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Abstract
Change of molecular properties with pressure is an attracting means to regulate molecular reactivity or biological activity. However, the effect is usually
small and so far explored rather scarcely. To obtain a deeper insight and estimate the sensitivity of vibrational optical activity spectra to pressure-induced
conformational changes, we investigate small model molecules. The Ala-Ala
dipeptide, isomaltose disaccharide and adenine-uracil dinucleotide were chosen to represent three different biomolecular classes.
The pressure effects were modeled by molecular dynamics and density functional theory simulations. The dinucleotide was found to be the most sensitive
to the pressure, whereas for the disaccharide the smallest changes are
predicted. Pressure-induced relative intensity changes in vibrational circular
dichroism and Raman optical activity spectra are predicted to be 2–3-times
larger than for non-polarized IR and Raman techniques.
KEYWORDS
density functional theory, high pressure, molecular dynamics, spectra simulations, vibrational
optical activity

1 | INTRODUCTION
Experimentally, effects of pressures up to about 1 GPa on
the conformation of biologically relevant molecules have
been studied for a long time. Pressure-induced coagulation
of egg white was described already in 1914.1 Most studies
targeted proteins, whereas less attention has been paid to
other systems, such as nucleic acids and polysaccharides.
For proteins, the pressure variation can be used to
characterize partially or completely unfolded protein species.2,3 Some applications involve protein–protein interactions, their volumetric properties,4-6 or kinetics of fibril
growth, including recPrP or α-synuclein.7-11
The mechanism of pressure-induced changes in proteins has been described in terms of volume reduction,
[This article is part of the Special Issue: Proceedings from 31st
International symposium on Chirality.]
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water penetration to cavities, or hydration of hydrophobic residues.12-22 The effects of entropy and structure of
the solvent have also been discussed.23 High pressure
may both stabilize and destabilize conformers, and may
affect long and short peptide chains differently.24,25 The
pressure effects were conveniently modeled by molecular
dynamics, with typical trial proteins including ubiquitin,
BPTI, lysozyme and myoglobin.4,5,26-33
Polysaccharide high pressure studies dealt mostly
with physicochemical and morphological properties of
starches. Their viscosity or solubility can vary; they can
form a gel, or both the secondary and tertiary structures can irreversibly change due to the pressure.34-40
Typical pressures used were 200–600 MPa.34 For example, the pressure resistance was found to be proportional to the amylopectin content, and differed for A,
B and C-type starches.35,38 Saccharide-protein systems
have been investigated as well.41,42 However, we could
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not find any computational studies on pressure effects
in saccharides.
For DNA, elevated pressure induced the B/Z conformational change43,44 and affected stability of noncanonical structures (G-quadruplex and i-motif).45-47
Such changes were found to be strongly dependent on
the sequence and solvent.48-50 Similar observations were
reported for RNA.51 Studied nucleic acid forms included
RNA and DNA hairpins,52,53 and tRNA.54,55 Some effects
were modeled by molecular dynamics (MD).56 For tRNA,
due to its inefficient packing, unfolding characteristic
was found to differ from that of DNA or proteins.55
The pressure-induced structural changes were monitored by NMR,2,15,16,57-59 Raman, IR,7,60,61 and circular
dichroism.62,63 Raman optical activity (ROA) and vibrational circular dichroism (VCD) have not been used, even
though they are in general quite sensitive to changes in
molecular geometry.22 Therefore, in the present study,
we focus on these to forms of vibrational optical activity.
We also feel that previous theoretical simulations of proteins under high pressure lack a systematic approach. At
least in one case we could not reproduce some results
from earlier molecular dynamics studies.
We thus focus on computational methodology used to
simulate the conformational changes induced by the

F I G U R E 1 Studied molecules: Ala-Ala
dipeptide (top left), isomaltose (top right) and
A-U dinucleotide (bottom). Dihedral angles
most characteristic for longer polymers are
indicated
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pressure, and their potential monitoring by ROA and VCD
spectra. For the sake of converged and reliable simulations,
small molecules are used, at least formally representing
three common classes of biopolymers – the Ala-Ala dipeptide (“protein”), isomaltose (“starch”) and A-U dinucleotide (“DNA/RNA”). The isomaltose contains an α-(1–6)linkage, mimicking the glycosidic bond in amylopectins.
As shown below, the simulations confirm the importance of the choice of the water model, as indicated
before.30,64,65 We also found that relatively large simulation
times were needed for good reproducibility of the results
because the pressure effects are relatively small compared
to statistical fluctuations during the MD run. As expected,
the chiroptical ROA and VCD methods are predicted to be
more sensitive to the pressure-induced changes than their
unpolarized analogues (Raman, IR). We thus hope that
our results will provide guidance for future computations
and experiments, and will lead to a better control of biomolecular behavior under elevated pressure.

2 | METHODS
Studied molecules (Figure 1) were prepared with tools
provided by Amber 1866 (tleap, NAB) and GLYCAM Web
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(Carbohydrate Builder),67 using the ff14SB (Ala-Ala),68
OL3 (A-U)69,70 and Glycam06 force fields.71 The molecules were solvated in a rectangular box with TIP3P (AlaAla, isomaltose, A-U), TIP4P, TIP5P and SPCFW (AlaAla only) force fields for water.
To monitor conformer populations, the weighted histogram analysis method (WHAM)72 was used for Ala-Ala,
with respect to dihedral angles φ (C-N-Cα-C) and ψ
(N-Cα-C-N). Unrestrained (free) MD proved to be more
practical for isomaltose, where dihedral angles φ
(O-C1-O6-C6), ψ (C1-O6-C6-C5) and ω (O6-C6-C5-O)
were monitored. Similarly for A-U with 6 characteristic
dihedral angles, α, β, γ, δ, ε and ζ,73 we used a free
dynamics and conformer classes based on the N1(U)-N9
(A) atomic distance only.
The simulations were performed using the pmemd
(Ala-Ala) and pmemd.cuda (isomaltose, A-U) Amber
modules. For the free MD runs, system geometries were
minimized (steepest descent followed by conjugate gradient), warmed up (0 to 300 K, 20 ps, NVT), equilibrated
(100 ps, NVT; 200 ps, NpT), and subjected to a production run (300 K, ~1 μs, NpT, 2 fs integration step). Pressures of 1 bar, 4 kbar and 8 kbar were maintained with
the Monte Carlo barostat,74 the temperature was kept
constant with the Langevin thermostat.75
For the WHAM simulation, (φ, ψ) grid with 20 degree
increments and a force constant of 25 kcal mol−1 rad−2
were used. At each grid point, minimization, heating and
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two-step equilibration (NVT, NpT) were followed by a
production run (300 K, 4 ns, NpT, 1–2 fs integration step
depending on the employed water model).
IR, VCD, Raman and ROA spectra were generated
using the Gaussian 16 program76 and the B3LYP77/6–311
++G**/GD3BJ78/CPCM79 approximation level. For AlaAla, the spectra were averaged from 100 MD snapshots
for each conformer class, following the method in ref. 80.
For the other two molecules only the typical conformation (MD snapshot) for each conformer class was
selected, using Amber CPPTRAJ clustering tools.81 A
constrained normal mode partial optimization was
used82-84 to preserve the MD geometries and relax
higher-frequency vibrational motions. Finally, the spectra
of conformers were combined using populations
predicted for different pressures by MD. A dimensionless
spectral variation was calculated from the spectra
predicted for 1 bar (S0) and 8 kbar (Sp),

Ð
Sp −S0 dω
,
δ= Ð
jS0 jdω

ð1Þ

which proved to be useful in the spectra comparison,
apart from a visual inspection. The upper pressure limit
(8 kbar) was chosen with respect to values expected in
common experiments.

F I G U R E 2 Ramachandran plot, i.e., the
dependence of free energy on the (φ, ψ)
torsion angles, as obtained by WHAM for
zwitterionic Ala-Ala (1 bar, SPCFW water
model)
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3 | R ES U L T S A N D D I S C U S S I O N
3.1 | Dipeptide MD
The Ala-Ala MD was run with the SPCFW, TIP3P, TIP4P
and TIP5P water force fields,85 because previous works
suggest that the water model can alter helical stability,86
preference for folded vs. unfolded state,87 and the structure of the solvation shell.88 Obtained potential energy
surface is plotted in Figure 2. We divided Ala-Ala conformers into five conformer classes (A-E); their
populations for various water force fields and three pressures are plotted in Figure 3.
Although the trends in conformer populations are
more or less consistently predicted with all the force
fields, detailed distributions differ. When the pressure is
increased from 1 bar to 4 kbar, conformer B always
becomes more populated. This conformer corresponds to
the polyproline II (PPII), structure, often associated with
so called random conformation of proteins and peptides.89 However, further increase to 8 kbar results in a
higher population of B only for the TIP4P force field.
Population of the A conformer (close to the β-sheet protein geometry90) decreases approximately linearly with
increasing pressure, regardless of the water model
employed. Geometry of the D conformer is close to normal protein α-helix, while the E structure would correspond to the left-handed α-helix.90 The C and D
conformer populations do not seem to be affected by the

F I G U R E 4 Dependence of the Ala-Ala B conformer
population and 99% confidence intervals (errors) on the simulation
time, for the SPCFW water force field, and WHAM simulations
under 1 bar and 8 kbar

pressure, while population of E grows. At 8 kbar the
SPCFW, TIP3P and TIP5P force fields indicate that this
left-handed “helix” is even more populated than the
right-handed one.
A more detailed look at the Ramachandran plot revealed that geometries of the minima also slightly change.
For example, the equilibrium value of the φ angle in conformer B increased by about 3 for 8 kbar. A consequence
for the spectra would be difficult to simulate with the

F I G U R E 3 Populations (%) of the Ala-Ala conformer classes (A, B, C + D, E) for three pressures, as obtained with four different water
force fields (SPCFW, TIP3P, TIP4P, TIP5P)
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F I G U R E 5 Dependence of isomaltose
free energy on the (ψ, ω) angles (free MD,
1 bar)

present computational methodology (much more snapshots and different optimization scheme might be
required). Nevertheless, we estimate that for the selected
molecules these effects are less significant than those caused by the changes in conformer populations.
An error analysis indicated the importance of running
sufficiently long MD simulations. Otherwise the
predicted population changes under different pressures
were smaller than statistical fluctuations of MD. Figure 4
shows a gradual decrease of the 99% confidence interval
for the 1 bar and 8 kbar SPCFW populations. Within
0.5–2 ns the formal error gets smaller to about one half,
but further prolongation to 4 ns causes only marginal
improvement in the accuracy. The graphs suggest that
the resultant error in conformer populations is smaller
than 1%.
In general, the MD results are in agreement with previous studies on Ala-Ala,91,92 which were, however,

typically focused on the effect of the protein force field
and not that of the pressure.93

3.2 | Disaccharide MD
Because the φ angle stayed close to 70 and did not much
depend on the pressure in all MD simulations, we
focused on the behavior of the other two (ψ and ω)

T A B L E 1 Populations and their standard deviations (%) of
isomaltose conformers for three pressures
Pressure

A

B

C

D

1 bar

6.5 ± 0.3

74.2 ± 0.9

8.7 ± 0.3

8.5 ± 0.9

4 kbar

7.6 ± 0.1

71.5 ± 2.7

9.5 ± 0.7

9.4 ± 1.8

8 kbar

6.8 ± 0.7

69.5 ± 1.4

10.0 ± 1.0

10.2 ± 0.7

F I G U R E 6 A–U, probability distribution with respect to the
N1(U) - N9(A) distance
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torsion angles. The dependence of the free energy on
them for 1 bar is plotted in Figure 5. Four distinct conformers (A-D) can be identified, their populations for different pressures are summarized in Table 1.
Clearly, population of A remains nearly stable, while
bigger changes occur for the other conformers. C and D
become slightly more populated under higher pressures,
and the biggest change is predicted for B, losing 5% in the
1 bar ! 8 kbar pressure change. Overall, these changes
are quite minor and sometimes comparable with the
errors, which were calculated from ensemble of three
unrestrained simulations with different starting velocities, each 750 ns long.
F I G U R E 7 Populations of the A-U conformers calculated for
the three pressures
Computed molecular volumes (bohr3) for Ala-Ala,
isomaltose and A-U conformers

TABLE 2

Conformer

Ala-Ala

Isomaltose

A-U

A

1395

2506

3703

B

1419

2671

3966

C

1490

2411

4056

D

1167

2578

-

E

1483

-

-

FIGURE 8

3.3 | Dinucleotide MD
The MD geometries were sorted into three conformer
classes (A, B and C), using a hierarchical agglomerative
clustering algorithm based on the distance between uracil
and adenine atoms (N1 and N9, see Figure 1). A distancedependent probability density (integrating to one over all
distances) is plotted in Figure 6. Integrated populations
obtained for three pressures are plotted in Figure 7.
The population of the most compact conformer
A (with the two nitrogen atoms closest to each other,

Simulated IR (ε), VCD (Δε), Raman (IR + IL) and ROA (IR - IL) spectra of Ala-Ala, and the difference S0 (1 bar) - Sp (8 kbar),
green line, caused by the pressure. An example of ROA at the normal (solid black) and elevated (green dashed line) pressure is shown in the
inset

716

PLAMITZER AND BOUŘ

d ~ 5 Å) increases by 8%, with the biggest change occurring between 4 and 8 kbar (6.5%). Populations of B and C
decrease, with the latter almost vanishing at 8 kbar. The

FIGURE 9

FIGURE 10

As in Figure 8, for isomaltose, S0 - Sp in red

As in Figure 8, for the A-U dinucleotide

errors and confidence intervals were calculated from
ensemble of three unrestrained simulations, each 1 μs
long, but with different initial velocities.
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3.4 | Molecular volumes
Molecular volumes were calculated using the Gaussian
16 algorithm.76 As predicted earlier, an increase in the
pressure should favor species with smaller volumes.61
This is more or less confirmed by the calculated volumes (V) summarized in Table 2, where at least isomaltose and the A-U dinucleotide follow this trend.
TABLE 3

Predicted integrated spectral variation under the
pressure (δ, in %) for all studied molecules and spectroscopic
techniques
Spectroscopy

Ala-Ala

Isomaltose

A-U

IR

4

2

5

VCD

8

5

15

Raman

4

2

5

ROA

9

6

9

Populations of the most voluminous conformers (B of
isomaltose, V ≈ 2671 bohr3,and C of A-U, V ≈ 4056
bohr3) decrease with the pressure. For Ala-Ala, the differences between volumes of individual conformers are
very small (below the computational error of ~100
bohr3, according to the Gaussian 16 manual) and other
factors probably prevail.

3.5 | Optical spectra
IR, VCD, Raman and ROA spectra together with changes
caused by the 1 bar ! 8 kbar pressure surge, as predicted
by MD and DFT, are plotted in Figures 8–10. Clearly, the
changes are quite minor, typically within 10% of the average intensity. The changes are about comparable for AlaAla and A-U, but much smaller for isomaltose. Only in a
few specific cases of ROA and VCD, more pronounced
differences can be observed. Typically, the relative

F I G U R E 1 1 Simulated dissymmetry factors (left) and CID ratios (right) for the three studied molecules, and their pressure-induced
changes (in colors)
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changes are bigger for spectral regions with small intensities. Examples of such regions are magnified in the insets
of Figures 8 and 10.
For IR, the largest changes accompany the largest
intensities of the amide I and II modes (Figure 8, AlaAla, within about 1600–1700 cm−1) and carboxyl
stretching (Figure 10, A-U, also around 1650 cm−1).
Interestingly, the largest VCD changes occur in a different lower-frequency region than IR, dominated by more
delocalized vibrations. This somewhat contrasts with the
Raman and ROA spectra, where the changes are spread
more evenly, although the most susceptible Raman bands
do not automatically coincide with the most sensitive
ROA signals.
For Ala-Ala, different water force fields provided
spectra differing by about 10% in intensity, the changes
caused by the pressure were nearly the same (not shown).
Frequency shifts induced by the pressure were reported
in the literature as well,94 however, these are not well
captured by the present simulations focused on the conformational dependence only. For example, bond lengths
and distances between atoms of different molecules in
the clusters are allowed to change in our optimization
protocol, which might affect frequencies of some vibrational bands.
The predicted spectral variations (δ, eq. 1) are listed
in Table 3. This parameter can be thought of as a measure of the sensitivity to the pressure. As can be seen in
the table, the chiroptical techniques (VCD and ROA) are
about 2–3-times more sensitive than their unpolarized
analogs (IR, Raman). There is a little difference between
VCD and ROA, except for A-U, where VCD is predicted
to be ~1.7× more sensitive.
A similar picture is provided by the dissymmetry
factors g = Δε/ε and circular intensity differences
CID = (IR - IL)/(IR + IL) plotted in Figure 11. One can see
that the relative pressure-induced changes of these two
variables are somewhat larger than for the other spectra.
For example, while ROA and VCD isomaltose intensities
change less than by 4% within 1 bar - 8 kbar, more than
8% change can often be seen in g or CID. This, however,
does not make eventual experimental observation easier,
because large g/CID factors are often seen in weak bands
that are difficult to measure.

3.6 | Experimental aspects
Measurements of high-pressure VCD and ROA spectra
go beyond the scope of this work, nevertheless it is
clear that the experiments may be quite difficult, at
least for the small molecules. Technical difficulties
include a very small amount of the sample in the
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usual diamond cell (nanoliters) from which the signal
must be obtained, polarization artifacts caused by the
diamond, etc. The conformational changes may also be
masked by other effects, such as the aforementioned
changes in vibrational frequencies,94 which were not
properly included in the present study. Some
advantage might be possibly gained by the higher
pressures accessible in optical experiments (up to
hundreds of GPa), as compared to the NMR detection
(0.2–0.4 GPa).95

4 | CONCLUSION
We conducted a thorough computational study of three
model systems chosen to represent biologically important
molecules – proteins, nucleic acid polymers and polysaccharides. Within the molecular dynamics modeling the
pressure-induced conformational changes could be
predicted and the computational error estimated. Relatively long times were needed for reliable predictions,
which may explain some problems with similar simulations encountered in the previous studies on larger
systems.
The 1 bar ! 8 kbar pressure hike caused minor
variations in conformer populations, typically up to
~10%. For bigger molecules more significant changes
may be expected, nevertheless, already our miniseries
indicated that different molecules exhibit significantly
different sensitivity to the pressure. For example, the
disaccharide was rather indifferent to it, which might
explain the absence of relevant experimental data for
similar molecules in the literature. Various water force
fields provided similar results with respect to the
pressure sensitivity, although they differed in absolute
conformer populations. Molecular volume was confirmed as an important indicator of the pressure
sensitivity.
VCD and ROA intensities were readily found more
sensitive to the pressure than IR and Raman spectroscopies. Although actual measurements might be quite
problematic, we hope that the present study can provide
useful guidance to them.
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