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ABSTRACT: Functionalization is often needed to harness the
power of proteins for beneficial use but can cause losses to stability
and/or activity. State of the art methods to limit these deleterious
effects accomplish this by substituting an amino acid in the wild-
type molecule into an unnatural amino acid, such as p-
azidophenylalanine (pAz), but selecting the residue for substitution
a priori remains an elusive goal of protein engineering. The results
of this work indicate that all-atom molecular dynamics simulation
can be used to determine whether substituting pAz for a natural
amino acid will be detrimental to experimentally determined protein
stability. These results offer significant hope that local deviations
from wild-type structure caused by pAz incorporation observed in simulations can be a predictive metric used to reduce the number
of costly experiments that must be done to find active proteins upon substitution with pAz and subsequent functionalization.

■ INTRODUCTION

Harnessing the functional capabilities of proteins is prevalent
in industries ranging from biofuels1 to pharmaceuticals.2 Using
proteins in new applications is a source of continual research
because proteins can have many practical purposes. However,
challenges with stability, activity, and bioavailability must be
overcome in each case. Many functionalization strategies have
been designed to this end. Examples include the following:
attachment of glycan, lipid, and other molecules used as
chemical reporters for protein research and cancer treat-
ment,3−5 conjugation of dyes for medical imaging,6−8 tethering
to surfaces or beads to increase stability and for use in protein
microarrays,9−12 and conjugation to the polymer poly(ethylene
glycol) (PEG) to decrease immunogenic response and reduce
degradation and aggregation.13−15

While these strategies make it possible to use the protein
outside of its natural environment, each also involves
modifying the native structure which can detrimentally affect
protein activity and stability.13,16 For example, peginterferon
alpha-2a, a PEGylated cancer and hepatitis drug, shows a 30-
fold reduction in activity as compared to its non-PEGylated
counterpart.17 Despite the activity loss, the PEGylated variant
is used because it is retained longer in the body, leading to a
significant overall increase in disease protection.18 However,
the optimal strategy would both maintain activity and increase
retention time.
Very often, a major factor leading to decreases in the activity

and stability of functionalized proteins is that the modifications
happen nonspecifically.13,18 For example, it is desirable to

attach PEG to the protein at a residue far from the active site
so as to reduce interference with function. However, no
therapeutic PEGylated protein that is commercially available
has been functionalized in a fully site-specific (meaning that a
single, unique site is functionalized) and site-selective (mean-
ing that any residue of the protein can be chosen as a site for
functionalization) manner.19 The usual practice is nonspecific
PEGylation, such as by targeting amine groups.18,20 These
methods thus produce many different molecules−some with
PEG at one location, some with PEG at another location, and
others with multiple PEG moleculesresulting in a large
population of suboptimal protein−PEG conjugates. Other
proteins have been PEGylated by site-specific methods that are
not site-selective, including targeting naturally occurring
protein moieties, such as the N- or C-terminus.19 Substitution
and targeting of a less-prevalent natural amino acid, such as
cysteine, can produce site-specific functionalization, but this
method would not be site-specific in a protein with free
cysteines.18,21 What is needed is the ability to optimize activity
and stability by targeting a specific position in the amino-acid
sequence of any protein so that only one protein−PEG
molecule is produced.
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Site-specific and site-selective protein functionalization is
possible through unnatural amino acid (uAA) incorporation.
With this method, a single amino acid can be replaced by an
uAA not found in the standard genetic code, creating a unique
site to be targeted for functionalization.10,13,22−28 For example,
the uAA p-azidophenylalanine (pAz) can be substituted in
place of an amino acid in a protein to create a location for a
“click chemistry” reaction to occur at the surface of a
protein.13,25,29 This chemistry is inert to most biological
reactions and thus creates a unique site that can be targeted for
functionalization at biological conditions.
Despite the existence of a method for functionalization that

is both site-specific and site-selective, relatively few sites
produce optimal conjugates. At present, this means generating
many uAA-substitued proteins/functionalizations and assaying
the results to find the best location. This is expensive, in both
time and money, so it is highly desirable to shrink the search
space. Two questions must be answered in this regard. The
first is to determine whether a site can withstand a substitution
of an unnatural amino acid and still maintain function. The
second is to determine if the subsequent functionalization
deleteriously affects the function of the protein. Concerning
the latter, it has been suggested that secondary structure and
solvent accessibility can be used to guess the efficacy of a
functionalization site;13,25,30 however, studies have shown that
no current heuristic is adequate for selecting optimal
functionalization sites a priori.13,30

Molecular simulation with coarse-grain models has been a
popular tool in recent years when examining protein structure,
stability, and folding mechanisms.31−38 Regarding the purposes
of this work, they have been able to predict the effects of site-
specific functionalization on protein stability and activity, thus
providing at least a partial answer to the second ques-
tion;10,13,39 however, these simulations were based on the
assumption that the effects of the uAA substitution itself on the
protein’s activity and stability were negligible compared to the
effects of the functionalization group. Specifically, the uAA
substitution is not parametrized into the coarse-grain model
thus Question 1 is totally ignored. This is problematic because
experimental data have suggested that the effects of pAz
substitution on activity and stability are often greater than the
effects of tether or polymer conjugation.13

Molecular simulation using classical potential models cannot
directly probe activity, so this work uses stability as a surrogate
metric. Although activity and stability are not perfectly
correlated, changes to protein stability or structure have been
found to be the primary causes of decreased activity in most
protein mutants.40 With specific regard to the protein used in
the present study, the stability and activity of mutants of T4
lysozyme have been shown to move in the same direction
compared to the wild-type protein.13 Moreover, other work has
shown that the optimal pH values for protein stability and
activity are correlated.41 These examples indicate that stability
may be used as a surrogate for activity in molecular simulation
with high fidelitya practice that has been done previ-
ously.10,13 Because of the importance of protein thermal
stability prediction, various methods involving simulation and
machine learning have been proposed to predict the effects of
point mutations on thermal stability.42−44

The purpose of this work is to show how all-atom molecular
simulation can be used to answer the question of whether a
pAz substitution will deleteriously affect protein function and
stability. The aim is to create an in silico screen to select the

best sites for pAz incorporation to reduce the number of
expensive experiments that must be performed to identify such
a site. The simulation results, which include a detailed analysis
of the atomic-level structural changes induced by the
substitutions, are validated against experimental thermal-shift
stability experiments. The results show, for the first time, that
all-atom simulations can correctly predict how protein stability
is affected by pAz substitutionsan outcome that offers
significant hope that effective protein functionalization can be
done in the future with reduced cost.

■ METHODS
Proteins. Five different proteins were investigated in this

work. The control was cysteine-free T4 lysozyme (Protein
Data Bank ID 1L63), shown in Figure 1. It is a globular

monomer 164 residues long45 and was selected for this work
because it has been studied extensively both experimentally
and with simulation. Its crystal structure,46−48 protein folding
mechanisms,46,49−53 thermal stability,46,50,54 and activity48,49,55

are well-known. The other four proteins, the treatments, are
the following variants of T4 lysozyme: S44pAz, N53pAz,
L91pAz, and H31pAz. These sites were chosen to study the
effects of substitutions in various types of secondary structure
(α helix, β sheet, and unstructured regions).

Experimental Techniques. Proteins for testing thermal
stability were produced using Escherichia coli-based cell-free
protein synthesis.22,56 Cysteine-free T4 lysozyme from
Addgene (Cambridge, MA) was cloned into the pY71 plasmid
with a C-terminal strep-tag for purification. Variant proteins
were produced using the same plasmid but following the
Quikchange II mutagenesis protocol (Agilent Technologies,
Santa Clara, CA) to incorporate an amber stop codon.
Plasmids were purified using a Qiagen Plasmid Maxi Kit
(Valencia, CA) and then used in cell-free protein synthesis.
Enzyme purification was performed using Strep-Tactin spin
columns (IBA Life Sciences, Gottingen, Germany). Refer to

Figure 1. Cysteine-free T4 lysozyme (PDB ID 1L63). The N-terminal
domain (top), the α helix connecting the two domains of the protein
(middle), and the C-terminal domain (bottom) are colored
differently. Residues substituted with pAz in this work are depicted
explicitly and labeled.
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Wilding et al. for a more detailed description of protein
production and purification procedures.13

The stability of T4 lysozyme was measured experimentally
using the Protein Thermal Shift assay from Thermo Fisher
Scientific (Carlsbad, CA). This assay determines the melting
temperature of a protein by utilizing a hydrophobic dye that
fluoresces when it binds to the internal hydrophobic residues
of a protein as it denatures. The protein is exposed to
increasing temperatures in a real-time PCR machine, and the
amount of fluorescence at each temperature is recorded and
analyzed to obtain a fluorescence vs temperature curve. The
melting temperature is identified as the temperature at which
half of the proteins in solution are found in their native
conformation. It is determined by finding the inflection point
of the fluorescence vs temperature curve. This melting
temperature is thus a quantitative measure that is used to
determine how substitutions affect the thermal stability of
variants compared to the wild-type protein. If a variant has a
higher melting temperature than the wild type, then the
substitution stabilized the protein. Conversely, if the melting
temperature of the variant is lower than that of the wild type,
then the substitution destabilized the protein. A more detailed
explanation of the method has been provided previously.13 In
this work, values reported by Wilding et al. were used for
S44pAz, N53pAz, and L91pAz.13 The value for H31pAz is
novel to this work and was obtained following a procedure
identical to that previously used.13

Model. The proteins were modeled using the CHARMM36
force field with CMAP correction.57,58 pAz was simulated using
recently developed parameters by Smith et al.59 SHAKE60 was
used for bonds to hydrogen atoms. The NTER and CTER
patches were used, and histidine was modeled as charge-
neutral HSD. A force-switching algorithm61 with an inner
cutoff of 10 Å and an outer cutoff of 12 Å was used for
Lennard-Jones interactions. Coulombic interactions were
modeled using the particle−particle, particle−mesh (PPPM)
Ewald summation technique with a real-space cutoff of 14 Å
and the alpha and grid spacing set so that the error is less than
10−4.62

CHARMM-compatible input files were obtained using
CHARMM-GUI.63,64 The last two residues were not
sufficiently refined in the crystallographic data, so
CHARMM-GUI was used to add these to the protein
model. In-house software was used to create PDB files for
the four pAz-substituted variants of T4 lysozyme by replacing
individual amino acids of the wild-type PDB created by
CHARMM-GUI with pAz.
The wild-type and pAz-substituted proteins obtained from

CHARMM-GUI were then minimized in vacuum using the
CHARMM simulation package57 for 100 steepest descent
steps, followed by 100 steps of the Adopted Basis Newton−
Raphson method. The charmm2lammps script included with
LAMMPS65 was then used to create LAMMPS input files. The
script also created a water box with a 12 Å border around the
protein and added Na+ and Cl− ions to create a system at
typical biological conditions (neutral pH with a concentration
of approximately 0.15 M of both ions). The entire hydrated
system was minimized in LAMMPS using 5000 steps of the
steepest descent method followed by 5000 steps of the
conjugate gradient method. Details of the molecular dynamics
(MD) simulations are found in the next section.
MD Simulations. All MD simulations were done using

LAMMPS. Simulations consisted of equilibration and

production steps. Equilibration involved multiples stages in
three different ensemblesNVE, NPT, and NVT. The
production phase was done in the NVT ensemble. The
temperature was maintained using the Nose  −Hoover method
implemented in LAMMPS with 10 thermostats with a damping
time of 100 ps for simulations done in the NVT and NPT
ensembles.66−69 Ten barostats with a damping time of 1000 ps
were used to control pressure for the NPT ensemble. All
equilibration steps used a conservative time step of 0.7 fs to
allow the system to equilibrate in the event that the
substitution of pAz for the natural amino acid caused atoms
to overlap. As explained above, minimization was done prior to
equilibration, but this additional precaution ensured that any
high-energy states could relax. Each step is now described in
more detail.
In the first step of equilibration, the protein was frozen, and

the solvent was allowed to equilibrate in a series of NVE stages
at different temperatures. The initial stage, done to remove
voids produced during the solvation of the protein, consisted
of 7 ps of NVE simulation with velocities initially set to
produce a temperature of 300 K. Then, the solvent was heated
to 350 K over 4.9 ps, held at 350 K for 3.5 ps, cooled to 300 K
over 4.9 ps, and held at 300 K for 7 ps. The total NVE
simulation time, during which the solvent was free to move
around the fixed protein molecule, was thus 27.3 ps.
The next step of equilibration was done in the NPT

ensemble. The velocities were initialized with a random
uniform velocity distribution to produce a temperature of 275
K. The system was allowed to equilibrate to 300 K and 1 atm
for 1.20 ns using NPT simulation. After this, to ensure the
correct box size was obtained, multiple 70 ps, NVT simulations
were performed with box sizes at or near the average box size
produced from the NPT simulation, to obtain a box size that
would produce a system pressure of ∼1 atm in the NVT
ensemble. Once the proper box size was determined, 420 ps of
additional equilibration in the NVT ensemble was used, after
which the potential energy of the system leveled off.
As mentioned previously, all production steps were done in

the NVT ensemble. The first 1.26 ns of production used the
time step of 0.7 fs. This was increased to 2 fs after 1.26 ns for a
final time of 10 ns. The combined equilibration and
production simulation time of each protein (one wild type
and four variants) was thus 11.3 ns per simulation. At least six
independent simulations, using the entire equilibration and
production scheme just described, were performed for each
protein for statstical significance. See the Supporting
Information for a discussion of the validity and reasoning of
using a relatively short simulation time.
To facilitate visualization and root-mean-square fluctuation

(RMSF) calculations, a light spring force (k = 0.5 kcal·mol−1·
Å−1) was used to keep the center of mass of the protein near
the center of the simulation box. Extra care was taken to ensure
this weak tether did not affect the simulation results. (See the
Supporting Information for the relevant discussion.) Linear
momentum was zeroed every 1000 steps for the first 1.26 ns
and every 10 000 steps for the remainder of the production.

Trajectory Analysis. Analysis of the simulation results was
done by RMSF calculation and visual inspection of the
simulation trajectories. The RMSD visualizer tool in VMD70

was used to align proteins for visual inspection.71 The
MDAnalysis72−75 Python package was used for RMSF
calculations. To analyze the effects of pAz incorporation on a
per-residue basis, an RMSF calculation was made for each α
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carbon of the protein. Instead of using the time-averaged atom
positions of the trajectory as the reference atom positions, the
atom positions of the wild-type T4 lysozyme PDB file were
used. RMSF calculations typically use the time-averaged
positions as the reference position to measure the variation
in atom positions over a trajectory. However, using the PDB
position values as a reference allowed for comparison between
the structure of the protein variants and the wild-type protein
structure.
This approach to analysis provided a visual and quantitative

method of illustrating which regions of the protein were most
affected by uAA incorporation. As proteins have natural
variations in structure compared to the PDB version due to
thermal fluctuations, the RMSF of the wild-type structure was
used to normalize the RMSF plots of the variants to highlight
differences induced solely by the substitution. For these plots,
the RMSF of the control (wild type) is subtracted from the
RMSF of the treatment (variant). The term “normalized
RMSF” is used for such plots herein.

■ RESULTS
Experimental Data. Figure 2 shows the experimental

difference in melting point between each variant and the wild-

type protein (Tm,treatment − Tm,control). Plotted in this manner,
negative values mean the treatment is less stable than the
control. The error bars are the standard error of at least three
independent replicates (N ≥ 3). Notice that all four
substitutions destabilize the protein relative to the wild type;
however, H31pAz and L91pAz are affected much more than
S44pAz or N53pAz.
Simulation Results. Figure 3 shows the RMSF results

from the simulations. The RMSF is plotted for each residue in
the protein for all five systems (one control, four treatments).
The top graph is the unnormalized data. The bottom graph is
the normalized values where the RMSF of each residue in the
control is subtracted from that of the respective residue in the
treatment. Plotted in this manner, the wild-type results are the
horizontal line at RMSF = 0, positive RMSF values indicate

regions of a treatment that vary more from the PDB structure
compared to simulations of the wild-type protein, and negative
values indicate regions of a treatment that vary less. Each
treatment is considered in more detail below.

■ DISCUSSION
S44pAz. Previous experimental research has suggested that

every natural amino acid except for proline can be substituted
for S44 without a significant change in the stability or structure
of the protein despite S44 being located in the middle of an α
helix.76 Testing S44pAz with the thermal shift assay showed
that this substitution led to only a minimal decrease in the
stability of lysozyme (see Figure 2). The simulation results
provide a potential explanation for this observation. Notice in
Figure 3 and Figure 4 that although S44 is located in a highly
structured region, substituting pAz at this site leads to little
change in the backbone structure of the protein. Specifically,
RMSF values show very little difference between the structure
of the protein in the vicinity of the substitution compared to
the natural variation observed in the wild-type protein. Notice
that in Figure 3 the RMSF plots of the wild-type protein and
S44pAz are nearly indistinguishable. No residue of S44pAz has
a normalized RMSF value greater than 0.5 Å.

N53pAz. As with S44pAz, thermal-shift data for N53pAz
suggest that the protein is only marginally less stable than the
wild type (Figure 2). RMSF analysis of the simulation

Figure 2. Difference in melting temperature between each treatment
(variant) and the control (wild type). Error bars are the standard
error of at least three replicates (N ≥ 3). The data from L91pAz,
S44pAz, and N53pAz were previously reported.13 The data for
H31pAz were generated for this work. Adapted in part from from ref
13. Copyright 2018 American Chemical Society.

Figure 3. α Carbon RMSF of all variants of T4 lysozyme simulated.
The top is the standard, unnormalized RMSF, and the bottom is a
normalized RMSF where the value of the wild-type protein RMSF is
subtracted from each variant’s RMSF. Note the difference in the y-axis
scale between the two panels. S44pAz and N53pAz are very similar to
the wild type. Certain domains of H31pAz and L91pAz display
observable changes in structure from the wild type. See the RMSF
Error section and Figure S1 in the Supporting Information for plots
that include the standard error. The gaps seen between the wild type
and H31pAz and L91pAz are statistically significant.
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trajectory corroborated the experimental data. Notice in
Figures 3 and 5 that, similar to S44pAz, no residue is more
than 0.5 Å further from its PDB position than the
corresponding residue of the wild-type protein. N53 is located
in a flexible region linking two α helices. This location
specifically showed an imperceptible difference in its RMSF
from that of the wild-type protein.
H31pAz. H31 is part of the last strand of a β sheet located

near the active site and at the boundary between the two
domains of the protein.77 H31 is the only histidine in T4
lysozyme and has been found to have a highly stabilizing effect
on the protein because of a strong salt bridge it forms with
D70.78 The experiments in this work showed that H31pAz was
very destabilized as compared to the wild-type protein (Figure
2). The data in Figure 3 reveal that this substitution causes
significant deviations from the wild-type structure throughout
the protein. The largest deviations primarily occur in the N-
terminal domain (residues 1−59).

To better understand how this substitution affects the
structure of the protein, three additional RMSF calculations
were done for H31pAz. For these calculations, the treatment
was aligned to three different parts of the control to ascertain
which domains were most affected. (Recall that the data in
Figure 3 were generated by aligning the entire backbone of the
molecule.)
Figure 6 shows the results of this detailed RMSF analysis.

The top plot is for alignment of just the N-terminal domain

(residues 1−59). The middle plot is for alignment of residues
60−80 which form the α helix connecting the two domains of
the protein. The bottom plot is for alignment done in the C-
terminal domain (residues 81−162). Notice that alignment of
the N-terminal domain results in significant deviations from
the wild-type structure in both the N-terminal and C-terminal
domains. When the α helix connecting the two domains
(residues 60−80) is aligned, the N-terminal domain exhibits
large deviations from the wild-type protein, but the deviations
of the C-terminal domain are much smaller. Finally, when

Figure 4. S44pAz (green) overlaid with wild type (blue). The
structures vary from each other very little.

Figure 5. N53pAz (black) overlaid with wild type (blue). The
structures vary from each other very little.

Figure 6. H31pAz hinge-bending, showing the normalized RMSF of
H31pAz when aligned along residues 1−59 (top), 60−80 (middle),
and 81−162 (bottom).
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alignment is only done on the C-terminal domain, its
deviations from the control are small while those of the N-
terminal domain are very large. These results indicate that the
deviations induced by the H31pAz substitution are largely
concentrated in the N-terminal domain.
Previous works have shown that hinge-bending, where the

angle between the N- and C-terminal domains of the protein
can change by over 50°, occurs in both wild-type T4 lysozyme
and variants.46,79,80 When hinge-bending occurs, the N- and C-
terminal domains typically shift as nearly rigid bodies with only
minor disturbances to the structure of the domains.46,79

However, in this work, the deviations in the N-terminal
domain of H31pAz even when the N-terminal domain is
aligned for RMSF calculations cannot be explained by hinge-
bending because the normalized deviations of some residues
are near 1 Å (see Figure 6, top).
One potential explanation of this deviation is the disruption

of the salt bridge between residues H31 and D70 that has been
shown to significantly stabilize the protein.78 Figure 7 shows

that the relative positions and orientations of residues 31−70
in the wild type (blue-highlighted residues) and H31pAz
(pink-highlighted residues) are very different. The substitution
of a much bulkier amino acid (pAz) for H31 appears to
eliminate this salt bridge as pAz31 moves away from D70 in
H31pAz. The result is significant structural deviations
throughout the protein, which lead to protein destabilization
and a decreased melting temperature.
L91pAz. L91 is located far from the active site of the

protein in a short linker region between two alpha helices.
Previous simulation and experimental research has determined
that L91 is an optimal site for protein immobilization through
tethering but is a poor site for PEGylation.13,25,81 Using
Replica Exchange MD simulation, tethering has been shown to
eliminate a stable intermediate in the protein-folding pathway.
This makes unfolding the protein less kinetically favorable and
leads to the protein remaining in a folded configuration a
greater fraction of the time.81 Conversely, PEGylating the
protein does not eliminate this stable intermediate; rather, the
PEG usually interferes with correct folding instead of
preventing unfolding.13

The experimental results shown in Figure 2 indicate that
without any functionalization L91pAz is very thermally
unstable compared to the wild type. Interestingly, simulation
results shown in Figure 3 show very little difference in the

RMSF of the protein in the vicinity of site 91. However, large
structural changes are observed in the region comprising
residues 118−138. Although this region is not sequentially
close to L91, it is spatially close to this site in the folded state.
Figure 8 suggests that steric effects, due to the large size of pAz,

push this region away from what would be its equilibrium
position in the wild-type protein. Replacing a hydrophobic
residue with a charged residue may also contribute to the
displacement seen. In particular, residue L121 in the wild-type
protein is located in a space that is filled by the bulky, charged
pAz side chain in L91pAz. The previously observed low
stability of PEGylated L91pAz could be a result of steric effects
as well: attaching a large polymer to an amino acid that already
produces steric effects in the protein is likely to exacerbate
these effects. When L91pAz is tethered, the effects of the
elimination of the stable intermediate on the folding pathway
appear to be stronger than the steric effects observed in this
work.

Using Simulation as a Screen. As mentioned in the
Introduction, one of the goals of this work is to show that
simulation can be used to reduce the number of pAz-
substituted proteins that need to be experimentally generated
before an active and stable variant is found. Exact prediction of
the stability of pAz-substituted proteins compared to wild-type
proteins is desirable but not feasible with current methods.
However, this work shows promise that simulation can be used
to give reasonable candidates for substitution to reduce the
search space needed. Even an accuracy rate of 20% would
greatly improve the current situation which involves a costly
guess and check approach.
The data presented in Figure 3, particularly the bottom

panel, illustrate how such an in silico screen could be done.
Specifically, simulations, like those presented here, could be
done on several candidate substitution sites. The normalized
RMSF for each variant could then be generated from which the
best candidates for experimental testing could be specified. If
Figure 3 were a result of such an approach, S44 and N53,
which have only small RMSF deviations from the wild type,
would be selected for experiment while L91 and H31 would be
avoided because the simulations indicate that these sub-
stitutions exhibit a large deviation in some regions compared
to the wild-type protein.
Although the time required to perform such a screen would

vary depending on the size of protein used, this approach saves
time compared to experimentally testing all sites. Running the

Figure 7. H31pAz (red) overlaid with wild type (blue). The salt
bridge between residues 31 and 70 appears to be broken by
substitution of pAz.

Figure 8. L91pAz (orange) overlaid with wild type (blue).
Substitution of pAz causes steric hindrance with L121, leading to
deviations from the wild-type structure in the vicinity of L121.

Journal of Chemical Information and Modeling pubs.acs.org/jcim Article

https://dx.doi.org/10.1021/acs.jcim.0c00725
J. Chem. Inf. Model. 2020, 60, 5117−5125

5122

https://pubs.acs.org/doi/10.1021/acs.jcim.0c00725?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jcim.0c00725?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jcim.0c00725?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jcim.0c00725?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jcim.0c00725?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jcim.0c00725?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jcim.0c00725?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jcim.0c00725?fig=fig8&ref=pdf
pubs.acs.org/jcim?ref=pdf
https://dx.doi.org/10.1021/acs.jcim.0c00725?ref=pdf


proteins for this study took approximately 304 h per protein
from minimization through the end of production using 16
cores per simulation with Intel Haswell and Intel Sandy Bridge
processors. Thus, with typical high-performance computing
resources, running an entire simulation screen to test a suite of
reasonable sites, similar to the one presented here, could
feasibly be done in about 2 weeks. Analysis would vary
depending on the protein and number of modifications
studied, but a streamlined process focused on eliminating
sites unlikely to be optimal for optimization could be done in
1−2 days, leading to a total time of approximately 2.5−3.0
weeks. Of course, the exact number of modifications that could
be tested depends greatly on the computer resources available.
With sufficient resources, all desired protein simulations could
be run simultaneously, adding very little total time to
simulation and analysis.

■ CONCLUSION

This work demonstrates that all-atom molecular simulation of
T4 lysozyme can be used to predict the locational impact of
unnatural amino acid incorporation on thermal stability
compared to wild-type protein. Specifically, the experimental
results on the thermal stability of pAz-substituted T4 lysozyme
variants correlated very well with the deviation in RMSF from
the MD simulations. This work complements other studies
that have examined the effects of protein functionalization on
protein stability and activity. Though they are preliminary in
nature, and more work is needed to fully validate and
understand the predictive capability of the simulations, these
results offer a clear path to utilizing a computational screen to
assist in determining optimal sites for site-specific and site-
selective functionalization through pAz incorporation.
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