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ABSTRACT: Understanding structure formation in polypeptide chains and synthetic
polymers encapsulated in pores is important in biology and nanotechnology. We present
replica exchange molecular dynamics studies of the phase diagram for a-helix formation of
capped polyalanine in nanotubes (NT) open to a water reservoir as a function of the NT
diameter and hydrophobicity. A helix forms only in a narrow range of diameters, which
surprisingly is comparable to the width of the ribosome tunnel. Increasing the
hydrophobicity enhances helicity in the NT. Helix formation in polyalanine is driven by
a small negative enthalpy and a positive entropy change at ~#300 K, in contrast to the large
negative entropy change that destabilizes the helix and favors the coiled state in bulk water.
There is an anticorrelation between water density inside the nanotube and structure
formation. Confinement-induced helix formation depends on amino acid sequence. There
is complete absence of helix in polyglutamine and polyserine confined to a open carbon

Alay

Coil = Helix

Bulk D = 13.6 Ang CNT
AHzppr <0 AHyor <0
ASappr <0 ASagor > 0
Aliapox = 0 AGagox < 0

nanotube.

C onfinement of biopolymers and synthetic materials in
nanopores play an important role in DNA sequencing,1
drug delivery,” biotechnology applications,” folding,*> degrada-
tion of proteins,’ and in the design of biosensors.”® The
structural transitions that occur when water-soluble synthetic
polymers are encapsulated in nanotubes (NT) are important in
the design of nanomaterials for use in membrane separation and
energy related applications. Another example of considerable
interest in biology is the influence of the cylindrical ribosome
tunnel through which the newly synthesized protein must pass
and how it facilitates structure formation.” "’ The tunnel
diameter varies between 10 and 20 A with an average of
approximately 15 A.'* A number of experiments have shown
there are zones within the tunnel that are conducive to
compaction and a-helix formation.””"*"> Theoretical studies
indicate conformational restrictions of the coiled state in a
confined system make it entropically more unfavorable than the
a-helix, thus favoring the formation of the helical state. o7 We
investigate this here and study the thermodynamics of coil—helix
transition of polyalanine encapsulated in nanotubes open to
water reservoirs.

We present results of an all-atom replica exchange molecular
dynamics (MD) study of helix formation in capped 23-alanine
(COCHj;-Ay;-NHCH;) confined to NTs. The NTs are open to a
water reservoir implying that, at equilibrium, the chemical
potentials of the bulk and confined water are identical. Using
extensive converged atomically detailed simulations covering a
broad range of temperature and differing values of the NT
diameter (D), we discovered the following key results. (1) We
find that the 23 alanine peptide (A,;) forms a stable helix over a
narrow optimal range of D (&~ 13—1S5 A). The helix content,
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which changes nonmonotonically with D, decreases precip-
itously outside the optimal range of D. (2) By varying the
hydrophobicity of the confining carbon nanotube we demon-
strate that there is an anticorrelation between the extent of
hydration and the a-helical content. In other words, in the
optimal range of D, A,; adopts a helical structure in the region of
carbon NT, which is essentially devoid of water. (3) Interestingly,
thermodynamic analyses show that the observed transition from
coil to helix in A,; is driven by a negative enthalpy change in the
temperature range 280—500 K and a small positive change in
entropy below &350 K due to nanoconfinement. This is
dramatically different from the behavior in bulk water in which
alarge unfavorable (negative) entropy change for the coil to helix
transition overwhelms the accompanying negative enthalpy
change, except below ~290 K for the CHARMM36 force field.
All of the results are qualitatively insensitive to the force fields
employed, but there are quantitative differences.

In order to establish the robustness of our results, we used
three different force fields (AMBER99SB*-ILDN,'**°
CHARMM36,>"** and CHARMM22>>**). The CHARMM?22
force field has a strong propensity to form a-helices in
polypeptides.'”*' We confirmed this in our replica exchange
simulations of A,; in bulk water and NTs (see Supporting
Information (SI)) and discarded it in favor of the AMBER99SB*
and CHARMMS36 force fields. To model the changes in the
tunnel-peptide interactions, we scaled the Lennard-Jones
interaction of the carbon atoms in the NT using a parameter 4,
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Table 1. Thermodynamic Fits to the Data Using the Expression In K(T) = —(n — 2)AH,yox/RT — (n — 2)ACp(1 — 300 K/T)/R +
nAS;00c/R + nACp In [T/300K])/R***!

force field A AHjy  kJ mol ™ res™" AS;00 x J mol™! K" res™! ACpJ mol™ K™ res™
bulk
charmm36 —1.37 (0.02) —424 (0.06) +3.25 (0.18)
amber99sb* —0.54 (0.02) —2.30 (0.06) +2.08 (0.16)
D=136A
charmm36 1.0 —031 (0.01) +0.41 (0.01) —2.05 (0.04)
charmm36 0.80 —0.39 (0.01) +023 (0.02) —1.85 (0.05)
charmm36 0.64 —0.46 (0.01) +0.07 (0.02) —1.71 (0.04)
charmm36 0.56 —047 (0.01) +0.05 (0.02) —1.67 (0.05)
amber99sb* 1.0 —0.08 (0.00) +0.63 (0.01) —2.38 (0.03)
amber99sb* 0.80 —0.14 (0.00) +0.50 (0.01) —2.16 (0.04)
amber99sb* 0.64 —0.18 (0.00) +0.40 (0.01) —2.11 (0.04)
amber99sb* 0.56 —0.20 (0.00) +0.36 (0.01) —2.06 (0.03)
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Figure 1. Randomly selected equilibrium conformations of A, in NTs with diameter (from top) D = 12.2, 13.6, 14.9, 16.3,20.4, and 35.3 A for 1 = 1.0 at
300 K obtained using the CHARMMS36 force field. Images from the AMBER force field are in the SI.

which can take on values from zero to unity.'” For the values used We performed replica exchange molecular dynamics simu-
in our simulations, 4 = 1.0, 0.80, 0.64 and 0.56, A,; is stably lations using GROMACS 5.1.2% for A,; in bulk water and in
encapsulated in the NT. armchair (n,n) NTs with lengths of 100 A and diameters (D =
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0.783 A/3n) of 12.2, 13.6, 14.9, 16.3, and 20.4 A. The NTs were
immersed in a water bath with hexagonal periodic boundary
conditions. The 12.2, 13.6, and 149 A NT systems each
contained 74 replicas, while the 16.3 and 20.4 A systems each
contained 84 and 88 replicas, respectively. The convergence time
of each system varied, and we monitored the results for
convergence by analyzing the structure of A,; with time. A
table of simulation length per replica is provided in the SI.
Simulated annealing was conducted for the largest NT (D = 35.3
A) with a simulation length of 200 ns. The temperature range of
the replicas was 280—500 K, where the temperature spacing was
determined by following the procedure described elsewhere”®
such that the exchange probability was at least 0.23 (+0.02) with
replica exchange attempts every 1 ps. This also generates the data
necessary to compute the thermodynamics of helix formation
(Table 1). Our replica exchange calculations were validated by
comparing our results for the thermodynamics of helix—coil
transition in TIP3P water with previous studies'””" with good
agreement. Errors are estimated by block averaging.”” Additional
details of the systems and the simulations are in the SL
Snapshots of the equilibrated polypeptide for the
CHARMMS36 force field in each NT (Figure 1) give a picture
of the opposing influence of confinement and hydration. The
most important observation is that, for all D, a helix forms along
the axis of the tube only in regions depleted of water molecules
and over a narrow range of diameters. The fractional helix
content @y (see SI for details) as a function of tube diameter for

A = 1.0 (least hydrophobic) is displayed in Figure 2. The striking
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Figure 2. (Left) Fractional helix content @ of A,; encapsulated in a NT
of varying diameters with 4 = 1.0 at 300 K for CHARMM36 and
AMBER99SB*-ILDN force fields. Horizontal lines are the values of @y
in bulk water. Where error bars are not visible, they are smaller than the
symbol. (Right) Phase diagram of @y at 300 K in the (D, 1) plane for the
AMBER99SB*-ILDN force field shows that for all 4, helix formation
occurs only over a limited range of D values.

aspect of the results in Figure 2 is that ®y changes
nonmonotonically with D. There is complete absence of helix
content for large D with Oy being even less than in bulk water for
the CHARMM36 and AMBER99SB* force fields. Helices form
only when the diameter of the nanotube is larger than 12.2 A and
smaller than 20.4 A, with the optimal diameter for the pristine a-
helix being close to 13.6 A. Interestingly, this value is comparable
to the average diameter (D & 15 A) of the region in the ribosome
tunnel where a-helix formation is most favorable.'”'> As D
decreases below 13.6 A, @ decreases precipitously, which tidily
explains the absence of compaction of polypeptide chains in the
region of constriction located in lower part of the ribosome
tunnel. For D = 12.2 A, A,; is extended with ® ~ 0. Similarly,
Oy is greatly reduced in the NTs with D > 20.4 A, when the
polypeptide is adsorbed onto the interior wall of the NT. The
prediction that A,; forms an a-helix is in contrast with a previous
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study,”® which showed that helix formation does not occur in the
physically unrealistic periodically replicated NT that precludes
flow of water in or out to maintain chemical equilibrium with an
external reservoir. Figure 4 illustrates that the (¢, y) angles are
localized predominantly in the a-helical region.”
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Figure 3. Fractional helix content @y as a function of T (K) (for 4 = 1.0)
and t (ns) (at 300 K) of A, in the NTs and bulk water. In the plots of @
versus T, only every third data point is plotted for clarity. Where error
bars are not visible they are smaller than the symbol.
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Figure 4. Ramachandran potentials of mean force —In P(¢,p) of the
inner 21 residues in A,; in D = 13.6 A NTs and bulk water for both force
fields at 300 K.

Figure 2 shows a phase diagram for helix formation in which
Oy is plotted as a function of D and 4. It is clear that, for D = 13.6
A, Oy achieves a maximum for all 2 > 0.56. Changes in D and 4
have significant effects on the stability of the a-helix. Small
changes in A broaden the optimal D for which @ is a maximum.
As  decreases from 1.0 through 0.80 and 0.64 to 0.56, the NT
becomes more hydrophobic (see Table 2), resulting in an
increase in @y for D > 13.6 A. Additionally, the phase diagram in
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Table 2. Fractional Helicity @y, Number of Water Molecules
Inside the NT Ny, and Number of Peptide—Peptide Ny, and
Peptide—Water Npy; Hydrogen Bonds at 300 K for Each A

force field A Oy Ny Npp Npw
D=136A

amber99sb* 1.0 0.9509 + 0.0006 151 20.35 8.14

amber99sb* 0.80 0.9561 + 0.0007 144 20.47 7.69

amber99sb* 0.64 0.9598 + 0.0006 137 20.56 7.3S

amber99sb* 0.56 0.9614 + 0.0004 133 20.59 7.15
D=149A

amber99sb* 1.0 0.037 + 0.002 225 3.50 29.17

amber99sb* 0.80 0.201 + 0.021 212 6.29 25.85

amber99sb* 0.64 0.90S + 0.005 187 1841 7.02

amber99sb* 0.56 0.923 + 0.002 182 18.66 6.50

the (D, T) plane displayed in the SI for both force fields shows
that the helix is stable up to a temperature of ~500 K in the D =
13.6 ANT.

The thermodynamics of helix formation in A,; are determined
by fitting AGyc = —RT In K(T) = AH,(T) — TASoa(T) = (n
—2) AH, (T) — nTAS,,(T)***" (see SI for details) to the data
where K = ©/(1 — O) and n = 23 is the number of residues
(Figure S and Table 1). The enthalpy, entropy, and heat capacity
change of helix formation in Ay; in bulk water are qualitatively
consistent with previous estimates from experiment’ and
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Figure S. Top four panels display the Gibbs free energy AGyc = —RT In
K(T) (solid line), enthalpy AH,,, (dashed line), and entropy TAS,
(dashed-dotted line) of helix formation for bulk water and the D = 13.6
ANT for both force fields with 4 = 1.0. The bottom two panels display
the Gibbs free energy for different A for both force fields in the D = 13.6
ANT.
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simulation.” The enthalpy and entropy of helix formation is
greater in magnitude for the CHARMM36 force field in bulk
water than for the AMBER99SB* force field (Table 1 and Figure
5), as found previously.21 However, the all-or-nothing two-state
helix—coil model used to obtain the thermodynamic values in
Table 1 underestimate both the enthalpy and entropy of helix
formation in the bulk phase. Experiment shows the enthalpy of
helix formation in alanine-based polypeptides to be ~ —3.8 kJ
mol ™! res™!,** but bulk water simulations with the CHARMM?36
force field give a value of ~ — 1.4 kJ mol ™' res™". To account for
the imperfect cooperative nature of the helix—coil transition, we
fit our data to the Lifson—Roig model (see SI) which gives a value
of —3.29 kJ mol ™" res™" for the enthalpy of helix formation with
the CHARMM36 force field in bulk water.

Figure 5 shows that helix formation in A,; in bulk water is
unfavorable except below 2290 K with the CHARMM36 force
field, but is favorable in the D = 13.6 A NT even up to 500 K.
Inside the D = 13.6 A, NT helix formation at 300 K is driven by a
negative AH and a positive AS (Table 1 and Figure S). However,
the enthalpy change in the D = 13.6 A i less negative than in bulk
water. Importantly, ACp in the D = 13.6 A NT is negative, the
opposite of AC, in bulk water, which completely alters the
temperature dependence of AH,,, and AS,.; in the D = 13.6 A
NT. As the temperature increases, both AH,,; and TAS,
decrease, but TAS,, decreases at a greater rate resulting in a
slight increase in AGyc with temperature (Figure S). Table 1
shows how AHjygx and AS;ygx vary with 4. As A decreases from
1.0 to 0.56, AH;yox becomes more negative and AS;yox becomes
less positive. The net result is the helix becomes more stable as 4
decreases as displayed in Figure 5. Furthermore, the free energy
displays a minimum inside the D = 13.6 A NT, which shifts to
lower temperatures as A decreases (Figure S). Based on polymer
physics of confinement, it was argued that the positive difference
between ASyp and AS, could stabilize the helix state over a
narrow range of tube diameters.'® Although this trend is borne
out from our simulations, we also note that enthalpy is a major
driving force for helix formation inside the D = 13.6 A NT.
Furthermore, the release of hydrating water molecules from the
peptide during this process contributes to the positive change in
entropy observed in our simulations.

We now elaborate on the role of water molecules in helix
formation of A,; as a function of D to illustrate the interplay
between confinement and hydration effects. A helical polypep-
tide occupies more space (larger excluded volume) in the NT
than conformations lacking structure. The larger excluded
volume of the ordered state leads to release of water molecules
from the vicinity of the ordered a-helix, explaining the
anticorrelation between hydration and structure formation.
This is vividly illustrated in Table 2 and Figure 1. The number
of water molecules in the NT and the number of hydrogen
bonded waters to A,; decrease with decreasing A (Table 2).
When D = 13.6 A and A = 0.56, O is a maximum and Ny is a
minimum. A similar, more pronounced trend occurs in the D =
14.9 ANT. These results show quantitatively that helix formation
is anticorrelated with the removal of water molecules from the
vicinity of the polypeptide and its expulsion from the NTs into a
reservoir. A corollary of this finding is if the peptide were
hydrated in the NT, the helical state of A,; would be destabilized.
In this case, the extended state would be stabilized by favorable
peptide—NT interactions and interactions between the peptide
and water (Figure 1 for illustrations). In contrast to the absence
of water in the vicinity of the helix, a recent study34 found that in
narrow pores, the water-soluble poly(ethylene oxide) is hydrated
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in carbon nanotubes, indicating hydration effects on encapsu-
lated peptides and polymers depend on the sequence.
Furthermore, our replica exchange simulations show no helix
formation in polyglutamine and polyserine in nanotubes with
diameters of 16.3 and 13.6 A respectiveley.

Based on replica exchange molecular dynamics simulations of
polyalanine (A,;) in NTs open to a water reservoir over a range
of diameters (D = 12.2—35.3 A) and temperatures (T = 280—500
K, Figure 3), we find that confinement and hydration promote
helix formation only over a narrow range of D. In contrast to the
bulk, A,; forms thermodynamically stable a-helices upon
encapsulation in open NTs within a narrow range of diameters
from ~13—15 A, which is remarkably close to the average
diameter of the ribosome tunnel.'” Interestingly, water is
expelled from the vicinity of the ordered state of A,; (Figure
1) implying that helix formation is anticorrelated with the
number of water molecules inside the NT (Table 2). Increase in
the hydrophobicity of the tubes broadens the range of diameters
for optimal helix formation as displayed in a phase diagram in the
(D, A) plane (Figure 2). The thermodynamics of helix formation
obtained from the temperature dependence of the fractional
helical content @y of A,; with D = 13.6 A shows that a-helix
formation is driven by favorable negative enthalpy and positive
entropy change from the coiled to helical state at 300 K. By
contrast, the large negative entropy change for this process in
bulk water inhibits helix formation. To our knowledge, this is the
first report on the thermodynamics and the existence of a critical
range of diameters for helix formation in a polypeptide chain
confined to nanotubes in the presence of molecular water. Given
that the subtle interplay between enthalpy, entropy, and
hydration determines a-helix formation, it follows that the
extent of structure formation in nanotubes and in the tunnel of
the ribosome should depend on the precise polypeptide
sequence. Thus, based on our findings, which are qualitatively
robust to changes in force fields, we surmise that atomically
detailed simulations of an open system are needed to decipher
the mechanism of helix formation in nanopores and the
biologically relevant ribosome tunnel.
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