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Confinement effects on protein stability are relevant in a number
of biological applications ranging from encapsulation in the cylindrical cavity of a chaperonin, translocation through pores, and
structure formation in the exit tunnel of the ribosome. Consequently, free energies of interaction between amino acid side
chains in restricted spaces can provide insights into factors that
control protein stability in nanopores. Using all-atom molecular
dynamics simulations, we show that 3 pair interactions between
side chains— hydrophobic (Ala–Phe), polar (Ser–Asn) and charged
(Lys–Glu)—are substantially altered in hydrophobic, water-filled
nanopores, relative to bulk water. When the pore holds water at
bulk density, the hydrophobic pair is strongly destabilized and is
driven to large separations corresponding to the width and the
length of the cylindrical pore. As the water density is reduced, the
preference of Ala and Phe to be at the boundary decreases, and
the contact pair is preferred. A model that accounts for the volume
accessible to Phe and Ala in the solvent-depleted region near the
pore boundary explains the simulation results. In the pore, the
hydrogen-bonded interactions between Ser and Asn have an
enhanced dependence on their relative orientations, as compared
with bulk water. When the side chains of Lys and Glu are restrained
to be side by side, parallel to each other, then salt bridge formation
is promoted in the nanopore. Based on these results, we argue and
demonstrate that for a generic amphiphilic sequence, cylindrical
confinement is likely to enhance thermodynamic stability relative
to the bulk.
confinement effects on protein stability 兩 hydrophobic interactions 兩
potentials of mean force 兩 water in pores

(3), and translocation of peptides through biological channels
(17). Confinement in a cylindrical pore is expected to greatly
alter interactions between SCs because of the interplay of 2
dimensions—L, the length, and D, the cylinder diameter. Quantitative estimates of the free energies of interactions between
SCs can provide insights into confinement-induced changes in
the stability of polypeptides in such confined geometries. Accordingly, we have calculated the free energies of interaction
between the following pairs of side chains: phenylalanine (Phe)–
alanine (Ala), serine (Ser)–asparagine (Asn), and lysine (Lys)–
glutamate (Glu)—in nanopores. These SCs were chosen as
representative examples of large (Phe) and small (Ala) hydrophobic species, polar (Ser and Asn), and charged (Lys and Glu)
moieties and are simulated in specific pair geometries.
In a nanopore filled with water at bulk density, the hydrophobic attraction between the side chains of Ala and Phe is
destabilized, and the 2 side chains are driven to large separations.
At a reduced solvent density  ⫽ 0.5 bulk, the pair is driven to
contact. The orientation dependence of the hydrogen-bonded
interactions between the polar side chains of Ser and Asn is
greatly enhanced in the nanopore. Confinement also alters the
balance between hydrophobic and electrostatic interactions in
the Lys–Glu pair. At a particular orientation relative to each
other, confinement promotes salt-bridge formation between this
pair. Based on our simulations and general theoretical arguments, we predict that confinement in cylindrical pores should
enhance the stability of a protein with an amphiphilic sequence.
The predictions are explicitly validated by using simulations of
2 tripeptides confined to nanopores.

T

Interactions Between Ala and Phe. We study confinement effects

he folding of proteins in confined spaces (1, 2) has received
a great deal of attention recently because of its possible
relevance to chaperonin-assisted folding (3), the fate of polypeptide chains in the exit tunnel of the ribosome (4), and dynamics
in the cellular environment (5, 6). In light of their biological
significance, many experimental (1, 7–9) and theoretical studies
(10- 16) have examined changes in the confinement-induced
stability of proteins. The interplay of several factors, such as
alterations in hydrophobic and ionic interactions in confined
water, entropic restrictions of the conformations of polypeptide
chains, and specific interactions between amino acid residues
and the confining boundary determine the stability of proteins
(10, 13). Despite the complexity, the observed enhancement in
the stability of folded state, compared with that in bulk solvent
(1, 7–9), can often be rationalized in terms of the entropic
stabilization theory (10–12, 16). However, confinement can also
destabilize the folded state (13, 14) because of the alterations in
hydrophobic interactions, which can result in a net attraction
between the protein and the confining boundary (1, 2).
To provide insights into the experimental studies, we report
here interactions between amino acid side chains (SCs) in
cylindrical nanopores. A cylindrical geometry is relevant to the
conformation of a polypeptide chain in the tunnel of the
ribosome (4), the encapsulation of a substrate protein in GroEL
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Results and Discussion
[see Methods and supporting information (SI) Text for simulation
details] in the Ala–Phe pair in 3 relative orientations. In the 1•
Ala
(1•) orientation, Ala is positioned such that the CPhe
 –C
(C␥Phe–CAla) line is perpendicular to the plane of Phe (Fig. 1). Ala
restrained to be in the Phe plane, with the closest Phe atom being
CPhe
 , is indicated as 3 䡠 (Fig. 2B). For reference, we calculated
the potential of mean force (PMF) between the 2 SCs in bulk
water as a function of r, the distance between their centers of
mass (Fig. 1). The PMF for the 1• (1•) pair shows a contact
minimum at r ⬇ 0.4 nm and a solvent-separated minimum (SSM)
at a separation r ⫽ 0.7 nm, with an intervening barrier of height
⬇4.2 kJ/mol (6.2 kJ/mol). The 3 䡠 configuration, in contrast, has
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a single contact minimum at 0.6 nm with no discernible secondary minimum. The 1• and 1• pairs are more stable at contact,
relative to large separations, than the 3 䡠 configuration. Thus, it
appears that the preferred orientation of Ala is to have its heavy
atom perpendicular to the aromatic ring of Phe in the absence
of other steric interactions. Both Phe and Ala are nonpolar, with
solvation free energies calculated to be 0.4 and 10.2 kJ/mol,
respectively (18), by using the CHARMM22 force field. Therefore, in water-filled nanopores, both solutes will be relegated to
the surface (Fig. 3) to maximize the solvent entropy (19).
Fig. 2 A shows the dramatic effect of confinement on the
interaction free energies between Ala and Phe, at different
relative orientations, in 2 pores with D ⫽ 1.4 nm, and L ⫽ 2.2
and 2.9 nm, with similar results for D ⫽ 2 nm and L ⫽ 3 nm (Fig.
2B). In the 1• and 1• orientations, the SSM at r ⫽ 0.7 nm is
absent in all 3 pores. The barrier between the contact and SSM
in the PMF between 2 hydrophobic moieties, such as methane,
in bulk solvent, arises because of a single intervening water
molecule that is hydrogen-bonded to other water molecules (20).
Immediately adjacent to hydrophobic surfaces, such as those
bounding the pores, water hydrogen bonds are broken, leading
to the instability of the solvent-separated state, and the disappearance of the associated barrier. Therefore, in the nanopore,
the SSM and the associated barrier are absent. In bulk water, the
barrier has been identified with the free-energetic cost of
squeezing out water molecules, thus creating a hydrophobic core
in the folding of proteins (21). As noted before (19), the absence
of the SSM and the associated barrier in the pores implies that
such a model is not applicable in nanoconfinement.
The free energies of the confined 1• and 1• pairs show 2
other minima, at separations corresponding to the width and
length of the pores. In the pore with D ⫽ 1.4 nm and L ⫽ 2.9 nm
(Fig. 2 A), these distant minima are more favorable than the
contact minimum by ⬇2 and 4 kJ/mol, respectively. In the wider,
D ⫽ 2 nm pore (Fig. 2B), the 2 distant minima are equally stable,
⬇3 kJ/mol more stable than the contact minimum. When the
solutes are restrained to the 3 䡠 configuration, in addition to the
primary contact minimum, there is a single, distant minimum
that is less favorable, by ⬇4.5 kJ/mol in Fig. 2 A and ⬇3.5 kJ/mol
in Fig. 2B. The barrier between the 2 minima is substantial, ⬇9 ⫺
11 kJ/mol (3.6 ⫺ 4.4 kBT at 298 K) in the narrower pores (Fig.
2 A), decreasing to ⬇7 kJ/mol in the wider pore (Fig. 2B).
Free-energy contours in the Phe plane, at a distance of 0.4 nm
between the C␥Phe and the CAla atoms, in the D ⫽ 1.4 nm, L ⫽
2.9 nm pore, show that this SC pair has a strong tendency (⬇6
kBT) to be oriented with the Ala in a vertical plane relative to the
Phe plane (Fig. 4). In such a geometry, the surface areas in
Vaitheeswaran and Thirumalai
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Fig. 1. PMF of unconfined Ala and Phe in bulk water. r is the distance
between the centers of mass of the side chains. Curves are translated vertically
so that the zero of the scale is at contact. The Inset shows the 1• pair in the
SSM. The adjacent stick figures show the geometries of the 1• (Upper), and 1•
(Lower) pairs.

Fig. 2. Free energies of interaction between Ala and Phe. (A) Two nanopores, of the same diameter D and different lengths L at bulk water density.
In the 1• and 1• orientations, confinement destabilizes the contact minimum. (B) The D ⫽ 2.0 nm, L ⫽ 3.0 nm nanopore at bulk water density. The stick
figure shows the 3 䡠 pair. (C) The D ⫽ 1.4 nm, L ⫽ 3.0 nm pore with the water
density halved.

contact for these 2 SCs are maximized. Because the center of
mass of Phe is ⬍0.1 nm from C␥Phe, both 1• and 1• configurations lie in the attractive basin in this figure. A similar
orientational preference is also found in bulk water (data not
shown).
Interactions Between Hydrophobic Side Chains Are Determined by
Accessible Volumes in Solvent-Depleted Zones. The unusual feature

of the free-energy profiles when Phe and Ala are confined in the
1• and 3 䡠 configurations is the emergence of 2 distinct minima,
one at r ⬇ D, the pore diameter, and the other at r ⬇ L, the pore
length, that are more stable than the contact minimum. These
features of the interaction can be explained by water-mediated
ordering as observed near large hydrophobic solutes (22) (see
Figs. S1 and S2).
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Fig. 3. Snapshots of Phe and Ala in the 1• orientation in the D ⫽ 1.4 nm, L ⫽
2.9 nm nanopore. (Left) Water is at bulk density and the SCs are pinned to the
hydrophobic walls. Solvent-depleted zones are shown in light blue. The
widths of the depletion zones parallel and perpendicular to the cylinder axis
⬘
are dw and dw
, respectively. (Right) The same system with the water density
halved. Here, the SCs are sequestered at the surface of the water droplet.

The results in Fig. 2 can be understood by noting that at the
hydrophobic pore boundary, the structure of water is disrupted
because of hydrogen-bond breakage. Consequently, there is a
zone of depletion of water molecules near the boundary. At
equilibrium, Phe and Ala will prefer to be localized at these
extended cavities at the water surface (Fig. 3). The planar Phe
will be preferentially oriented parallel to the hydrophobic surface, both along the length of the pore and also at the flat end
caps, to minimize the hydrophobic area exposed to solvent.
Based on the physical picture described above, we propose a
model to explain the free-energy profiles between Phe and Ala.
Let us consider the 1• orientation first. If Phe is parallel to the
curved surface along the length of the pore, the preference of
Ala and Phe for the solvent-depleted region at the surface can
be satisfied either when the solutes are in contact or when they

Fig. 4. Free-energy contours (in kJ/mol) as a function of the 2 dihedral angles
 and  in the D ⫽ 1.4 nm, L ⫽ 2.9 nm nanopore. The C␥Phe–CAla distance is fixed
at 0.4 nm. Contours are plotted at 1-kBT intervals in the region where the
interaction free energy is favorable (⬍0).
17638 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0803990105

are at a separation equal to the pore diameter. Similarly, if Phe
is parallel to the flat end caps of the pore, the 1• pair will find
thermodynamic equilibrium either at contact or when they are
at opposite ends of the pore, at a separation approximately equal
to the pore length. At intermediate separations, the network of
hydrogen bonds in the cylindrical water droplet will be disrupted,
and, hence, these states will be thermodynamically unfavorable.
The volume available to the hydrophobic solutes, and hence their
entropy, is larger if they are localized at distances r ⬇ D or r ⬇
L rather than at the contact distance. Therefore, the contact
minimum is metastable in the cylindrical pores. In the 3 䡠
configuration, the solutes can minimize their exposure to solvent
only when they are in contact or at opposite ends of the pore.
Hence, the free-energy minimum corresponding to the pore
width is absent in this configuration. When the 3 䡠 pair is at the
opposite ends of the pore (r ⬇ L), Ala is in its preferred
environment of low solvent density, but the Phe is constrained
to be partially exposed to solvent at bulk density. Consequently,
this pair is frustrated between its hydrophobic attraction to the
pore surface and the imposed orientational constraints. The
distant minimum is therefore metastable relative to the contact
minimum.
A simple model that computes the volume available when r ⬇
D and r ⬇ L suffices to explain the relative significance of the 2
minima. Let dw and dw⬘ be the sizes of the depletion zones near
the flat and curved boundary, respectively (Fig. 3). The available
volume for the solutes when r ⬇ L is Vf ⬇ 2 R2 dw, and Vc ⬇
2 L R dw⬘ when r ⬇ D. Here, R ⫽ 0.5D is the pore radius. In this
model, altering the length of the pore while keeping the width
constant will leave Vf unchanged (Fig. 3). This leads to the
prediction that the free-energy minimum corresponding to the
pore length will have the same stability for pores of different
lengths. A comparison of the 2 pores with the same D ⫽ 1.4 nm
and L ⫽ 2.2 and 2.9 nm in Fig. 2 A, shows that this is indeed the
case for both the 1• and 3 䡠 configurations. The relative depth
of the minima [⬀ ln (Vf/Vc)] will depend on L, D, dw, and dw⬘ . We
should emphasize that dw and dw⬘ will vary with the wall–water
interaction and the extent of drying at the pore surface. Nevertheless, for any pore with hydrophobic walls, there will be a
surface region of broken water hydrogen bonds at which nonpolar solutes will prefer to be localized. We therefore expect the
interaction free energy of any 2 nonpolar solutes, in a predominantly hydrophobic nanopore, to have distant minima. The
relative stabilities of the different states will be sensitive to the
force field, particularly the wall–water interaction.
Phe–Ala Interactions Depend Sensitively on Water Density. Water
density () in a confined volume depends critically on the
strength of the attraction between the pore wall and water
molecules (23, 24). The inert confining boundary in this study
does not permit an accurate estimate of the water density inside.
Therefore, we arbitrarily reduce the number of water molecules
(see SI Text) inside the D ⫽ 1.4 nm, L ⫽ 2.9 nm pore to  ⫽ 0.5
bulk. Comparison of Ala–Phe interactions at the reduced  in
Fig. 2C, with the results in Fig. 2 A shows a striking dependence
on the solvent density. Although the net solvent density is low,
water molecules in this pore cluster together in a hydrogenbonded droplet (Fig. 3). The nonpolar solutes are still localized
at the surface of the droplet, but the hydrophobic attraction
between the solutes and the pore walls is greatly diminished.
Interaction free energies for the 1• and 3 䡠 orientations in Fig.
2C are similar to each other with 2 minima each—one at contact
and the other corresponding to the case where they are located
at opposite ends of the droplet. The barrier heights between the
2 minima are similar in both orientations, ⬇5.5 ⫺ 6 kJ/mol, and
the contact minima are favored. Thus, the orientation dependence of the Ala–Phe interaction and the destabilization of the
contact pair are strongly modulated by the solvent density. At
Vaitheeswaran and Thirumalai

low , the volumes of the depletion zones are large enough (dw
and dw⬘ are greater than the size of a water molecule) to
accommodate both Phe and Ala close enough to each other (r ⬇
0.6 nm) to stabilize the contact minimum by favorable van der
Waals interactions. At reduced , the hydrophobic attraction
between the solutes and the cylinder walls is diminished. The
solutes are therefore not strongly pinned to the wall, and the
free-energy minimum corresponding to the width of the cylinder
is absent in the 1• orientation.
Confinement Alters the Orientation Dependent Ser–Asn Interactions.

The 3 hydrogen-bonding configurations of Ser and Asn are
shown in Fig. 5 (also see Methods). The PMFs between this polar
SC pair in bulk water (Fig. 5A) show characteristic contact
minima (which correspond to the formation of hydrogen bonds)
and secondary SSMs. The 2 states are separated by a substantial
barrier of 14 kJ/mol for the Serd orientation and ⬇10.5 and 9.5
and Asncis
kJ/mol for the Asntrans
d
d arrangements, respectively. The
trans
cis
Asnd and Asnd pairs have similar energetics in bulk (Fig. 5A)
but not in cylindrical confinement (Fig. 5B and Fig. S3A). In bulk
water, the contact states in these 2 orientations have similar
stabilities relative to large separations of ⬇1.4 nm (6 and 5
Vaitheeswaran and Thirumalai

Balance Between Hydrophobic and Electrostatic Forces Determines
Lys–Glu Interactions. The side chains of Lys and Glu carry charges

of ⫹e and ⫺e, respectively, at physiological pH. They also have
nonpolar parts that prefer to be sequestered from the water.
Therefore, the Lys⫹–Glu⫺ pair interaction can be mostly electrostatic or both electrostatic and hydrophobic, depending on
their relative orientations. The PMFs between Lys and Glu in the
34 and the 11 orientations (see Methods and Fig. 6) in the
bulk show well-defined contact and SSM (Fig. 6A). These
configurations are stabilized in contact by 8.5 ⫺ 10 kJ/mol
relative to extended separations. In the nanopores, the 34 pair,
which is predominantly electrostatic, has the same contact and
SSM at ⬇0.6 and ⬇0.8 nm, respectively, as in bulk solvent (Fig.
6B). In this orientation, the free energy has another minimum
corresponding to the state where the 2 molecules are approximately a pore length apart, with their charged ends hydrated and
the nonpolar ends at the surface. The free energy in the 11
orientation shows features of both electrostatic and hydrophobic
interactions. This pair is strongly driven to contact at ⬇0.43 nm.
The shallow SSM at ⬇0.8 nm in bulk water is nearly absent in the
narrower pore but is discernible in the wider one (Fig. S3B).
The Lys–Glu system illustrates how confinement alters the
balance between hydrophobic and electrostatic interactions. In
the absence of charges, the interaction between these SCs would
be entirely hydrophobic. If this were the case, then the free
energy of interaction between these hypothetical molecules
would have 2 distant minima in addition to the contact minimum, at separations corresponding to the pore dimensions,
PNAS 兩 November 18, 2008 兩 vol. 105 兩 no. 46 兩 17639
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Fig. 5. The 3 configurations of the hydrogen-bonding Ser–Asn pair are
shown in the stick figures on the right: (A) Serd, (B) Asndcis, and (C) Asndtrans. (A)
PMF in bulk water. Curves are translated vertically so that the zero of the
free-energy scale is at contact. The snapshot shows the Serd pair at the SSM. (B)
Free energies of interaction in a nanopore with D ⫽ 1.4 nm and L ⫽ 2.9 nm at
bulk water density. The Inset shows the system in the minimum at ⬇2.5 nm in
the Asndcis configuration. (C) Interaction free energies in the nanopore at half
the bulk water density. The Inset shows a snapshot of the Asn dtrans
configuration.

kJ/mol, respectively). However, in the nanopore, the contact
configuration has much greater stability
state of the Asntrans
d
relative to the same separation (⬇7.5 kJ/mol), than the corresponding Asncis
d case (⬇4 kJ/mol). Thus, it is likely that confinement preferentially populates the Asntrans
geometry in which the
d
trans hydrogen (Fig. 5C) participates in the hydrogen bond. The
confined Asncis
d pair also shows another, distant minimum at
⬇2.5 nm, corresponding to a state in which the solutes are at
opposite ends of the pore. The Serd pair is only modestly affected
by confinement. We also note that the second SSM at ⬇0.9 nm
becomes more pronounced in the nanopores for all 3 geometries.
The hydrophobic methyl groups of Asn and Ser are expected
to be pinned at the pore surface, whereas the amide group of Asn
and the hydroxyl group of Ser prefer to be fully hydrated. The
conflicting requirements of these chemical groups (methyl,
hydroxyl, and amide) can be accommodated in the trans geometry at contact, in which both methyl groups can be solvated at
the surface and the polar ends remain fully solvated. The
favorable surface solvation of both methyl groups, and the direct
van der Waals interactions between them, stabilizes the contact
state in the trans configuration in the pores. In the cis configuration, both methyl groups can be located in their preferred
environment at the surface only when the 2 molecules are at
large distances (Fig. 5B). Thus, only at r ⬎ 0.5 nm can the
energetic frustration due to the different preferences of hydrophobic and polar groups be relaxed in nanopores. Comparison
of the results in Fig. 5 A and B show that cylindrical confinement
greatly alters the orientation-dependent interactions between
Ser and Asn.
Fig. 5C shows Ser–Asn interactions in the narrower pore at a
lower water density  ⫽ 0.5bulk. Although this is the average
water density in the pore, water molecules coalesce into a
droplet, leaving empty space in the rest of the pore (Fig. 5C
Inset). The polar SCs are ‘‘bound’’ to the droplet, and solvent
density in the immediate vicinity is close to the bulk. Therefore,
in contrast to the hydrophobic Ala–Phe pair (Fig. 2C), the polar
Ser–Asn pair barely responds to the change in solvent density.
The only notable change is the loss of the distant minimum at
⬇2.5 nm in the Asncis
d orientation (Fig. 5B).

Table 1. Stability changes in peptides confined to
cylindrical pores
Pore size (D, L)*
2.0, 2.9
1.4, 2.9

⌬F†, kBT

⌬F‡, kBT

⫺0.61
⫺0.14 (⫺0.19)§

⫺0.84
⫺1.50 (⫺1.02)§

*D and L are the diameter and length of cylindrical pores in nanometers.
†⌬F ⫽ ⫺log(P /PB) for (Ala) . P and PB are the probabilities of being in the
␣ ␣
3
␣
␣
␣-helical region in the pore and bulk, respectively.
‡⌬F for Lys–Ala–Glu.
§⌬F for  ⫽ 0.5bulk.

Confinement Enhances Peptide Stability. The extent of confine-

Fig. 6. The polar SCs Lys and Glu are simulated in 2 configurations: 34 (stick
figure in B) and 11 (stick figure in C). (A) PMF between Lys and Glu in bulk
water in 2 orientations. Curves are translated vertically so that the zero of the
free-energy scale is at contact. The snapshot shows the 34 pair at the SSM.
(B) Free energies of interaction of Lys and Glu in a nanopore of diameter D and
length L. Water is at bulk density. The Inset shows the 34 pair at the distant
minimum at ⬇2.3 nm. (C) Lys–Glu interaction free energies in the narrower
nanopore at half the bulk water density. The Inset shows the 11 pair at
contact.

similar to the Ala–Phe pair. If this was a purely electrostatic pair,
the solutes would be fully hydrated and the free-energy profile
would have a contact minimum and an SSM but no distant
minima. In this scenario, the presence of the confining boundaries will have only a minimal effect on the interaction between
the solutes. Because favorable electrostatic interactions are
expected to dominate in the bulk, we expect that, in most cases,
Lys and Glu will retain their hydration shells. In accord with this
observation, it is found that Lys and Glu in A␤-peptides are
solvated in bulk water (25, 26). The orientation-dependent
interactions in the nanopore show that confinement (Fig. 6B) can
promote salt-bridge formation between Lys and Glu.
Just as for the Ser–Asn pair, the Lys–Glu system is largely
insensitive to the solvent density (Fig. 6C Inset). Fig. 6C shows
that even with the net solvent density reduced by 50%, both the
34 and the 11 interactions are similar to those at bulk solvent
density (Fig. 6B). The distant minimum at ⬇2.3 nm for the 34
orientation disappears with the decrease in solvent density.
17640 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0803990105

ment-induced stabilization (or destabilization) of peptides or
proteins, with respect to bulk, will depend on the peptide
sequence, entropy loss of the denatured state ensemble (DSE),
and solvent density. (i) Whereas nonpolar SCs prefer to be
localized near the hydrophobic pore boundary, oppositely
charged side chains can be stabilized in contact either by the
formation of a salt bridge or by interior solvation. Confinement
also drives polar SCs to form contacts. (ii) Confinement in a
narrow cylinder, as is the case in ribosomes, also restricts the
rotamer degrees of freedom, thus selecting a particular orientation that may not be preferred in the bulk. The decrease in the
rotamer degrees of freedom in nanopores, as well as overall
restrictions in the conformations of the peptide, increases the
entropy of the DSE. (iii) Confinement destabilizes the contact
minimum between hydrophobic SCs only if the water density in
the nanopore and the bulk are similar. At lower densities, the
contact minimum is favored (Fig. 2C). These observations
suggest that, for a generic polypeptide sequence, confinement
should enhance the stability of ordered states.
To test these predictions, we simulated 2 tripeptides, (Ala) 3,
a hydrophobic sequence, and Lys–Ala–Glu, a hydrophilic sequence with no net charge, in bulk water and in 2 cylindrical
pores. Both peptides are in their zwitterionic form, terminated
with a positively charged amino group and a negatively charged
carboxylic group. In the pores, we find that the center of mass of
the (Ala) 3 backbone is close to the surface. The charged
backbone is hydrated, whereas the nonpolar side chains are
sequestered from the water. Not surprisingly, the center of mass
of the hydrophilic sequence remains close to the pore axis, away
from the surface. These findings are in accord with our expectations based on interactions between amino acid side chains in
cylindrical nanopores.
The changes in stability of the peptide conformations, with
respect to the bulk, can be assessed by computing the distributions of the backbone dihedral angles  and  of the middle
residue in each peptide (Fig. S4). The ␣-helical region is defined
as ⫺80° ⱕ  ⱕ ⫺48° and ⫺59° ⱕ  ⱕ ⫺27° (25). We find that
cylindrical confinement stabilizes both peptides, with the hydrophilic sequence being more strongly stabilized (See Table 1). The
extent of stability clearly depends on the sequence and its length,
pore geometry, and solvent density, just as predicted by using the
results for PMFs between amino acid side chains.
Conclusions
The interactions between SCs confined in cylindrical pores are
strongly affected by the confining boundary. Hydrophobic solutes, such as Ala and Phe, are driven to the surface to maximize
the solvent entropy (19). The solvent density plays a crucial role
in determining whether the hydrophobic solute pair is thermodynamically stable in mutual contact or at large separations
corresponding to the pore dimensions. The polar side chains in
the Ser–Asn pair largely retain their hydration shells and show
the characteristic SSM seen in bulk solvent. The Lys–Glu
interaction has strong electrostatic as well as hydrophobic comVaitheeswaran and Thirumalai

Materials and Methods
Models. The interaction between the side chains Ala–Phe, Ser—Asn, and
Lys–Glu is studied by using molecular dynamics simulations with the
CHARMM22 force field (29) and TIP3P water (30). In each amino acid, only the
side chain is retained. The carboxyl and amino groups are deleted, and the C␣
atom is replaced by a hydrogen atom. Thus, for instance, the side chain of Ala
is represented by methane and Phe by toluene.
Solute Geometries. The solutes were maintained in specific orientations relative to each other by using harmonic restraints. For the Ala–Phe pair (see Figs.
1 and 4), these were: (i) with the CAla atom in the same plane as the phenylalanine ring and closest to the CPhe atom, (ii) with the line joining the CPhe and
CAla atoms being perpendicular to the plane of the phenylalanine molecule,
and (iii) same as (ii) except the CPhe atom is replaced by C␥Phe. These 3 orientations are denoted by the symbols 3 䡠, 1•, and 1•, respectively (the arrow
points from C␥Phe to CPhe). The 3 hydrogen-bonded orientations of the Ser–Asn
pair considered were (i) the Ser -OH group as the H-bond donor and the Asn
carbonyl oxygen as the acceptor, (ii) the Ser oxygen being the H-bond acceptor
and the Asn nitrogen and the trans hydrogen being the H-bond donor and, (iii)
same as (ii), except that the trans hydrogen is replaced by the cis hydrogen on
the Asn nitrogen. In Asn, we label the hydrogen on the same side of the amide
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group as the carbonyl oxygen as cis and the one on the opposite side as trans
(Fig. 5). We refer to these as Serd, Asndtrans and Asndcis, respectively. For the
oppositely charged Lys⫹–Glu⫺ pair, we considered (i) the charged ends adjacent to each other and the linear SCs being colinear with each other (34) and,
(ii) the charged ends adjacent to each other and the aliphatic parts of the 2 SCs
being parallel to each other (11). Thus, interactions between the 34 pair
are mostly electrostatic, whereas the 11 pair will have strong electrostatic
and hydrophobic interactions.
Simulation Details. In the unconfined systems with bulk solvent, each pair of
SCs is solvated in ⬇807 water molecules in a cubic cell 3.0 nm in length. The
system is equilibrated with periodic boundary conditions at a constant pressure of 1 bar, and a temperature of 298 K. Pressure is maintained by using a
Nosé–Hoover Langevin piston, and temperature is controlled via Langevin
dynamics. Electrostatic interactions are evaluated by using the particle mesh
Ewald (PME) method. PMFs are calculated by using the adaptive biasing force
(ABF) technique (31, 32) (see SI Text for details) implemented in NAMD (33).
In the pores, interaction free energies, ⫺kBT log P(r) [kB is Boltzmann’s
constant, r is the distance between the centers of mass of the SC pair, and P(r)is
the probability of finding the 2 solutes at a separation r], are calculated at a
fixed volume by using ABF. Because of the quasi 1-dimensional nature of the
confinement when r ⬎⬎ D, we do not subtract the free-energy contribution ⫺2
kBT log r, which arises from the increase in phase space proportional to r2 in
spherically symmetric systems. Therefore, these profiles cannot be directly
compared with PMFs in bulk. We also calculated free-energy profiles with the
C␥Phe–CAla distance restrained to a typical contact distance of 0.4 nm to identify
the most favorable relative orientation of Ala and Phe at this separation. In
this case, the order parameter along which ABF is applied is the dihedral angle
Phe Phe Phe Ala
 ' [C1
C␦1 C␦2 C ] (see Fig. 4). The free-energy profile along  is evaluated
Phe Phe Ala
with the dihedral  ' [C␦Phe
C C ] restrained to fixed values in the
2 C␥
range (0°,180°).
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ponents and demonstrates the role of confinement on the
balance between these forces. Solvent density has only a minimal
effect on confinement-induced interactions between both polar
and charged SCs.
The explicit calculations for peptides confined to cylindrical
pores confirms the prediction that generically, confinement
should enhance peptide stability. Nevertheless, if a peptide
sequence is strongly hydrophobic, then confinement may destabilize it provided the solvent density in the nanopore is close to
the bulk (13, 14, 27, 28). The present results and a number of
experiments (1, 7–9) suggest that the decrease in the confinement-induced stability of the folded state, with respect to the
bulk, should be an exception rather than the rule.

