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Prediction of the stability of coiled coils using molecular
dynamics simulations
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‡Departments of Chemical Engineering, Biomedical Engineering, Mechanical Engineering, and Macromolecular Science and Engineering program,
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(Received November 2006; in final form March 2007)

We have performed 40–80 ns-long molecular dynamics (MD) simulations of the GCN4 leucine zipper and synthetic coiled
coils using the GROMOS96 (43a2) and OPLS-AA force fields, with the aim of predicting coiled coil stability. Starting with
an initial configuration of two peptides placed in an ideal coiled coil configuration, we find that changing the amino acid
sequence modestly or decreasing peptide length can lead to a decrease in the final a-helicity of coiled coils, although for
peptides as long or longer than 16 residues, the values of helicity do not decrease to the low values seen in the experimental
results of Lumb et al. (Biochemistry. 1994, 33, 7361–7367) or of Su et al. (Biochemistry. 1994, 33, 15501–15510),
presumably because the simulations are not long enough. We find, however, that helicity correlates positively with the
number of close hydrophobic interactions between the two peptides, showing that stable coiled coils in the simulations are
tightly packed. The minimum interhelical distances are 0.50–0.66 nm for charged groups, indicating that favorable charge
interactions are also important for the stability of the coiled coil.

Keywords: Molecular dynamics simulation; Coiled coil; Peptide stability

1. Introduction

Coiled coils are versatile protein domains, consisting of

two or more a-helices wound into a superhelix. Sequences

that form coiled coils contain a heptad repeat of seven

amino acid residues, which are labeled a–g, with a and d

denoting the hydrophobic residues, as shown in figure 1(a)

[1,2]. The hydrophobic a and d residues are usually located

in the core of the coiled coil, and are thought to play an

important role in coiled coil formation. The superhelical

structure of coiled coils enables them to assemble into

mechanically rigid structures, and thus 2–3% of all protein

residues are contained in coiled coils, where they serve as

mediators of oligomerization of many proteins such as

transcription factors, molecular motors, receptors and

signaling molecules [3–5]. Experimental studies of several

coiled coils have determined the number of helices they

contain, and their orientation, folding and stability [6–10].

These experiments have yielded important information

about the effect of specific amino acids in a, d and other

positions on the folding and stability of coiled coils. These

experimental data have been parameterized and developed

into computational programs to predict the existence and

structure of coiled coils based on amino acid sequences

[11–17]. In particular, the program “SOCKET” was

developed to predict the orientation, registry and the

number of constituent helices for each detected coiled coil;

however this tool can capture only very limited local

“knobs-into-holes” packing [16].

While NMR spectrometry, X-ray diffraction, fluor-

escence resonance energy transfer (FRET), circular

dichroism (CD) spectroscopy and other experimental

probes provide vital information on the folding and

stability of coiled coils, results from these experiments are

not always easy to interpret at the atomic level. On the

other hand, atomic-level phenomena can be visualized in

detail by molecular dynamics (MD) simulations, which

offer insights into structure and dynamics, assuming that

these simulations can be validated by successful

comparisons to available experimental results.

Some MD simulations have already been performed to

study the stability of coiled coils. Rozzelle et al. [18]

simulated the yeast transcriptional activator GCN4 and the

designed coiled coils for 300 ps using the GROMOS force
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field and showed the effect of interhelical disulfide bonds

on the stability of coiled coils. Using the CHARMM 19

force field, Zhong et al. [19] simulated a synthetic

membrane-spanning ion channel, which consists of a four-

stranded coiled coil, for 5 ns, and, using the CVFF force

field, Orzechowski et al. [20] calculated the binding free

energy of some designed coiled coils. Danciulescu et al.

[21] simulated mutated a-keratin fragments for 200 ps

using the GROMOS96 (43a1) force field and calculated

their free energies, showing that mutations significantly

influence conformational changes of the side chains at the

mutation and neighboring sites. Using the GROMOS96

(43a1) force field, Missimer et al. [22] simulated a parallel

pair of the C-terminal halves and a parallel pair of the

N-terminal halves of a twostranded 33-residue leucine

zipper of GCN4, and showed that 100 ns-long simulations

Figure 1. Helical wheel diagrams for (a) the typical coiled coil and for the putative coiled coil domains of (b) KID I, (c) KID II, (d) KID III, (e) KID IV,
(f) KID Vand (g) KID VI. Amino acid sequences are plotted clockwise. In (a), hydrophobic residues a and d are shown in squares, and the other residues
are shown in circles. In (b)–(g), hydrophobic amino acids are shown in gray boxes.
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cannot distinguish which half is more stable. Recently, the

Mark group simulated designed coiled coils over 10 ns

using the GROMOS96 (43a2) force field and compared

their stability and orientation with experimental results,

showing that although the initial structure significantly

affects the formation of coiled coils, it was nevertheless

possible to predict the preferred orientation of the helices

in the coiled coils [23,24]. The Tieleman group has also

simulated coiled coils with hydrocarbon interiors over

10 ns using the GROMOS96 (45a3) force field [25].

Although those simulations reveal the possibilities

and limitations of MD predictions of the stability and

orientation of coiled coils, more comparisons with

experiments are necessary to confirm the applicability of

MD simulations for structural prediction of coiled coils.

Here, we compare simulated with experimentally

measured stabilities of shortened versions of the GCN4

leucine zipper [26] and of synthetic coiled coils with

different helix lengths [27]. We analyze helical propensity,

root mean square deviation (RMSD) between initial and

final conformations of backbone atoms of the helices,

tightness of the core packing and electrostatic interactions

between charged residues. In addition, we use CD

spectroscopy to measure the helicity of specially

synthesized 18-residue peptides predicted to be coiled

coils based on the peptide sequence of a novel protein,

Nephrocystin-6 [28], and compare these measurements to

simulated structures.

Experimentally, Sayer et al. found that mutations in the

novel nephronophthisis gene NPHP6/CEP290 cause

nephronophthisis type 6, which is the most frequent

genetic cause of chronic renal failure in young adults.

NPHP6/CEP290 encodes a novel centrosomal protein

Nephrocystin-6, with six RepA/Repþ protein KID

domains, which may be involved in chromosome

segregation and cell cycle regulation. Those six KID

domains are predicted to be a part of coiled coils

according to the sequence-based tool COILS2 [12]. Whole

coiled coil domains in the protein are too long to simulate

using atomistic MD methods, and thus we model only the

KID domains as 18 amino acid-long putative amphipathic

helices, which are shown in figure 1(b)–(g), and predict

possible two-stranded coiled coil structures composed of

pairs of these domains using 30 – 80 ns-long MD

simulations. In general, we find that MD simulations are

able to correlate coiled coil stability with hydrophobic and

charge–charge interactions, but for peptide lengths that

are at the border line between stability and instability, the

simulations are not yet able reliably to predict a priori

whether or not a given pair of peptide sequences will form

a coiled coil, most likely because the simulations cannot

yet be run long enough to fully equilibrate them.

2. Methods

2.1. Computational methods

All simulations and analyses were performed using the

GROMACS simulation package [29]. GCN4 leucine

zippers were simulated with the GROMOS96 (43a2) force

field [30], and synthetic coiled coils were simulated with

GROMOS96 (43a2) [30] and OPLS-AA force fields [31].

These force fields were chosen because they have been

tested and proven to predict experimentally measured

folding structures of the Villin headpiece by van der Spoel

and Lindahl [32]. For the shortened versions of GCN4

leucine zipper, we generated 23-amino acid-long a-

helices using Swiss-PdbViewer [33], and their sequences

are shown in table 1. In the experiments, N- and C-

terminal amino groups were respectively acetylated and

amidated, making these group neutral. Therefore, in our

simulations, the N- and C-termini were respectively

unprotonated and protonated to make them electrostati-

cally neutral, to match the terminal charge state of the

experimental peptides. Recently, Pineiro et al. [24] found

that the coiled coil configuration can only be obtained in

MD simulations if the initial structure is very close to the

expected final configuration. Therefore, two a-helices

were aligned in parallel, with the distance between centers

of mass of a-helices initially set to 1 nm, which is close to

the interhelical distance of typical two-stranded coiled

Table 1. List of simulations for experimentally studied coiled coils, including shortened versions of the GCN4 leucine zipper and parallel coiled coils
of synthetic peptides of various lengths. Hydrophobic residues in positions a and d are underlined. Helicities in experiments (Exp. [23,24]) and our
simulations (Sim.) are compared. Simulations were performed with GROMOS96 and OPLS-AA force fields. For simulations of GCN4-p18 – 30 and
GCN4-p111 – 33 using GROMOS96 force field, two values are presented from two simulations with different initial random velocity distributions.

Helicity (%)

Name Sequences Exp.
Sim.

GROMOS96 (40–80 ns) OPLS-AA (50 ns)

GCN4 leucine zipper GCN4-p18 – 30 KVEELLSKNYHLENEVARLKKLV 90 85,85
GCN4-p111 – 33 ELLSKNYHLENEVARLKKLVGER 45 70,76

Synthetic peptides SP9 KAEIEACKA 13.7 0 44
SP12 EALKAEIEACKA 12.1 0 42
SP16 KAEIEALKAEIEACKA 20.3 72 69
SP19 EALKAEIEALKAEIEACKA 30.6 71 74
SP23 KAEIEALKAEIEALKAEIEACKA 74.2 76 78
SP26 EALKAEIEALKAEIEALKAEIEACKA 89.6 79 83
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coils. Approximately, 4900 SPC water molecules were

placed around the peptides to a thickness of 1 nm, forming

a truncated octahedron. Naþ and Cl2 ions were added

both to neutralize charges from the peptide and to create a

concentration of 150 mM NaCl, which is similar to the

experimental condition [26]. For the synthetic coiled coils

with different lengths and KID domains of NPHP6, the

same procedures were performed with different numbers

of peptide residues, solvent and ion molecules. SPC water

molecules were used for simulations with the GRO-

MOS96 (43a2) force field [30], and TIP4P water

molecules were used for simulations with the OPLS-AA

force field [31].

A cut-off of 1.4 nm was set for the van der Waals

interactions with Particle Mesh Ewald summation used for

electrostatic interactions [34]. A pressure of 1 bar and a

temperature of 300 K were maintained in an NPT

ensemble with a Berendsen pressure coupling and a

Berendsen thermostat [35]. The LINCS algorithm was

used to constrain the bond lengths [36]. Hydrogen atoms

of the peptide were fixed by defining an additional bond of

appropriate length between the hydrogen atom and the

linked atom, which allows the time step to be increased to

2.5 fs without influencing thermodynamical and dynami-

cal properties of the system. After energy minimization

and pre-equilibration with position-restraints, equili-

bration runs were performed for 40 , 80 ns. The

coordinates were saved every picosecond for analysis.

Total a-helicity of two peptides in a pair was calculated

using the DSSP program [37], averaged over the last 5 ns.

The RMSD was calculated between the initial backbone

atom coordinates of helices and the coordinates at a later

time, and tracked as a function of simulation time.

Minimum interhelical distances between charged groups

(NHþ
3 , NHCNH2NHþ

2 and COO2, respectively, for Lys,

Arg and Glu) of charged residues in positions e and g were

also averaged over the last 5 ns. Here, “minimum”

distance means the closest distance that can be found

between any atom of one charged group and any atom of

the other charged group.

2.2 Experimental methods

CD measurements of peptides (100mM) in buffered

solution (10 mM phosphate, pH 7.0) were performed on

the aviv model 202 CD spectrometer (Aviv biomedical,

lakewood, NJ) with a cell of 0.05 cm path length at 310 K.

CD Spectra were obtained by averaging four wavelength

scans from 250 to 190 nm at 1 nm intervals. Using the

value of [u ]obs observed from CD, the ellipticity is

reported as the mean residue ellipticity ([u ], in deg

cm2/dmol) and calculated as

½u� ¼ ½u�obs

MRW

10lc

� �
;

where [u ]obs is the ellipticity measured in millidegrees,

MRW is the mean residue molecular weight of the

polypeptide (molecular weight divided by the number of

amino acid residues), c is the concentration of the sample

in milligrams/milliliter, and l is the optical path length of

the cell in centimeters. Helical formation of the peptide is

related to values of ellipticities at 222 nm. Molar ellipticity

for a 100% helix (½u�max
222 ) of an n-amino acid-long peptide

can be calculated as

½u�max
222 ¼ X1

H

1 2 k

n

� �
;

where X1
H ¼ 237; 4008 cm2/dmol is the value of [u ]222 for

a helix of infinite length, n is the number of residues/helix,

and k is a wavelength-dependent constant (2.5 at 222 nm)

[38]. Finally, the helicity can be calculated as

Percentage peptide helicity ¼
½u�222

½u�max
222

£ 100

3. Results and discussion

We performed 40–80 ns-long MD simulations of coiled

coils with known tertiary structure, such as shortened

versions of the GCN4 leucine zipper and synthetic coiled

coils with different helical lengths. To measure the

formation and stability of the coiled coils, we computed

the helical propensity, RMSD from perfect helicity for

backbone atoms, and tightness of the core packing, and

identified the electrostatic interactions between nearby

charged residues. We also compared the predicted helicity

and close interactions between charged residues with

experimental data available from the literature, such as

helicity obtained from CD and NMR, and the distances

between charged residues obtained from X-ray crystal

structure. Although the simulations were performed over a

run time of 40–80 ns, the average properties were

analyzed only over the last 5 ns when the system was in

its most equilibrated state.

3.1. Simulations of shortened versions of the GCN4
leucine zipper

We performed 80 ns-long MD simulations of shortened

versions of the GCN4 leucine zipper with explicit water.

Here, parallel-oriented pairs of peptides GCN4-p18 – 30

and GCN4-p111 – 33 are respectively designated “GCN4-

p18 – 30” and “GCN4-p111 – 33”, as described in table 1.

GCN4-p18 – 30 and GCN4-p111 – 33, respectively, consist of

the 8th–30th and 11th–33rd amino acids out of the 33

amino acids of the full GCN4 leucine zipper, and thus

there is a difference of only three residues between GCN4-

p18 – 30 and GCN4-p111 – 33. Experimentally, Lumb et al.

[26] found that the helicity of a parallel pair of peptides

GCN4-p18 – 30 is 90%, much higher than that of the

parallel pair of peptides GCN4-p111 – 33, 45%, suggesting

that difference of three residues can significantly affect the

stability of coiled coils. Figure 2(a),(b) show snapshots
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from the beginning and end of the simulations (top images)

and secondary structure of each peptide (bottom images),

respectively, for GCN4-p18 – 30 and GCN4-p111 – 33.

Although the simulated helical structure of the 29th–

33rd residues in GCN4-p111 – 33 is unstable after 50 ns,

with the result that the helicity of GCN4-p111 – 33 (76%) is

less than that of GCN4-p18 – 30 (85%), the simulations

slightly underestimate the helicity for GCN4-p18 – 30 and

greatly overestimate it for GCN4-p111 – 33, suggesting that

the simulations cannot capture significant differences in

the stability of peptides with a difference of three residues,

at least over timescales of 80 ns. To check the influence of

initial velocities, which are generated based on a Maxwell

distribution at 300 K, we carried out simulations with the

same initial configuration of GCN4-p18 – 30 and GCN4-

p111 – 33 with different random initial velocities. Table 1

shows that the different initial velocities produce little

difference in helicity for either GCN4-p18 – 30 and GCN4-

p111 – 33, suggesting that different initial velocities do not

significantly affect final configurations. In the final

structures, stable a-helical structures extending from the

9th to 28th residue and from the 12th to 28th residue were

respectively chosen for GCN4-p18 – 30 and GCN4-p111 – 33,

and their a-helical dimensions (radius, rise/residue and

interhelical distance) compare favorably with experimen-

tal results obtained by O’Shea et al. [40], as shown in

table 2. The RMSD between the initial and final backbone

atom coordinates of the helices in figure 3(a) is higher for

Figure 2. Snapshots at the beginning (0 ns) and end (80 ns) of the simulations (top images) and time dependence of secondary structures (bottom
images) of (a) GCN4-p18 – 30 and (b) GCN4-p111 – 33. The peptide is represented as a ribbon, and hydrophobic residues in positions a and d are shown as
gray dots. The explicit water and ions are omitted for clarity. The images were created using VMD [39]. For both (a) and (b), the top secondary structure
profile is for the peptide on the left side of a pair, and the bottom secondary structure profile is for the peptide on the right side of a pair.

Table 2. Measurement of a-helical structure. For the simulations, the a-helix radius and rise/residue have two values, one for each of the two peptides
in the pair. The error estimates using block averaging are within 0.01 Å.

Experiment [40]
Simulation

GCN4-p1 GCN4-p18–30 GCN4-p111–33 SP16 SP19 SP23 SP26

a-helix radius (Å) 2.28 2.33, 2.34 2.31, 2.32 2.26, 2.26 2.32, 2.26 2.31, 2.32 2.31, 2.32
Rise/residue (Å) 1.51 1.50, 1.50 1.50, 1.50 1.53, 1.54 1.49, 1.54 1.51, 1.50 1.52, 1.51
Interhelical distance (Å) 9.8 9.8 9.8 8.8 10.0 10.1 9.7

Simulations of coiled coils 467

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
7
:
5
0
 
1
4
 
J
a
n
u
a
r
y
 
2
0
1
1



GCN4-p111 – 33 than for GCN4-p18 – 30, suggesting that

GCN4-p18 – 30 is the more stable, which is consistent with

the relative helical stability of these coiled coils.

In addition to the helical propensity, the tightness of the

core packing and presence of favorable interactions

between charged residues are also important measures of

the stability of coiled coils [1]. To analyze the tightness of

core packing, the number of close interhelical interactions

between hydrophobic residues in positions a and d on

different peptides was calculated every timestep and

averaged over the last 5 ns, as shown in table 3. If the

interhelical distance between each Cb atom of these

hydrophobic residues on different peptides is within

0.6 nm, the interaction is considered to be “close.” Table 3

reports that there are around eight close interhelical

interactions between hydrophobic residues for each of the

coiled coils formed by GCN4-p18 – 30 and GCN4-p111 – 33,

showing that those hydrophobic cores are tightly packed.

To understand the effect of different numbers of

hydrophobic residues in positions a and d on the helical

stability, synthetic peptides with different lengths were

simulated, which will be discussed in the next section.

Although the roles of residues in positions e and g are

less understood than those in positions a and d,

experiments and simulations have revealed the importance

for the stability of the coiled coil of the charge interactions

between residues in positions e or g on one peptide and e

or g on the other [1,2]. Since residues in the hydrophobic

core (positions a and d) of the two peptides in a pair face

each other, when the two peptides form a parallel two-

stranded coiled coil, the residues in positions e and g of

one peptide can respectively interact with a residue in

either positions g0 or e0 of the other (these interactions

are termed, respectively, “e–g0” and “g–e0” interactions,

where the prime denotes the positions on the second

peptide). Both GCN4-p18 – 30 and GCN4-p111 – 33 form

parallel two-stranded coiled coils, and thus e–g0 and/or

g–e0 are the allowed interhelical interactions between

charged residues. To analyze favorable electrostatic

interactions, the smallest interhelical distances between

any atom of the charged groups (NHþ
3 , NHCNH2NHþ

2 and

COO2, respectively, for Lys, Arg and Glu) of charged

residues at positions e on one peptide and g0 on the other

were measured every picosecond and averaged over the

last 5 ns, and likewise for the charged groups at positions g

and e0, and are shown in table 4. Because the two peptides

in the coiled coil are identical in this case, interactions

e–g0 and e0 –g are identical. Therefore, values of e–g0 and

e0 –g distances are almost the same, and can be either

rather small, around 0.50 –0.66 nm (bold text) or

rather large, 0.93–2.30 nm, as shown in table 4. For

GCN4-p18 – 30, small distances of 0.52–0.66 nm are

measured between K15 (or E20) on one peptide and E20

(or K15) on the other for g–e0 (or g0–e), and between E22

(or K27) on one peptide and K27 (or E22) on the other for

g–e0 (or g0 –e), indicating that interactions between Lys

and Glu are attractive, as shown in figure 4. These

distances correspond closely to the experimental results

measured by O’Shea et al. [40], who showed using X-ray

crystal structure that interhelical ion pairs in 33-amino

acid-long GCN4-p11 – 33 are formed between K15 and

E20, and E22 and K27.

One might expect that K15 in position g and E20 in

position e0 on different peptides in GCN4-p111 – 33 might

attract each other, as was observed in GCN4-p18 – 30.

However, for GCN4-p111 – 33 their separation is not at all

Figure 3. RMSD between starting atomic coordinates and coordinates
at time t averaged over backbone atoms of helices for (a) GCN4-p18 – 30

and GCN4-p111 – 33 and (b) synthetic peptides with different lengths. Data
were averaged over 50 ps intervals.

Table 3. The number of close interhelical interactions (#0.6 nm)
between Cb atoms of hydrophobic residues in positions a and d on

different peptides, averaged over the last 5 ns.

Number of close interhelical interactions (#0.6 nm)
between Cb atoms of hydrophobic residues

GCN4-p18 – 30 7.91 ^ 0.72
GCN4-p111 – 33 7.96 ^ 0.14
SP9 0.71 ^ 0.11
SP12 0
SP16 2.25 ^ 0.08
SP19 3.36 ^ 0.08
SP23 3.66 ^ 0.18
SP26 5.17 ^ 0.20
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small (0.93–1.01 nm), showing no attractive interhelical

interactions between them. From the X-ray structure,

O’Shea et al. [40] showed that for GCN4-p11 – 33, there is a

close intrahelical contact between the lysine residue K8 in

position g and the spatially proximate E11 in position c on

the same peptide (3.3 Å), suggesting that this intrahelical

interaction between K8 and E11 leaves K15 in position g

free to interact interhelically with E20 in position e0. From

our simulations, in GCN4-p18 – 30 containing K8, the

expected close interhelical interaction between K15 and

E20 is observed, similar to experimental results, whereas,

in GCN4-p111 – 33, this lysine K8 is missing, and so E11

interacts intrahelically with K15, making it unavailable to

form an ion pair interhelically with E20. This seems to

explain the large interhelical separation between K15 and

E20, confirming the experimentally-suggested role of K8.

This suggests that the competition between inter- and

intrahelical ion pairs affects coiled coil structure [40].

These results indicate that MD simulations might be able

to capture experimentally relevant factors controlling the

stability of coiled coils, such as electrostatic interactions,

even when the predictions of overall helicity are not very

accurate.

3.2. Simulations of synthetic coiled coils with different
lengths

We performed 70 ns-long simulations of synthetic coiled

coils of different lengths in explicit water to understandT
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Figure 4. Attractive interhelical interactions between lysine (blue) and
glutamic acid (red) residues in GCN4-p18 – 30. The two e–g0 interactions
are shown, and the g–e0 interactions are omitted for clarity (colour
online).
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the effect of different numbers of hydrophobic residues in

positions a and d on the helical stability. Parallel pairs of

synthetic coiled coils named “SP9”, “SP12”, “SP16”,

“SP19”, “SP23” and “SP26”, which respectively contain

9, 12, 16, 19, 23 and 26 amino acids with the same repeats

of the sequence IEALKAE, are described in table 1.

Experimentally, Su et al. [27] designed these synthetic

peptides to determine the minimum chain length required

to stabilize an a-helical coiled coil. By measuring the a-

helical structure and ellipticity ratio from CD spec-

troscopy they showed that a minimum of three heptads is

required for a peptide to adopt the two-stranded a-helical

coiled coil in aqueous solution [27]. Figure 5 shows

simulated secondary structures of each peptide for

SP9–SP26. Our simulations show that a-helical structures

of SP9 and SP12 are completely broken within 3 ns. On

the other hand, SP16 and SP19 have a stable a-helical

structure with unfolding coils or turns in some regions, and

SP23 and SP26 have relatively stable a-helical structures.

In table 1, for simulations with the GROMOS96 force

field, peptide helicities from the simulations are in

agreement with experimental values from CD spec-

troscopy by Su et al. [27] for SP9 and SP12 as well as

SP23 and SP26. However, for SP16 and SP19, the

helicities in the simulations are much higher than in the

experiments presumably because for the cases of marginal

stability 70 ns is not long enough to observe protein

unfolding. For simulations with the OPLS-AA force field,

Figure 5. Secondary structure profiles of each peptide in parallel-oriented dimers of (a) SP9, (b) SP12, (c) SP16, (d) SP19, (e) SP23 and (f) SP26 as a
function of time.
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similar over-predictions are observed for SP16, SP19,

SP23 and SP26, and in addition, the helicities of SP9 and

SP12 are also overestimated. Although a difference

between the helicities of SP12 and SP16 is observed in the

simulations using GROMOS96, the difference is not found

when using OPLS-AA, suggesting that GROMOS96

represents the instability of these coiled coil peptides

better than does OPLS-AA, although the two different

force fields show similar over-predictions of helicity for

shorter peptides. These results suggest that the failure to

predict helicity correctly is likely due to an inadequate

period of equilibration, rather than with the force field,

although the possibility of problems with both force fields

cannot be ruled out. Note that while the 23-residue peptide

was stable for this peptide sequence, the 23-residue

peptide GCN4-p111 – 33 was experimentally unstable, but

that, as discussed above, this instability was not correctly

captured by the 80-ns simulations. Thus, simulations of

this duration are evidently not able to capture the

instability of coiled coils made of peptides with 16 or more

residues.

Nevertheless, the a-helical parameters (radius, rise/r-

esidue and interhelical distance) from the simulations are

similar to the experimentally measured values, as shown

in table 2. Figure 3(b) shows that RMSD’s between the

final and initial backbone atoms of SP9 and SP12 are

higher than those for SP16, SP19, SP23 and SP26,

showing again that helices of SP9 and SP12 are more

unstable than the others, which is consistent with the

observed helicity. Table 3 shows that SP23 and SP26 have

more interhelical hydrophobic interactions than do the

others, showing that peptides with longer length are more

tightly packed due to their interhelical hydrophobic

interactions.

3.3 Stability of pairs of six KID domains using MD
simulations and CD spectroscopy

As described above, our 80-ns MD simulations correctly

predict the stability of coiled coils of length 23 residues or

more, and the instability of those of length 12 or less, but

do not correctly predict the observed instability of two-

stranded coiled coils with 16 or more amino acids. To see

if this inability to predict the instability of intermediate-

length coiled coils is a general feature of our simulation

methods, we now describe 30–80 ns-long MD simulations

of pairs of six 18-residue KID domains, which are parts of

a newly discovered protein, NPHP6 [28]. Considering all

possible pairs of 6 domains, including self-pairs, each in a

parallel and an antiparallel orientation, there are 42

different possible coiled coil pairs. Those 42 pairs were

simulated starting from the optimal coiled coil configur-

ation. Since it has been experimentally observed that at

least 21–23 amino acids are required for the formation of

two-stranded coiled coils [26,27,41,42], helices of all 42

pairs are expected to be unfolded. However, the

simulations show a broad range of final helicities,

22–86%, after 80 ns of simulation, including three pairs

that have high helicity of 72–86%, as shown in figure 6.

To confirm our expectation that these peptides are too

short to form stable coiled coils, we experimentally

measured the helicity of one of the pairs predicted by the

simulations of KID III/KID VI to have the highest helicity

(81%) using CD spectroscopy. We found, as expected, that

the experimentally determined helicity of this pair is only

22%, which is much lower than that observed from the

simulation. This experimental result confirms that 80-ns

simulations using the GROMOS96, or perhaps any force

field, cannot be relied on to predict accurately the helical

propensities of possible coiled coil-forming peptides, at

least for peptides with 16 or more residues.

4. Conclusions

We performed 40–80 ns-long MD simulations of exper-

imentally studied coiled coils including the GCN4 leucine

zipper and synthetic coiled coils with different helical

lengths to compare the predicted to experimentally

measured coiled coil stability. The 40–80 ns simulations

using the GROMOS96 (43a2) and OPLS-AA force fields

show a trend of decreasing stability with decreasing

peptide length similar to that for the experimentally

measured a-helicity, but the instability of coiled coils of

length 16 or more residues is not captured by the

simulations with either force field. This shows that

simulations cannot yet reliably predict the differences in

stability of peptides with different residues or with

different helical lengths, presumably at least in part

because of the limitation of simulation timescale. RMSD’s

for backbone atoms between initial and final confor-

mations show that peptides with higher a-helicity remain

closer to the initial structure, confirming that peptides with

higher a-helicity are more stable. More interhelical

interactions between hydrophobic residues in positions a

and d on different peptides are observed in the peptides

Figure 6. Distribution of a-helicity of 42 different pairs of KID
domains at the end of the 80-ns simulations.
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with higher helicity, and minimum interhelical distances

of 0.50–0.66 nm between charged groups of charged

residues in positions e and g are also observed in stable

coiled coils, confirming that favorable hydrophobic and

charge interactions are important for the stability of coiled

coils. These results suggest that MD simulations can

predict favorable electrostatic interactions of coiled coils,

but cannot yet accurately predict helical propensity, except

for peptides shorter than 16 residues, unless timescales

much longer than 80 ns are accessed.
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