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The Eﬀects of Proline Isomerization on the Solvation
Behavior of Elastin-Like Polypeptides in Water–Ethanol
Mixtures
Yani Zhao and Kurt Kremer*
with a rather high energy barrier of about
30–32 kB T,[6,7] though the Gibbs free energy diﬀerence between the two proline isomers is only ≈ 2 kB T.[6,8] Moreover, one has
to note that there are a number of ways to
catalyze the cis/trans isomerization or to enhance the cis content.[6,8–11]
For proline-rich stimulus-responsive
peptides such as the Elastin-like polypeptides (ELPs) (a known class of stimulusresponsive peptide-like polymers with
sequence Val-Pro-Gly-Xaa-Gly (VPGXG) in
which Xaa can be any non-proline amino
acid[12–14] ), our previous work[15] has shown
that proline isomerization can be applied to
regulate their conformational behavior (the
schematic representation of the cis/trans
isomers is shown in Figure S1 in the Supporting Information and the corresponding
𝜔 dihedral angle of the Val-Pro bonds can
be found in our previous work[15] ). In that
paper, we have studied an ELP sequence of
(VPGVG)30 in pure water, and found that it
exhibited a ﬁrst-order-like lower critical solution temperature
(LCST) transition. This expanded–collapsed conformational transition as temperature T increases occurs if all of its prolines are in
the trans state, while it remained rather collapsed at all considered
temperatures if all prolines are in the cis state. In summary, our
data have suggested that proline isomerization plays an important role in tuning the conformational behavior of ELPs in pure
water while keeping their transition temperature Tl unchanged.
As many other stimulus-responsive polymers (also known as
smart polymers[16–18] ), ELPs exhibit rich and tunable phase diagrams also in aqueous binary mixtures. For example, in water–
alcohol solutions, a co-non-solvency phenomenon of ELPs has
been observed both experimentally[19] and computationally.[20]
This phenomenon is associated with the collapse of the polymer
in two miscible good solvents, i.e., the polymer experiences the
expanded–collapsed–expanded transition as the concentration of
the cosolvent (alcohol) increases. One possible explanation of the
co-non-solvency phenomenon is the competition between the
two solvents that cooperatively bind to the chain backbone,[17]
another one could be linked to the very small incompatibility of
the two solvents.[18] Moreover, it has been discussed in the previous literature[19] that the insolubility of ELPs is dependent on
the alcohol hydrophobicity: the larger the alcohol hydrophobicity
(following the sequence methanol, ethanol, isopropanol, and 1propanol) the earlier the onset of the insolubility of ELPs. Apart

Elastin-like polypeptides (ELPs) are well-known proline-rich
stimulus-responsive polymers. They have broad applications ranging from
drug delivery to green chemistry. Recently, the authors have shown that the
cis/trans proline isomerization can be used to regulate their conformational
behavior while keeping the lower critical solution temperature (LCST)
unchanged in pure water. In aqueous ethanol mixtures, ELPs typically exhibit
an expanded–collapsed–expanded transition known as the co-non-solvency
phenomenon. Since it is unclear how proline isomerization aﬀects the
solvation behavior of ELPs in aqueous ethanol mixtures, an all-atom insight
on single ELPs has been provided to address this question. It is found that if
all proline residues are in the cis state, the peptides only experience a
collapsed–expanded transition as ethanol concentration increases, i.e., the
initial collapse vanishes because cis isomers prefer the compact structures in
pure water. The data from the authors also suggest that proline isomerization
does not change the shift in solvation free energy of an ELP with given
sequence, but it varies the aﬃnity of the peptide to both the solvent and
cosolvent molecules.

1. Introduction
Proline cis/trans isomerization plays an important role in the regulation of protein activities, such as protein folding,[1] the dynamics of signal response[2] and gene expression.[3] It may be also
associated with human diseases, for example cis tau protein has
been found as a major early driver of the progressive neurodegeneration after injury.[4] Though the cyclic side group of proline
stabilizes both its cis and trans isomers, most prolyl peptide bonds
in nature adopt the trans conﬁguration.[5] The interconversion
between the cis and trans isomers is a slow rate-limiting process
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from solution qualities, the solvation behavior of ELPs in aqueous binary mixtures may be also tuned by proline isomerization
at the sequence level. This question still remains open and it is
our main goal to address in this work.
Herein, we will focus on single ELP chains in water–ethanol
mixtures. Taking advantage of our recent work,[15] we consider
an ELP sequence (VPGVG)30 with four diﬀerent cis proline percentage Pcis and position: i) Pcis = 0 with all prolines are in the
trans state (the all-trans case); ii) Pcis = 0.5 and the cis proline
residues are located in two separated blocks cccccccccccccccttttt
tttttttttt (the hs-cis case); iii) or they are perfectly mixed with trans
isomers ctctctctct ctctctctct ctctctctct (the hm-cis case); iv) Pcis = 1.0
(the all-cis case). Our results show that the initial expanded–
collapsed conformational behavior disappears in the all-cis case,
because cis isomers facilitate rather compact structures without
ethanol molecules, i.e., in pure water. Moreover, our data indicate
that the shift in solvation free energy of a given ELP sequence
is, within the error bars, independent of proline isomerization.
Nevertheless, we also observe that cis isomers prevent both the
peptide–water and peptide–ethanol hydrogen bonding in water–
ethanol mixtures.

2. Experimental Section
2.1. All-Atom Simulations
All-atom simulations of an ELP sequence (VPGVG)30 was performed by using the GROMACS, version 5.1.2, molecular dynamics package[21] with the CHARMM36m force ﬁeld[22] together with the TIP3P water model.[23] For ethanol molecules,
their bonded and non-bonded interactions were described by the
CHARMM36m parametrization. In our simulations, eight different values of ethanol concentrations xe were considered: xe =
0.0382 (1 232 ethanol and 31 056 water), 0.0809 (2 464 ethanol
and 28 000 water), 0.1292 (3 696 ethanol and 24 912 water),
0.1844 (4 928 ethanol and 21 792 water), 0.25 (6 160 ethanol and
18 526 water), 0.50 (12 320 ethanol and 12 320 water), 0.75 (18
480 ethanol and 6 160 water) and 1.0 (24 640 ethanol and 0 water). In case of pure water with xe = 0.0 (0 ethanol and 32 177
water), the simulation data have been taken from our previous
work.[15]
The simulations were performed in the isothermal-isobaric
(NPT) ensemble at T = 300 K, at which the considered peptide (VPGVG)30 in pure water is in the expanded state (its LCST
transition temperature Tl ≅ 305 K[15] under the currently chosen
force ﬁeld). The temperature of the system was kept constant by
a velocity rescaling thermostat[24] with a coupling constant of 1
ps, and the pressure of the system was kept at 1 bar using the
Parrinello–Rahman–Andersen barostat[25] with a coupling constant of 2 ps. The LINCS algorithm[26] was used for bond constraints. The electrostatic interactions were simulated using the
particle mesh Ewald (PME) algorithm.[27] The cutoﬀ of the electrostatic and the van der Waals interactions were set to 1.4 nm.
The equations of motion were integrated using the leap-frog integrator with a time step of 2 fs. For a given xe , two independent trajectories were generated, each of them covering a time
of 1 𝜇s.

Macromol. Rapid Commun. 2022, 2100907

2100907 (2 of 6)

2.2. Water–Ethanol Mixtures
Following the previous literature,[28] the miscibility of the water–
ethanol mixtures was checked by using the Kirkwood–Buﬀ integrals (KBI)[29] :
∞

Gij = 4𝜋

∫0

(gij𝜇VT (r) − 1)r 2 dr.

(1)

Here, gij𝜇VT is the radial distribution function of components i and
j in the 𝜇VT (grand canonical) ensemble, which links the macroscopic thermodynamics of complex liquid mixtures directly to
the microstructure of molecules obtained from simulations. The
calculation of KBI in computer simulations of ﬁnite size boxes
typically may suﬀer from the ﬁnite-size eﬀects. To solve this
problem, an eﬃcient method[30] was developed to obtain accurate KBI in the thermodynamic limit from nanoscale molecular dynamics simulations. Our obtained KBI for water–ethanol
mixtures is shown in Figure 1(a) (note that only one atom per
molecule was taken in the calculation of Gij : the oxygen atom
from water molecules and the middle carbon atom from ethanol
molecules). The peak locations for the water–water KBI Gww , the
water–ethanol KBI Gwe and the ethanol–ethanol KBI Gee were in
good agreement with experimental data.[28] Note that for a given
aqueous binary mixture, the agreement of KBI in peak position
was more important than that in magnitude.[28] The total number
density 𝜌 of water–ethanol mixtures was also calculated as a function of xe , see Figure 1(b). A density dip with a maximal relative
deviation of 0.15 from the ideal mixture line was observed, which
agreed well with previous literature.[31] This weak incompatibility
has been shown to be crucial for the observation of co-solvency,
i.e., the swelling of a polymer in a mixture of poor solvents.[18,31]

3. Results and Discussion
3.1. Conformational Behavior
We ﬁrst focus on the conformational behavior of the peptide in
water–ethanol mixtures. Figure 2(a) shows the gyration radius
Rg (the detailed deﬁnition of Rg can be found in the Supporting Information) of (VPGVG)30 as a function of ethanol concentration xe in the four considered cases. One can see that in
the all-trans case, the results of Rg reproduce the experimentally observed expanded–collapsed–expanded scenario in water–
ethanol mixtures,[19] namely the co-non-solvency behavior. As
xe increases from xe = 0.0 to 1.0, the change of Rg can be divided into three stages: i) Rg decreases monotonically when xe ≤
0.0809; ii) Rg increases monotonically at 0.0809 < xe < 0.5; iii)
Rg remains nearly as a constant as xe ≥ 0.5. As discussed in the
previous literature,[17,31] the rapid initial collapse in stage i) is a
more characteristic signal of a ﬁrst-order-like behavior, while the
gradual expansion in stage ii) is closer to a continuous expansion. Moreover, we can detect a collapsed window in stages i) and
ii) compared to the pure water case, i.e., the ethanol concentrations at which Rg is smaller than that in pure water. As one can see
from Figure 2(a), this window is located at 0 < xe ≤ 0.1292, which
again is in a good agreement with the experimental data.[19] In
stage iii), the value of Rg is ≈ 20% larger than that in pure water
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Figure 1. a) Kirkwood–Buﬀ integrals for water–ethanol mixtures as a function of ethanol concentration xe . b) Normalized total number density 𝜌∕𝜌(xe =
0.0) of solvent molecules as a function of xe . The green straight line is the linear interpolation between the data points of xe = 0.0 and 1.0.

Figure 2. a) Rg of (VPGVG)30 as a function of ethanol concentration xe in the all-trans (black), hs-cis (green), hm-cis (blue) and all-cis (red) cases at
T = 300 K. b) S(q) in the all-trans case at xe = 0.0 (black), 0.0809 (cyan) and 1.0 (green). c) The same as panel (b) but for the all-cis case.

and is leveling oﬀ, which suggests that ethanol is a better solvent
for the peptide compared to water. Note that the LCST transition
temperature in the simulations of the peptide is 305 K,[15] and
thus water is a good solvent at 300 K. The experimental LCST is
299 K,[32] which means that our simulations correspond to experiments at about 294 K. Typical snapshots of the peptide at diﬀerent
xe can be found in Figure S2 in the Supporting Information.
However, the behavior for the all-cis case is markedly diﬀerent, indicating that the conformational behavior of the peptide is
strongly aﬀected by proline isomerization. More speciﬁcally, Rg
shows no stage i) in the all-cis case, i.e., there is no signature even
of a weak collapse and the chain only experiences an expansion as
xe increases. The vanishing of an initial collapse may be because
of the following reasons: a) the peptide is already tightly compact
in pure water with xe = 0.0, which leaves no space for further
conformational shrinking as the solution quality changes; b) instead, the presence of ethanol slightly opens the ELP chain as a
better solvent. At a ﬁrst sight, our data suggest that the mechanism of peptide–ethanol interactions in the all-cis case is distinct
from that in the all-trans case. In the mixed cases, the shape of
Rg in the hs-cis case is similar to that in the all-trans case with the
same window of shrinkage, though Rg,hs-cis < Rg,all-trans at all considered values of xe because of the chain compactness in the half
cis region (see Figure S3(a) in the Supporting Information). In the
hm-cis case, Rg is nearly kept as a constant at xe ≤ 0.1292, which
further supports the fact that the mechanism of cis-ethanol interactions might be diﬀerent from that in the trans case. The value
of Rg in the hm-cis case increases monotonically when 0.1292 ≤
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xe < 0.5, and it is nearly a constant at xe ≥ 0.5. Note that it satisﬁes Rg,hm-cis < Rg,all-trans < Rg,hs-cis < Rg,all-cis at high ethanol concentration, which is determined by both the cis content-dependent
eﬀective backbone length[15] and the fraction of formed 𝛽-sheets
(see Figures S2 and S4 in the Supporting Information) of the peptide. The longer eﬀective backbone length and the less 𝛽-sheets
formed along the backbone, the more expanded the chain is.
In order to better understand the conformational properties of
the chain under proline isomerization, we have also plotted the
Ramachandran plots of proline and its preceding valine residue
in Figure S5 in the Supporting Information. Our data show that
the ﬂexibility of proline in both trans/cis states is similar to each
other, however, the preceding valine is more ﬂexible in the cis
case. It seems that the steric rotation of cis proline leaves its preceding residue more space to act. A detailed analysis of the eﬀects
of proline isomerization on the activity of the preceding residues
and its potential association with human diseases like neurodegenerative disorders will be the future directions.
To connect these more global results with characteristic length
scale dependent polymer properties, we calculated the backbone
structure factor S(q) (the deﬁnition of S(q) can be seen in the Supporting Information). The results for the all-trans case at xe = 0.0,
0.0809 and 1.0 are shown in Figure 2(b) and in 2(c) for the allcis case, respectively. The comparison between the two cases at
diﬀerent xe is shown in Figure S6 in the Supporting Information.
Though S(q) for the two cases looks quite similar at a ﬁrst glance,
there are a few signiﬁcant diﬀerences. For xe = 1.0 on large
distances, i.e. low q values, we obtain a q−2 power law indicating
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an approximate Gaussian conformation. For the all-cis case this
holds all the way down to distance of about 2𝜋∕q ≈ 0.8 nm, corresponding to q ≈ 8 nm−1 , which is slightly below a nm, where the
slope becomes smaller, indicating a signiﬁcant local stiﬀening.
For the all-trans case we observe a much weaker deviation from
the Gaussian behavior toward a more expanded structure already
at a lower q of about 2.5 nm−1 , corresponding to a distance of
about 2.5 nm. This perfectly corresponds to the results obtained
for Rg . In contrast, at zero ethanol content an extended stiﬀ
region (S(q) ∝ q−1 ) on scales below about 2 nm is observed for
both cases, which probably can be connected to the 𝛽-sheets
formed (see Figure S4 in the Supporting Information and also
the relative discussions in our previous work[15] ). At smaller q
values a slope between q−3 and q−4 is observed, an indication of
an overall globular structure with a lower internal density for the
all-trans case. Interestingly, for xe = 0.0809 the shifts compared
to the xe = 0.0 case occur in a qualitatively diﬀerent way for the
two cases. While the shrinking of the all-trans chain is clearly
observed at large scales, the local structure below about 2.5 nm
remains almost unaltered. For the all-cis case, however, the global
conformation remains almost unchanged and shifts occur below
2.5 nm. The missing initial expanded–collapsed conformational
change in the all-cis chain as xe increases from 0.0 to 0.0809 is
the main diﬀerence between the two cases. These observations
are also supported by the separate S(q) analysis of the trans and
cis parts in the hs-cis case, as it is shown in Figure S7 in the
Supporting Information. The large shrinking of the all-trans
chain is connected to the reduction of the fraction f𝛽 of 𝛽-sheets,
while f𝛽 in the all-cis case remains close to zero at all considered
xe (Figure S4 in the Supporting Information). It has to note
that f𝛽 in the all-trans case rises again as xe increases until it
reaches about 12% at xe = 1.0 in accord with the larger Rg value
compared to the all-cis chain. The changes in f𝛽 for the two cases
considered are in line with the results of S(q) discussed above.

Figure 3. Shift in solvation free energy ΔG of (VPGVG)30 as a function of
xe in the all-trans (black), hs-cis (green), hm-cis (blue) and all-cis (red) cases
at T = 300 K.

the error, which indicates that proline isomerization does not
contribute to the shift in the solvation free energy, despite the
huge conformational diﬀerences. In other words, the solvation
free energy of a peptide in aqueous ethanol mixtures is solely
determined by the amino acid sequence itself. The understanding of this observation may be straightforward: the solvation free
energy is dominated by the relative solvent and cosolvent interactions (the term Gps − Gpc in Equation (2)), which is intimately
linked to the amino acid sequence of the chain and coupled to
local short length scale properties. This is supported by the S(q)
results, which diﬀered the least on small length scales. From Figure 3, we also observe a monotonically decreasing ΔG within
the range 0 < xe < 0.5, which again shows that ethanol is a better solvent for the peptide than water. However, there seems to
be a slight increase of ΔG as xe ≥ 0.5, indicating that the current amino acid sequence prefers a mixed solvent. Future work
is needed to investigate this in detail.

3.2. Solvation Free Energy
3.3. Hydrogen Bonding
The Kirkwood–Buﬀ (KB) ﬂuctuation theory[29] is a classical approach to explore the thermodynamic properties of liquid mixtures. It links the thermodynamic properties of a solution to its
microscopic structural quantities obtained from simulations. For
any binary mixtures of solvent (s) and cosolvent (c), the solvation
free energy of the peptide (p) can be calculated as:
(
lim

𝜌p →0

𝜕ΔG
𝜕xc

)
=
p,T

(𝜌s + 𝜌c )2
(Gps − Gpc ).
𝜂

(2)

Here, 𝜌p → 0 indicates that the expression is derived for peptide systems at inﬁnite dilution, which means a single chain in
our case. 𝜌s and 𝜌c are the solvent and cosolvent number densities at pressure p and temperature T. Gij is the KBI for components i and j (see Equation (1)), and xc is the cosolvent concentration (the cosolvent is ethanol in our case, and thus xc = xe ).
𝜂 = 𝜌s + 𝜌c + 𝜌s 𝜌c (Gss + Gcc − 2Gsc ), which measures the miscibility of the mixtures.
Figure 3 shows the solvation free energy shift ΔG of
(VPGVG)30 in water-ethanol mixtures as a function of xe . Interestingly, ΔG in all four considered cases are the same within
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To characterize the peptide-(co)solvent aﬃnity, we perform a
hydrogen bonding analysis. Figures 4(a–b) show the results
of the normalized proline–water Npro,w ∕Np and proline–ethanol
Npro,e ∕Np hydrogen bonds (H-bonds), Np = 30 being the number
of proline residues in the sequence. The total peptide-co(solvent)
H-bonds can be found in Figure S8 in the Supporting Information, they have very similar shapes as the proline-co(solvent)
ones. Our ﬁrst observation is that as xe increases, the value of
Npro,w ∕Np decreases and that of Npro,e ∕Np increases as expected.
For a given xe , the all-trans case has the most proline-co(solvent)
H-bonds, while the all-cis case has the least. These data suggest
that the cis isomers suppress both the peptide–water and peptide–
ethanol aﬃnity of the ELP in water-ethanol mixtures (see also
Figure S3(b) and (c) in the Supporting Information). The reduced
solvent-accessible surface area (SASA) of the peptide in the all-cis
case is the main cause of its decreased peptide-(co)solvent aﬃnity, as it is shown in Figure S9 in the Supporting Information.
We have also determined the intramolecular Npro,np H-bonds
between the proline and non-proline (np) residues, see Figure S10(a) in the Supporting Information. We found that the cis
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Figure 4. a) Normalized proline–water Npro,w ∕Np and b) proline–ethanol Npro,e ∕Np H-bonds by the number of proline residues Np = 30 as a function
of xe in the all-trans (black), hs-cis (green), hm-cis (blue) and all-cis (red) cases at T = 300 K.

isomers promote intramolecular H-bonds in water-ethanol mixtures just as in pure water: the value of Npro,np ∕Np in the all-cis
case is ≈ 3 times larger than that for the all-trans case at all considered xe . The values for the two mixed trans, cis cases are inbetween the former two extremes. However, concerning conformational aspects, intramolecular H-bonds formed in the all-cis
case are very diﬀerent from those in the all-trans case. This is
demonstrated by the distance between pairs of residues (each
pair forms a Npro,np H-bond) separated by |i − j| residues along
the chain (see Figure S10(b) in the Supporting Information). Our
data show that all-trans chains on average have longer contour
distance intramolecular H-bonds because of the formed 𝛽-sheets,
while only local H-bonds are available in the all-cis case.

4. Conclusion
We have studied the solvation behavior of an ELP sequence
(VPGVG)30 with four diﬀerent cis compositions in aqueous
ethanol mixtures. Our all-atom simulations reproduced the
co-non-solvency phenomenon with an expanded–collapsed–
expanded conformational transition in the all-trans case. The detected collapsed window is located at 0 < xe ≤ 0.1292, which is
in good agreement with the experimental results. Yet in the allcis case, no initial collapse of the chain has been observed. Chains
containing only cis isomers already display a very compact structure in pure water. Instead, the presence of ethanol molecules
with low concentration can slightly open the all-cis chain. Furthermore, our data have shown that cis isomers reduces both the
peptide–water and peptide–ethanol interaction aﬃnities, though
proline isomerization seemingly has no eﬀects on the shift in solvation free energy of a given ELP sequence. Details of the microscopic origin of the initial collapse of the all-trans chains remain
to be understood. The shift in solvation free energy by adding
ethanol to water shows that the collapse occurs, despite the fact
that the solvent quality becomes better. This suggests a classical co-nonsolvency scheme. However, for that the shift in solvation free energy seems to be too small.[31] Alternatively, the weak
incompatibility of the two solvents, or more generally the three
body eﬀects might play a role.[18,33] This, however is beyond the
scope of this initial study.
Our observation that proline isomerization plays a role in the
solvation behavior of ELPs in aqueous ethanol mixtures, sheds
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some light on the relevance of conformations on materials properties. This certainly should be taken into account if future applications of ELPs are considered.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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