculated from these structures with AMOEBA (red) and Amber03 (gray).

In a nonspherical protein like GFP, choosing water distances
from the buried fluorophore might not accurately represent the
full extent of water influencing all protein atoms in generating
the overall electric field impinging on the fluorophore. We
therefore also examined selecting water as a function of
distance for the entire protein surface. In Figure SC,D, we
show the structure and radial distribution function, respec-
tively, of water molecules within 4 A of every surface residue of
the GFP. In Figure SD, the peak at 2 A and a shoulder peak at
around 3 A indicate that this strategy includes slightly more
than two hydrating monolayers, significantly less than occurs
when counting every water molecule within 35 A of

fluorophore. In this case, pK, values predicted from AMOEBA
trajectories (—1.4 + 1.1) were significantly closer to the
experimental results than the Amber03 predictions (—3.4 +
1.4), shown in Figure 4. To explore this further, we added
additional water in increasing distances away from the protein
surface, 8 A (Figure SEF) and 12 A (Figure SG,H). This
resulted in 4 and 5, respectively, layers of water molecules
surrounding the entire protein, and pK, predictions that were
more accurate from AMOEBA trajectories (—1.3 + 1.1 and
—1.0 + 1.1, respectively) than that of Amber03 (—3.5 + 1.4
and —34 =+ 1.5, respectively). Both the radial distribution
function from Figure SH and the pK, values indicate that the
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Figure 6. Water molecules included in APBS calculation with respect to the average free energy of the A (A) and B (B) states calculated through
AMOEBA (red) or Amber03 (gray) trajectories and Amber03 trajectories with AMOEBA atomic charges and radii (blue). “5 A” indicates all water
within a radius of § A from the fluorophore probe; “20 A” indicates all water within a radius of 20 A from the fluorophore; “35 A” indicates all water
within a radius of 35 A from the fluorophore; “4 A” indicates all water within a radius of 4 A from the surface of the protein”; “8 A” indicates all
water within a radius of 8 A from the surface of the protein; “12 A” indicates all water within a radius of 12 A from the surface of the protein.

water molecules within 12 A away from the protein surface
may be very close to, or already at the limit of bulk water. The
water molecules that were farther than 12 A from every residue
were unlikely to interact with any residue either inside and
outside of the f-barrel GFP, so the water molecules more likely
performed as bulk water molecules. We conclude that the
water molecules farther than 12 A away from the protein
surface could be considered as continuum solvent in the
fluorophore pK, calculations. In summary, we found that either
(1) including larger radii of water away from the GFP
fluorophore explicitly or (2) including multiple water layers
(smaller radii) of every protein surface residue explicitly make
the predictions from AMOEBA trajectories more accurate than
the predictions from Amber03 trajectories. The only scenario
in which the AMOEBA prediction was less accurate than the
Amber03 prediction occurred when we only included 5 A of
water molecules within the fluorophore phenol oxygen.
Comparing Free Energy Predictions between Force
Fields. To account for the reason for the decrease in accuracy
of predicted pK, values from Amber03 trajectories when more
water molecules were treated explicitly in the APBS
calculation, we investigated the average solvation free energy
differences in both A and B states (AGu,, and AGy, g,
respectively) for both force fields. These results are shown in

Figure 6. Because the pK, values were calculated from the
differences between AG,,, , and AG,, 5, examining these two
terms separately is needed to disentangle the contributions of
the decrease in accuracy of Amber03 predicted pK, values as
more water was included explicitly. The value of AG, » in
Amber03 trajectories that included water molecules within S A
of fluorophore pK, probe was —28.4 + 4.2 k] mol™', which was
approximately 10 kJ mol™" less negative than the AG, 5 with
more water being treated explicitly; all other water inclusion
strategies resulted in AG,,, , of approximately —38 kJ mol™
(see Figure 6A). A similar trend was found in AMOEBA
protonated state trajectories; the value of AG,g, , in AMOEBA
trajectories that includes water molecules within S A of
fluorophore pK, probe was —14.3 + 6.4 kJ] mol™’, which was
approximately 11 k] mol™" less negative than the AG,, , with
more water being treated explicitly (approximately —25 kJ
mol ™" for every other water inclusion strategy, see Figure 6A).
We did the same comparison for AG,p in the two force
fields, shown in Figure 6B. The value of AG,, 5 in Amber03
trajectories that included water molecules within S A of the
pK, probe was —42.1 + 8.0 kJ mol™', which was around 23 kJ
mol™' more negative than the AG,, with more water being
treated explicitly (approximately —65 kJ mol™" for every other
water inclusion strategy; see Figure 6B). However, for
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AMOEBA trajectories of the deprotonated state, the differ-
ences between AG,,,  with water molecules within 5 A of the
fluorophore probe included and the AG,g, y with more water
molecules included was much smaller, around 6.6 kJ mol™,
compared to that of Amber03, 23 kJ mol™". Therefore, the
reason for the lower accuracy in pK, predictions from Amber03
trajectories when more water molecules were treated explicitly
in APBS calculations was because Amber03 created structures
which overpredicted the stabilization of the deprotonated (B)
state, leading to more negative values of AG,s, p in Amber03
than in AMOEBA. Because pK, is a calculation of the
difference between AGy,, » and AGy,, (eq 4), this will lead
directly to incorrectly large values of pK, for Amber03 but not
AMOEBA.

One possible explanation for this observation is that in a
fixed charge force field like Amber03, Coulombic forces cause
water molecules that are farther away from the negatively
charged B state to stabilize significantly more than the
polarizable multipole-based AMOEBA model. The electro-
static interactions in the two models exhibit very different
distance dependence since higher multipole moments and
polarization decay faster than monopoles. In addition, many
body polarization provides electronic dielectric screening that
is missing in fixed charge models. Such dielectric screening was
shown essential for protein-ion recognitions.”””> The fixed
charge based electrostatic interactions in Amber03 over-
stabilizes the negative charge on the deprotonated fluorophore,
when individual water molecules which are farther away from
the B state fluorophore were included. On the other hand,
because AMOEBA considers dipole, quadrupole, and induced
dipole moments of each atom, the balance of short and long-
range Coulombic forces of the explicit water is more realistic.
The water molecules that are farther away from the
fluorophore in AMOEBA trajectories can be affected by both
the interactions with other water molecules and protein
residues and less of that from the net charge on the
fluorophore, including the negative charge on the B state.
Therefore, with farther water molecules being assigned partial
charges and radii in APBS free energy calculations, the longer-
range Coulombic forces from these explicit water molecules in
the B state of Amber03 trajectories would over stabilize the
electrostatic free energy, which in turn causes the two force
fields to have the opposite trends of the predictions in the pK,
values when more water is included explicitly. Previous work
comparing calculated pK, values between fixed charged and
polarizable force field MD trajectories found that the pK,
values of some acidic residues were lower in the fixed charge
treatment than in the polarizable Drude force field treatment
when the same amount of water was included explicitly in PB-
based free energy calculations.”® This suggests that including
polarizability explicitly in MD simulations for protein
heterogeneity is crucial for the free energy calculations.”
The work reported here confirms this and highlights that this
effect is especially important for the charged state (which in
this case is deprotonated). AMOEBA simulations of protein—
ligand binding have also suggested that ignoring polarization
overpredicts protein—ligand and protein-ion electrostatic
attractions, a similar effect to what we observe here.”*”*

Applying AMBER Trajectories with AMOEBA Atomic
Charges and Radii in APBS Calculations. The results in
Figure 4 suggest that using AMOEBA and more water
molecules leads not only to substantially greater accuracy in
pK, prediction but also unfortunately to increasing computa-

tional expense. We therefore tested the utility of a shortcut:
determining the structure with Amber03, and pK, values with
atomic charges and radii from AMOEBA. To do this, we took
Amber03 trajectories of our WT and mutant GFPs containing
either water molecules 4 or 8 A away from every residue of the
GFP (Figure SC,E), then implemented partial charges and
radii from AMOEBA for every atom for every explicit atom
included in the APBS calculation. Results are shown in Figure
4 (blue column). The average difference in the pK, values
between the calculated and the experimental results were both
—3.5 + 1.3 for 4 and 8 A of water, respectively, essentially
identical to the results from using Amber03 for both MD and
PB calculations.

We then examined the average solvation free energy
differences in the protonated and deprotonated states (A Gy,
and AG,,,p) for the Amber03 trajectories with AMOEBA
atomic charges and radii being applied. The results are shown
in in Figure 6. For AGy, 5, we found that applying AMOEBA
atomic charges and radii to Amber03 trajectories dramatically
reduced the free energy stabilization of the protonated A state,
resulting in values of AGy,, that were similar to the
trajectories generated with AMOEBA alone. However, for
AG,g, p, although applying the AMOEBA atomic charges and
radii to Amber03 trajectories did decrease the free energy of
stabilization somewhat, it still overestimated the stabilization of
the B state by the included explicit water molecules. This
uneven shift in the electrostatic free energy between the A and
B states resulted in similar pK, predictions to a treatment
entirely with Amber03. It therefore appears that subtle
structural differences caused by the fixed charge versus
polarizable force fields, both of which lead to correct and
stable structures based on the RMSD results in Figure S3 and
S1 for this model protein and the amount of surrounding water
molecules from the radial distribution function in Figure
SB,D,F,H, still cause significant errors in electrostatic
parameters such as pK..

In this work, we found that both Amber03 and AMOEBA
trajectories generated pK, predictions that were lower than the
experimental results. This contrasts with other studies of pK,
calculations that found that there was no consistency in
whether predicted pK, values would be higher””*”**” or
lower®>*’ than the experimental results. For example, previous
work has found that calculated pK, values are usually higher
than the experimental results for basic residues such as
cysteine”” or lysine.””** However, other investigations of acidic
residues such as aspartate and glutamate have resulted in
predicted pK, values that were higher than the experimental
results when using a fixed charged force field, but lower than
experimental results using a polarizable force field.*” Others
have reported that both fixed charge and polarizable
trajectories generated lower pK, values than the experimental
results.”” In our approach, both Amber03 and AMOEBA
trajectories calculated average pK, values less than the
experimental values, overpredicting the tendency of the
fluorophore to act as an acid. The lower predictions in pK,
values for both trajectories may be due to the observation that
the APBS free energy calculations overstabilize the deproto-
nated state of the fluorophore. We hypothesized because the
APBS electrostatic free energy calculations only considered
charge—charge interactions, the stabilization of the negatively
charge deprotonated fluorophore was more significant than the
neutral protonated fluorophore. The other possible reason for
the underestimation of pK, values from both Amber03 and
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AMOEBA trajectories could be due to the systematic error of
the electric fields near the charged residues. Previous work on
electric field calculations from both fixed charge general
AMBER force field (GAFF)’®”” and AMOEBA polarizable
force fields trajectories compared with the vibrational Stark
effect (VSE) spectroscopy experiments reported that both
trajectories could overestimate the electric field in the vicinity
of a charged group in penicillin G ranging from 25 to 30 MV
cm™! depending on the conformation of the molecule.”
Although the measure of electric field between this report and
the results presented here (VSE spectroscopy versus pK,
measurements) are totally different, based on the conversion
of 1 MV cm™ 2 0.6 k] mol™’, the results of these two works
are similar both in the direction of the error and the order of
magnitude. The structures generated by the electric fields
around the charged deprotonated fluorophore in both
trajectories may also cause unrealistically low solvation free
energy results from APBS.

The other major finding in this work is that including more
explicit water molecules in APBS calculations improves
predicted pK, values from AMOEBA trajectories but worsens
those from Amber03. Previous investigators have compared
pK, values between structures from fixed charge and other
polarizable force fields, but often only included the explicit
water molecules around the target residue, which does not
reveal the role that explicit water molecules play in free energy
calculations.””*" More accurate predictions from AMOEBA-
derived trajectories were found as more explicit water
molecules were included in the APBS calculation. A possible
reason is that the explicit polarizability between the protein
and water interface is needed to accurately reflect electrostatic
fields generated by such complex many-body interactions. This
has been previously suggested when comparing AMOEBA and
fixed charge models for calculating electric fields of organic
solute in both hydrophobic and hydrophilic solvents, which
indicated that explicit polarizability is most critically needed at
the interface between a polar and a nonpolar molecule.”’
Because the surface of a protein is the site of many molecular
interactions of varying amino acid side chain hydrophobicity
and water, more accurate inclusion of the polarizability at the
interface of the surface of the protein and water molecules
from AMOEBA could be beneficial. Conversely, because
Amber03 trajectories do not consider permanent dipole,
quadrupole, and polarizability for positions of all atoms,
including water molecules around surface residues would
therefore not be predicted to improve pK, calculations when
compared to experiment. Therefore, the AMOEBA MD
trajectories that considered many-body polarization could
better account for the interactions between protein residues
and water molecules and thus generate the more accurate free
energy predictions when water molecules were treated
explicitly. Moreover, by applying the AMOEBA atomic charges
and radii to Amber03 trajectories in APBS calculations,
accuracies from the computationally cheaper Amber03 fixed
charged model cannot be improved. This result strengthens
our conclusion that including the permanent dipole,
permanent quadrupole, and polarizability throughout the
MD simulations improves the prediction of the fluorophore
pK, in GFP mutants. Work is ongoing in our laboratory to
investige whether this applies only to this unusual protein
(with its hollow water-containing interior) or is generalizable
to other proteins of interest. Overall, we have demonstrated a
viable method for calculating protein electrostatic fields that

strikes a balance between the computational time and the
considerations of the relevant physical details.

B CONCLUSIONS

Here we have compared two common computational strategies
for generating biomolecular structures for pK, calculations
directly against a robust experimental data set in an effort to
understand the importance of including polarizability in
accurate predictions of protein electric field through pK,. In
particular, we have shown that the amount of explicit water
molecules included in APBS calculations do affect the pK,
values of the fluorophore in GFP for both AMOEBA and
Amber03 trajectories. We found that although the major
conformational change did not occur in both Amber03 and
AMOEBA trajectories, the calculated pK, values showed the
opposite trends from the two sets of trajectories. Including
more water molecules in APBS calculations decreases the
accuracy of pK, values of the fluorophore in GFP in the
ensemble of structures predicted by Amber03 fixed charge
force field; conversely, pK, predictions increase in accuracy
when ensembles of the same structures are assembled using the
polarizable AMOEBA force field. We propose that because
long-range Coulombic interactions dominate in the intermo-
lecular interactions in Amber03 trajectories, there is an obvious
increase in the error of the free energy stabilization of the
deprotonated B state in Amber03 trajectories compared to
those in AMOEBA when more water is treated explicitly in
APBS calculations. The larger negative value of the B state free
energy in Amber03 trajectories results in the lower pK, values
with respect to experimental results than AMOEBA
predictions. These results provide a useful methodology to
investigate other pK, or free energy related protein electrostatic
calculations for applications across biophysical chemistry and
are being expanded to other proteins in our laboratory.
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