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Abstract We have carried out statistical analyses and
computer simulations of helical kinks for TM helices in the
PDBTM database. About 59 % of 1562 TM helices showed
a significant kink, and 38 % of these kinks are associated
with prolines in a range of £4 residues. Our analyses show
that helical kinks are more populated in the central region
of helices, particularly in the range of 1-3 residues away
from the helix center. Among 1,053 helical kinks analyzed,
88 % of kinks are bends (change in helix axis without loss
of helical character) and 12 % are disruptions (change in
helix axis and loss of helical character). It is found that
proline residues tend to cause larger kink angles in helical
bends, while this effect is not observed in helical disrup-
tions. A further analysis of these kinked helices suggests
that a kinked helix usually has 1-2 broken backbone
hydrogen bonds with the corresponding N-O distance in
the range of 4.2-8.7 A, whose distribution is sharply
peaked at 4.9 A followed by an exponential decay with
increasing distance. Our main aims of this study are to
understand the formation of helical kinks and to predict
their structural features. Therefore we further performed
molecular dynamics (MD) simulations under four simula-
tion scenarios to investigate kink formation in 37 kinked
TM helices and 5 unkinked TM helices. The representative
models of these kinked helices are predicted by a clustering
algorithm, SPICKER, from numerous decoy structures
possessing the above generic features of kinked helices.
Our results show an accuracy of 95 % in predicting the
kink position of kinked TM helices and an error less than
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10° in the angle prediction of 71.4 % kinked helices. For
unkinked helices, based on various structure similarity
tests, our predicted models are highly consistent with their
crystal structure. These results provide strong supports for
the validity of our method in predicting the structure of TM
helices.

Keywords Helical kinks - Molecular dynamics
simulations - Computational prediction

Introduction

Transmembrane (TM) proteins are vital to the survival of
living cells; their functions include cell—cell contact, sur-
face recognition, cytoskeleton contact, signaling, enzy-
matic activity, or transporting substances across the
membrane [1]. These functions are strongly related to TM
proteins’ structures, which can be categorized into three
classes: those with a f5-barrel structure, those that cross the
lipid membrane with a single «-helix, and those that
transverse the membrane with an «-helix bundle (multiple
o-helices). Many known diseases result from the defects of
TM proteins and more than 50 % of known drugs in use
today target TM proteins [2, 3]. Despite their biological
and pharmaceutical importance, due to difficulties in
crystallizing TM proteins, only about 300 unique structures
have been derived so far [4]. As the attempts of using
experimental methods to obtain membrane protein struc-
tures have encountered difficulties, great efforts have been
directed at analyzing membrane proteins on a theoretical
basis by model building, with the aid of low resolution
structural data. Therefore, there exist great incentives
for computational and statistical studies of TM proteins
[5-12].
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Bioinformatic analyses have shown that helix bundles
are much more abundant than f-barrels. The structural
features of TM helices, such as kinks and tilts, are dynamic
in nature and play important roles in the function of many
TM proteins. For TM proteins in the same superfamily,
they usually have similar three-dimensional structures but
diverse functions stemming from these multiple structural
distortions. TM helices contain many more kinks than
helices in water-soluble proteins. Proline residues present
in TM helices are known to cause kinks in helices due to
steric conflicts with the preceding residue and the loss of a
backbone hydrogen bond. They are proposed to have both
structural and functional importance. For example, they
could act as a helix breaker [13], facilitate the packing of
helical structures [14], or be involved in the regulation of
the structure of TM helices in relation to biological func-
tions [15, 16]. Another noted helix breaker in soluble
proteins is glycine, which is very mobile and usually
occupies conformations other than the «-helix due to the
lack of f-carbon atoms as steric restraint. In synthetic
polypeptides, such as poly (glycine, alanine), the loss of
helical structure is proportional to the amount of glycine in
the polypeptide [17]. Thus it is quite interesting to inves-
tigate if proline (a rigid helix breaker) and glycine (a
flexible helix breaker) play different roles in breaking TM
helices. Several other residues, like Ser and Thr, could also
induce and stabilize kinks in TM helices, mainly due to the
additional hydrogen bond between the polar side group of
these residues and the peptide carbonyls in the previous
turn of the helix [18]. This interaction is similar to the
known interaction of OH moieties of water molecules that
hydrogen bond the backbone carbonyls of a-helices, which
bends those solvent-exposed helices in soluble globular
proteins.

Several analyses of helical kinks in datasets of TM
proteins have been reported. In 2001, Riek et al. [19]
examined 119 TM helices of 11 TM proteins and identified
about 26 % of helices being kinked. Another study by Hall
et al. [20] analyzed kink positions for 405 TM helices and
found that 44 % of TM helices are kinked, and one-third of
them are due to prolines. Molecular dynamics (MD) sim-
ulations of isolated helices were also performed to predict
the position of helical kinks, which reproduced 79 % of the
proline kinks, 59 % of the vestigial proline kinks, and
18 % of the non-proline kinks [20]. Yohannan et al. [21]
examined a set of 39 kinks from 10 TM protein structures
and specifically tested their evolutionary hypothesis that
kinks in TM helices can be traced back to ancestral proline
residues. More recent studies suggested that shifting
hydrogen bonds may produce flexible TM helices, and
explained how evolution has been able to liberally exploit
TM helix bending for the optimization of membrane pro-
tein structure, function, and dynamics [22]. A web-based
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Python application, MC-HELAN (Monte Carlo based
HELix ANalysis), was also developed to analyze the sta-
tistics of helical kinks in the protein data bank of mem-
brane proteins (PDBTM) [23]. Meruelo et al. [24]
proposed a neural network approach, TMKink, and
achieved a result with sensitivity and specificity of 0.7
and 0.89, respectively. Recently, Kneissl et al. [25] sug-
gested the use of string kernels for support vector
machines to predict kink positions, which showed about
80 % of all helices can be correctly predicted as kinked or
non-kinked. However these methods fail to provide reli-
able predictions of helical kink angles. Therefore it is
desired to have a physical model that can reliably predict
the position and angle of kinks in TM helices based on
their sequence information.

The structural information of TM helices derived from
their sequences is crucial to the structure prediction of TM
proteins. Previously, we have constructed several physical
models of TM proteins to predict their three-dimensional
structures based on the sequence information [11, 12, 26].
In these studies, we simplified the folding of TM proteins
by the packing of standard helices and predicted their
structure by computer simulations. It was found that the
lowest-energy structure of TM proteins without kinks (e.g.
bacteriorhodopsin, halorhodopsin, and sensory rhodopsin
II) is highly consistent with their PDB structure with a root
mean square deviation (RMSD) of 1-3 A. However, for
bovine rhodopsin (a TM protein with kinked helices), there
is a significant discrepancy of 5.5 A in RMSD between its
lowest-energy structure and the PDB structure. Since the
helical kinks caused by breaking of the backbone hydrogen
bonds lead to hinge bending flexibility in these helices, it is
important to reproduce these kinks in structural models of
TM proteins and to understand their effects on the three-
dimensional structure of TM proteins. Therefore, the
structural features of TM helices would be very useful in
constructing a more general model for the structure pre-
diction of TM proteins.

In this article, we first carry out the statistical analyses of
1562 TM helices, as described in Sect. “Dataset prepara-
tion of crystal TM helices” and “Determination of helical
kinks”. The structural features of TM helices, such as
distribution of kink angles and kink positions, are discussed
in Sect. “Statistical analyses of PDBTM dataset”. Since it
is important to understand the formation of helical kinks
and to predict their structural features, we then performed
MD simulations to investigate the kink formation of TM
helices. Our approach for the computational prediction of
helical kinks is explained in Sect. “Computational methods
for helical kink prediction” and the results are further
discussed in Sect. “Computational prediction of kink
properties”. Section “Conclusions” gives our concluding
remarks.
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Computational methods
Dataset preparation of crystal TM helices

The crystal structures of TM helices were downloaded
from the Protein Data Bank of Transmembrane Proteins
(PDBTM) at http://pdbtm.enzim.hu/. A protein sequence
culling server, PISCES, was used to cull sets of protein
sequences from PDBTM by criteria of sequence identity
(pairwise sequence identity of TM helices less than 95 %)
and structural quality (X-ray crystal resolution better than
4 A and R-factor better than 0.75) [23, 27]. Only the
highest resolution polypeptide chain is considered in cases
of pairwise sequence identity >95 %. On 16 July 2011, in
total, there were 1,562 helices (333 TM chains, 227 PDB
entries) in PDBTM satisfying the above criteria.

Determination of helical kinks

The position of the helical kinks and the kink angles are
calculated using MC-HELAN [23]. MC-HELAN uses
heuristics to systematically detect and characterize helical
kinks through a Monte Carlo approach. Previous studies
[19, 28] have employed three geometric criteria to locate
potential helical kinks, including (1) the dihedral angle pair
(¢, ¥) lies within the 99.95 % boundary «- and 3;y-helical
region [29], (2) the angles denoted by the triplet of points
0O, = (C,,, C, Cr,) for x = 2, 3, 4 lie within ranges of
35°-50° for ®,, 60°-80° for O3, and 45°-65° for @4, and
(3) the distances between C7 and C7, | (x = 2, 3, 4) deviate
from the distances observed in an ideal helix by at most
0.5 A. Therefore, in MC-HELAN, the precise kink position
is determined as residue i using the following criteria: (1)
Residue i has the largest deviation from ideal helical dihedral
angles (¢ = —62°, )y = —41°) if the sum of the deviation is
greater than 40°, (2) residue i has helical ®, angles while
residues i-1 and i-2 do not, and (3) significant deviation in the
distances between C} and C7, 4, between C}_ | and C7 5, and
between C7_, and C7,, from their value in an ideal helix. The
kink angle is defined as the angle between the helical axes of
the two sections of the helix as illustrated in Fig. 1. Further
details of MC-HELAN can be found at http://structbio.bio
chem.dal.ca/jrainey/MC-HELAN/.

Computational methods for helical kink prediction
Targets of MD simulations

For the computational prediction of helical kinks, we have
studied the helical structures of 21 kinked helices in 13 TM
proteins and of 5 unkinked helices in 5 TM proteins, based
on four different simulation scenarios. The 13 TM proteins

Fig. 1 Schematic illustration of
the helical kink angle () and
the kink position (filled circle)
of a kinked helix

D

- .

include G protein-coupled receptors (1F88, 2RH1, 2VT4,
3EML), oxidoreductases (1Q16), photosystems (1SSL),
electron transport chain complexes (2BS2), major facili-
tator superfamily transporters (1PV6), phosphoenolpyr-
uvate-dependent phosphotransferases (3QNQ), antiporters
(10KC), sec proteins (1RHS), multi-drug efflux transport-
ers (1IWG), and H™/C1~ exchange transporters (1KPL).
The 5 TM proteins are 1KPL, 1KQF, 1RHS, 2BS2, and
3EML. Further verifications of our method have been
carried out to predict the helical kinks for 16 kinked helices
of 16 TM proteins, including IMOK, 1KF6, 20NK, 2KSE,
2R9R, 20AR, 2BG9, 3B9W, 3MP7, 3RCE, 3DH4, 3LI1L,
3CX35, 30UF, 3KLY, and 3MP7, based on one simulation
scenario.

Sample preparation and MD simulations

The selected segment sequences are initially constructed as
standard helices using the program Ribosome (see http://
roselab.jhu.edu/ ~ raj/Manuals/ribosome.html). The charge
of each helix is neutralized to reduce the influence of
electrostatic interaction on the formation of kinks in run-
ning Amber 11 [20]. This helix is then refined by an energy
minimization using Amber with the force field set leap-
rc.ff03.r1, which is proceeded with 600 steps of steep
descent method and 600 steps of conjugate gradient
method. In this study, for simplicity, the entire helical
segment of an isolated helix (including sections located in
the membrane core, headgroup, and water regions) is
simulated in a uniform background medium. A more
realistic profile of the background dielectric constant is 2.5
in the hydrocarbon core, increases to 10 near the ester
group and 30 near the head group-water interface, and is 80
in the water region [30]. As a first order approximation, in
our simulations, the background is treated as a dielectric
medium of dielectric constant 2.5 [11, 31]. Therefore, our
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predictions would only be sensible for those helical kinks
located in the membrane region.

To investigate the configuration space of the helix in
equilibrium, we first heat up the system from 0 to 300 K in
100 ps, and then carry out the MD simulation of the TM
helix at 300 K with Langevin dynamics for 900 ps. In the
simulation [scenario (a)], each time step is 2 fs, the colli-
sion frequency is 1 ps™', and the cutoff distance for non-
bonded interaction is 8.1 A.

It is also interesting to study the onset of kink formation
by gradually increasing the system temperature in the
heating process. Thus we carry out a quasi-equilibrium
heating process of the system with the Berendsen ther-
mostat from 0 to 300 K within 20 ns, in which the heating
process is uniformly divided into 2 x 10’ time slots [32].
In each time slot, the system temperature is slightly
increased by 1.5 x 107> K and remains stable at the
temperature for the rest of time. In general, the thermostat
relaxation time (ttR) is in the range of 0.5-5 ps. Here, for a
comparison of various different heating rates, we choose
the value of 77 to be 0.5, 5, and 1,000 ps [scenarios (b)-
(d)] [32]. We note that the initial portion (heating) of the
simulation trajectory in scenario (a) was discarded in our
analysis to allow for system stabilization. However in
scenarios (b)—(d), in order to examine our assumption on
the importance of initial breaking of the backbone hydro-
gen bonds, we deliberately slowed down the heating pro-
cess and used the onset trajectory of kink formation during
the heating process for the prediction of position and angle
of helical kinks.

Analyses of helical structures

To analyze possible conformations of kinked helices, we
use the SPICKER fold identification algorithm to find their
most representative structure from a large number of decoy
structures [33]. SPICKER is a clustering program, in which
clustering is performed in a one-step procedure using a
representative set of decoy conformations and the pairwise
RMSD cutoff is determined by self-adjusting iteration. The
approach of SPICKER is based on Anfinsen’s hypothesis
that the native state lies at the global minimum in free
energy [34]. In other words, the native state of a protein is
an ensemble of many similar conformations with a low
energy (but not necessary the lowest energy). Therefore,
the target of protein structure prediction should be a rep-
resentative structure or an average structure of this
ensemble [35]. Here we choose the cluster center structure
of the most populated ensemble as the representative
structure of kinked helices. The generality of this method
has been assessed by analyzing 1,489 representative
benchmark proteins that cover the PDB at the level of 35 %
sequence identity.
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The decoy structures in our analyses are taken from the
MD trajectories described in Sect. “Sample preparation
and MD simulation”. The number of decoy structures in
SPICKER is limited to 10* due to computer memory lim-
itation, and therefore it is rather crucial to consider mainly
those structures that possess generic features of a kinked
helix. After analyzing 113 kinked helices, we find that a
kinked helix usually has 1-2 broken backbone hydrogen
bonds with the corresponding N-O distance in the range of
4.2-8.7 A and the distribution of N-O distance is sharply
peaked at 4.9 A, followed by an exponential decay with
increasing distance. Therefore, in the choice of decoy
structures for SPICKER, we only consider helical struc-
tures with Nppp, < 2, where Ny, stands for the average
number of broken hydrogen bonds with N-O distance
greater than 4.9 A.

In the SPICKER algorithm, the pairwise RMSD cutoff
R..:, under which two structures are considered as clustered
neighbors, is iteratively decided by the interplay of the
cutoff and the ratio of number of decoys in the most
populated cluster to the total number of decoy structures.
Initially, the value of R, is set to 7.5 A. SPICKER is then
used to cluster these decoy structures. A flow chart of the
procedure of SPICKER is presented in Fig. 2 [33]. In this
study, the cluster center structure of the most populated
cluster is selected as the representative model of the kinked
helix, which uniquely predicts the position and angle of
helical kinks. Here the kink position is chosen to be the
residues with the largest distortion in the backbone
i — i + 4 N-O distance, in addition to the first two criteria
in MC-HELAN as discussed in Sect. “Determination of
helical kinks”. The kink angle is defined by the included
angle of two sections nearby the kink position, as shown in
Fig. 1.

Results and discussion
Statistical analyses of PDBTM dataset

Among the 1562 TM helices, MC-HELAN identifies 918
kinked helices (58.8 % of 1562 TM helices), 639 unper-
turbed helices (40.9 %), and 5 non-helical segments
(0.3 %). In comparing with statistical results from previous
studies, 26 % of 119 TM helices were identified to be
kinked by Riek et al. [19], 44 % of 405 TM helices were
found to be kinked by Hall et al. [20], and 64 % of 842 TM
helices were identified to be kinked by Langelaan et al.
[23] For the 918 kinked helices, there are 1,053 kinks in
total, including 123 disruptions (change in helix axis and
loss of helical character) and 930 bends (change in helix
axis without loss of helical character). Among these kinks,
there are 50 (31) disruptions and 345 (189) bends
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Fig. 2 Flow chart of the SPICKER fold clustering algorithm

associated with a proline in a range of £4 (£2) residues.
This result is consistent with previous findings of Hall et al.
(35 % of kinks are caused by prolines) and Langelaan et al.
(33 % kinks are in proximity of prolines). Here the
bracketed numbers show the number of disruptions or
bends associated with a proline in a range of £2 residues.
Moreover, interfacial kinks consist of 14 disruption and
235 bends, where an interfacial kink refers to a kink
occurring within the first four residues at both ends of a TM
segment. For these interfacial kinks, there are 5 (4) dis-
ruptions and 88 (50) bends associated with a proline in a
range of +4 (£2) residues. On the other hand, for non-
interfacial kinks, there are 45 (27) disruptions and 257
(139) bends associated with a proline in a range of +4 (42)
residues.

As the first step of our analyses, we studied statistical
properties of PDBTM dataset using MC-HELAN. Figure 3
shows the distributions of kink angles of 918 kinked heli-
ces, including (a) all disruptions and proline-associated

disruptions, (b) non-interfacial disruptions and proline-
associated non-interfacial disruptions, (c) interfacial dis-
ruptions and proline-associated interfacial disruptions,
(d) all bends and proline-associated bends, (e) non-inter-
facial bends and proline-associated non-interfacial bends,
and (f) interfacial bends and proline-associated interfacial
bends. From Fig. 3a—c, it is found that the kink angle of
disruptions peaks at 15°, independent of the presence of a
proline in the kink region. In addition, a significant portion
of disruptions have large kink angles (>90°). On the con-
trary, in Fig. 3d—f, the distribution of kink angles vanishes
at large angles for bends. It is also found that, while the
kink angle of bends tends to peak at 15°-20°, proline-
associated bends tend to have larger value of kink angles
(peaks at 25-35°). The characteristics of TM helical kink
angles observed in Fig. 3 are in general consistent with the
findings of Langelaan et al. [23].

Further we investigate the likelihood of having a kink at
a specific position of TM helices. The kink position here is
defined to be O at the helix center and 0.5 at both ends of
helices. Figure 4 shows the cumulative distribution of
kinks along helices and its slope for (a) all disruptions,
(b) all bends, and (c) 345 proline-associated bends in a
range of +4 residues. In all three cases, it is found that
helical kinks tend to be more populated in the central
region of helices, particularly in the range of 1-3 residues
(10-20 %) away from the helix center. On the other hand,
very few kinks are observed to appear near both ends. As
shown in Fig. 4a, for disruptions, almost 40 % of helical
kinks occur in the range of £3 residues away from the
helix center, while no helical disruptions are observed in
the range of 4 residues near both ends.

Figure 5 shows the normalized distribution of kink
residues in (a) 123 disruptions and (b) 930 bends.
According to the hydrophobic property of amino acids,
they are grouped into 4 different categories, including
charged residues (Arg, His, Lys, Asp, Glu), polar residues
(Ser, Thr, Asn, Gln, Cys), helix breaking residues (Gly,
Pro), and hydrophobic residues (Ala, Val, Ile, Leu, Met,
Phe*, Tyr*, Trp*). In addition, three aromatic residues
(Tyr, Trp, and Phe) are denoted with an asterisk for their
aromaticity, which is more favored in the lipid headgroup
region than in the hydrocarbon core [36]. Here the nor-
malized probability of type i residue to be at the kink
position is defined as N;M; ! / (37, NiM; '), where N; is the
frequency of type i residue at the kink position and M, is its
frequency to appear in the kinked helices. Since Pro is
highly prevalent at +2, Fig. 5 only shows the normalized
distributions for residues at the kink position or within 2
residues near the kink [20]. In Fig. 5, it is observed that the
normalized kink distribution over 20 amino acids is much
more uniform in (b) for 930 bends than in (a) for 123
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Fig. 3 The kink angle
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disruptions. The two well known helix breakers in soluble
proteins, Pro and Gly, have been found to share similar
behaviors in TM helical kinks. They are often located at the
kink position in disruptions, but tend to be in the range of
42 residues near the kink position in bends. Our statistics
show that Pro plays an important role in both disruptions
and bends of TM helices. However, although the normal-
ized distribution of Gly to be at the kink position of helical
disruptions is rather high, its role in TM helical bends is
insignificant. This finding is consistent with the results of
Javadpour et al. [37] that the backbone dihedral angles of
Gly in TM helices largely fall in the standard «-helical
region of a Ramachandran plot. Our analysis suggests that
Gly is not a helix breaker for TM helical bends. This
conclusion is contradictory to the result of Hall et al. [20],
which is based on the analyses of a smaller dataset. For the
formation of observed proline-associated bends with a
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large kink angle as shown in Fig. 6, we found that prolines
initiate these bends by breaking the ith, i 4+ 4th bond and
the breaking of the helical backbone bond continues to
distort and is stabilized in the next two residues. A com-
bination of small polar residues and the proline residue
often results in larger kink angles. This result is consistent
with the observation of Hall et al. [20]. In these cases, the
kink center is often two residues away from prolines. Three
hydrophilic amino acids, including His, Glu, and Asn, are
also found to cause disruptions with a rather high nor-
malized probability (>7 %). Our primary inspection of
related crystal structures suggests that the formation of
helical disruptions near these strongly polar residues could
result from the fact that the polar side chains can help
satisfy any broken backbone hydrogen bonds [20] or sup-
port hydrogen bonding to water molecules that often wedge
kinks [38]. For example, recent molecular dynamic
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Fig. 4 Cumulative distribution of kink position along helices and its
slope for a all disruptions, b all bends, and ¢ 345 proline-associated
bends in a range of +4 residues. Here the kink position is defined to
be O at the helix center and 0.5 at both ends of helices

simulations of f2-adrenergic receptor have demonstrated
the role of Asn51 (in helix I) and Asn322 (in helix VII) in
stabilizing the helical kinks through the hydrogen bond
bridge over a water molecule. On the other hand, Ser and
Thr have a tendency (about 6 %) to cause a bend due to the
hydrogen bonding between their polar side group and the

peptide carbonyls in the previous turn. However, their
normalized probability to be at the bend center is only
comparable with that of most hydrophobic residues. For
aromatic amino acids, earlier statistical analyses suggest
that Trp and Tyr (with large side chains) are enriched near
the ends of the helices, but Phe (with a smaller side chain)
is more abundant in the central core region of the TM
helices [39]. From our analysis, the probability of disrup-
tion formation for Phe is much larger than that for Trp and
for Tyr as shown in Fig. 5a, but the probability of bend
formation is about the same for Phe, Trp, and Tyr in
Fig. 5b. This result is consistent with Fig. 4, in which
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Fig. 6 Angular distributions of various types of amino acids at the
kink position. Here amino acids are represented by the three-letter
abbreviation and the sample size is represented by n. The twenty
amino acids are grouped into 4 categories (charged, polar, helix

helical disruption is significantly disfavored near the ends
of the TM helices.

The histograms in Fig. 6 show the angular distributions
of 930 bend for various kink residues with a bin size of 10°.
To classify these angular distributions, we first calculate
the correlation coefficient between distributions X and Y by
cxy =Cov(X,Y)/(ox - oy), where Cov(X,Y) and oy
denote the covariance and standard deviation. The value of
correlation coefficients indicates the similarity between
two angular distributions, and can be used to classify these
distributions. By using the minimum span clustering
algorithm [40], these twenty distributions can be classified
into 4 groups: group 1 consists of Arg, Ser, Thr, Cys, Gly,
Ala, Val, Ile, Leu, Met, and Phe; group2 consists of His and
Asn; group 3 consists of Lys, Asp, and Gln; group 4 con-
sists of Glu, Pro, Tyr, and Trp. Among these groups, group
1 is the largest group and its angular distribution sharply
peaks at 20° and decreases exponentially with increasing
angle. The angular distribution of group 4 is more uniform
than that of group 1. The distribution of group 2 is similar
to that of group 1, but the kink angle is limited in the range
of 10-50°. The angular distribution of group 3 is limited in
small angles (<30°). We note that the sample size of
angular distributions in groups 2 and 3 is rather small
(n < 15), which might be responsible for the restrictive
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breaking, and hydrophobic) by their hydrophobic property. The
angular distributions are classified into 4 groups by the similarity
between angular distributions

range of angles in these two distributions. In Fig. 6, we also
group the twenty amino acids into 4 categories (charged,
polar, helix breaking, and hydrophobic residues) according
to their hydrophobic properties. However, it is observed
that the angular distributions of these amino acids are not
consistent with their hydrophobic property. The two helix
breakers, Gly and Pro, also have very different angular
distributions. As discussed above, Pro is a rigid helix
breaker and Gly is a flexible helix breaker in soluble pro-
teins. In the membrane environment, they are found to play
different roles in breaking TM helices. Since Gly is less
flexible in TM helices, the angular distribution of Gly is
more popular at small angles (peaked at 20°). On the other
hand, Pro could cause the loss of a backbone hydrogen
bond in a helix, which often leads to a large distortion in
helical bends. Therefore, the angular distribution of Pro is
more widespread.

Furthermore, in order to perform computational pre-
diction of helical kinks based on MD simulations (using
Amber 11) and structural clusterization (using SPICKER)
of TM helices, we have statistically analyzed the generic
features of helical kinks in PDBTM. It is found that kinked
helices usually have 1-2 broken backbone hydrogen bonds
with the corresponding N-O distance in the range of 4.2—
8.7 A and the distribution of N-O distance is sharply
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peaked at 4.9 A, followed by an exponential decay with
increasing distance. These properties will be imposed for
selecting decoy structures of TM helices from MD simu-
lations, which will then be used for finding the represen-
tative model of targeted TM helices in clustering helical
structures as discussed in Sect. “Computational prediction
of kink properties”.

Computational prediction of kink properties

In addition to the statistical analyses of kink properties for
TM helices in the PDBTM dataset, we further perform MD
simulations to investigate the kink formation of TM heli-
ces. The SPICKER algorithm is then used to find the rep-
resentative model of kinked helices from a large number of
decoy structures, which possess generic features of kinked
helices observed in PDBTM. In simulating the kink for-
mation of each tested kinked helix, four simulation sce-
narios are considered, including MD simulations after
heating the system from 0 to 300 K, as well as quasi-
equilibrium heating of the system from 0 to 300 K with
tr = 0.5, 5, or 1,000 ps.

As a demonstration of our method in predicting the
position and angle of helical kinks, we explain how to
derive these kink properties for the above three GPCRs
(1F88, 2RHI1, and 2VT4) in our approach. Figure 7 shows

Time (ns)

the number of broken backbone hydrogen bonds with N-O
distance greater than 4.9 A during the simulation process
of 1F88-A: 245-278 (a helix segment in the A chain of
1F88, starting from K245 and ending at H278) for the four
simulation scenarios described in Sect. “Sample prepara-
tion and MD simulation”, including (a) MD simulation
after heating, (b) quasi-equilibrium heating with T =
0.5 ps, (c) quasi-equilibrium heating with g = 5 ps, and
(d) quasi-equilibrium heating with ttg = 1,000 ps. Based
on our statistical finding of N, as described in Sect.
“Analyses of helical structures”, the decoy structures for
SPICKER are taken from O to 100 ps simulation for sce-
nario (a), 0—16 ns simulation for scenario (b), 0-12 ns
simulation for scenario (c), and 0-14 ns for scenario (d).
The range of simulating time for the selection of decoy
structures in these four simulation scenarios is indicated by
the range between two arrow signs as shown in Fig. 7. The
representative models for this TM helix predicted by
SPICKER are shown in Fig. 8. From PDBTM, the position
and angle of the helical kink are calculated to be 1263-
C264 and 33.0°, respectively. Here the kink position is
chosen to be the residues with the largest distortion in the
backbone i — i + 4 N-O distance, in addition to the first
two criteria in MC-HELAN as discussed in Sect. “Deter-
mination of helical kinks”. The kink angle is defined by the
included angle of two sections nearby the kink position, as
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(a) PDB

(b) MD after heating

(c) Heating(t,,=0.5ps) (d) Heating(t,,=5ps) (e) Heating(t,,,=1000ps)

Fig. 8 A comparison of PDB structure a of TM helix 1F88-A:
245-278 with its predicted models from four simulation scenarios,
including b MD simulation after heating, ¢ quasi-equilibrium heating
with g = 0.5 ps, d quasi-equilibrium heating with Trg = 5 ps, and
e quasi-equilibrium heating with Trg = 1,000 ps

shown in Fig. 1. This definition is used to calculate the
position and angle of the helical kinks in all tables. These
predicted structures of 1F88-A: 245-278 have the same
kink position (I263) as its PDB structure. The prediction
error in the kink angle is between —6.1° and 2.2° and the
RMSD from its PDB structure is between 1.7A and 2.1A.
The Template Modeling score (TM-score) of these pre-
dictions is between 0.55 and 0.57, where TM-score is

571
1 Latign d;
defined to be maX{ngm >l {1 + (d(L.a,ga)) ] }

Larger and Ly, are the lengths of the target protein and the
aligned region respectively, d; is the distance between the i-
th pair of residues, and

d(Ltarget) == 1.24 J Lmrge[ - ]5 - 18

Statistically a TM-score below 0.17 corresponds to ran-
domly chosen unrelated proteins whereas structures with a
score higher than 0.5 assume roughly the same fold [41]. A
list of the kink properties of our predicted models of 1F88-
A: 245-278 is presented in Table 1.

To further test our method, we also simulate the kink
formation process of the human pf,-adrenergic receptor

(a) PDB (b) MD after heating

(€) Heating(tg=0.5ps) (d) Heating(t;r=5ps) (€) Heating(trzg=1000ps)

II

Fig. 9 A comparison of PDB structure a of TM helix 2RHI1-A:
197-229 with its predicted models from four simulation scenarios,
including b MD simulation after heating, ¢ quasi-equilibrium heating
with g = 0.5 ps, d quasi-equilibrium heating with Trg = 5 ps, and
e quasi-equilibrium heating with Trg = 1,000 ps

(2RH1-A: 197-229) and the turkey f3;-adrenergic receptor
(2VT4-A: 284-316). A comparison of the PDB structure
with predicted helical structures is shown in Fig. 9 for
2RHI1-A: 197-229 and in Fig. 10 for 2VT4-A: 284-316.
The properties of these two kinked helices are listed in
Tables 2 and 3. The predicted kink position of these two
helices is consistent with that of their PDB structure in all
four simulation scenarios. For the kinked helix 2RHI1-A:
197-229, the kink angle of predicted models is slightly
smaller than that of its PDB structure and the prediction
error is in the range of 7.4°-9.4°. The RMSD from its PDB
structure is between 1.8 and 2.0 /GX, and the TM-score is
between 0.55 and 0.58. For 2VT4-A: 284-316, the kink
angle of predicted models is slightly larger than that of its
PDB structure and the prediction error is in the range of
1.2°-12.7°. The RMSD from its PDB structure is between
09and 1.3 A, and the TM-score is between 0.68 and 0.75.

The results of a more extensive test of our method in the
kink prediction of 13 TM proteins from all four simulation
scenarios are listed in Table 4. Our results show that, for
the prediction of kink position, 20 of 21 kinked helices are

Table 1 A comparison of structural features of TM helix 1F88-A: 245-278 with those of its predicted models from four simulation scenarios

1F88-A: PDB MD simulation Heating with Heating with Heating with
245-278 after heating R = 0.5 ps TR = 5 ps rr = 1,000 ps
Kink position 1263-C264 1263 1263 1263 1263

Kink angle 33.0° 26.9° 30.6° 29.0° 35.2°

RMSD 1.80 A 171 A 2.09 A 2.02 A

TM score 0.568 0.570 0.558 0.549

@ Springer



J Comput Aided Mol Des (2012) 26:1171-1185

1181

(b) MD after heating

(a) DB

(C) Heating(t,,=0.5ps) (d) Heating(t,,=5ps) (€) Heating(t,,=1000ps)

Fig. 10 A comparison of PDB structure a of TM helix 2VT4-A:
284-316 with its predicted models from four simulation scenarios,
including b MD simulation after heating, ¢ quasi-equilibrium heating
with ttgr = 0.5 ps, d quasi-equilibrium heating with ttg = 5 ps, and
e quasi-equilibrium heating with g = 1,000 ps

correctly predicted. The only exception is the position
prediction of 2BS2-C: 120-150, which has an error of 2-5
residues. Among these 21 kink helices, only one helix
(1S5L-K: 9-34) has the proline kink which is an easy target
to predict. All others belong to difficult targets, since they
have non-proline kinks and proline is absent within 2 res-
idues near the kink position. Furthermore, we also tested
this prediction method based on our simulation scenario
(b) for another 16 TM proteins. For 15 out of 16 target
proteins, the kink positions of kinked helices are correctly
predicted. None of these kinked helices have proline kinks.

Predictions of kink position of TM helices have also been
carried out in recent publications. Hall et al. have applied
MD simulations on isolated helices and show that their
approach can predict the position of about 79 % of the
proline kinks, 59 % of the vestigial proline kinks, and
18 % of the non-proline helical kinks [20]. Langelaan et al.
[23] used machine learning algorithms to predict kink
position of TM helices from the primary sequence and
found a 74 % accuracy of the proline kinks and an overall
38 % accuracy for bend predictions. Meruelo et al. [24]
have built a neural network predictor, which identifies
70 % of helical kinks with specificity 0.89. Recently,
Kneissl et al. [25] suggested the use of string kernels for
support vector machines to predict kink positions, which
showed about 80 % of all helices can be correctly predicted
as kinked or non-kinked. However, none of these studies
reported their prediction on the angle of helical kinks. In
our investigation, we also compare our predictions of
helical kink angles to their PDB values. For the best kink
angle prediction in those 35 kinked helices with correct
kink position prediction, 11.4 % of our predictions have an
error less than 1°, 40.0 % of our predictions have an error
between 1° and 5°, 20.0 % of our predictions have an error
between 5° and 10°, and 28.6 % of our predictions have an
error larger than 10°. We note that, for TM helices 10KC-
A: 73-100 and 3EML-A: 1158-259, each helix has two
kinks in the PDB structure. Our method is able to identify
both kinks of these helices, but the predicted kink angles of
10KC-A: 73-100 have an error greater than 10°.

A further verification of our method for predicting
helical kinks is carried out for 5 unkinked TM helices,
including (a) 1KPL-A:214-234, (b) 1KQF-B:256-280,
(c) 1IRH5-A:136-165, (d) 2BS2-C:76-98, and (e) 3EML-
A:6-34. Each helix has been simulated for four scenarios.

Table 2 A comparison of structural features of TM helix 2RH1-A: 197-229 with those of its predicted models from four simulation scenarios

2RHI1-A: PDB MD simulation Heating with Heating with Heating with
197-229 after heating TR = 0.5 ps TR = 5 ps TR = 1,000 ps
Kink position V306-S307 S307 S307 S307 S307

Kink angle 25.3° 15.9° 17.9° 17.8° 16.4°

RMSD 1.80 A 1.88 A 1.96 A 1.89 A

TM score 0.564 0.553 0.569 0.574

Table 3 A comparison of structural features of TM helix 2VT4-A: 284-316 with those of its predicted models from four simulation scenarios

2VT4-A: PDB MD simulation Heating with Heating with Heating with
284-316 after heating TR = 0.5 ps TR = 5 ps R = 1,000 ps
Kink position L301-C302 L301-C302 L301 L301-C302 T300-L301
Kink angle 30.3° 37.0° 33.9° 43.0° 31.5°

RMSD 1.04 A 1.16 A 121 A 0.97 A

TM score 0.744 0.681 0.715 0.750
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(a) 1IKPL-A: 214-234 (b) 1KQF-B: 256-280

(c) 1IRH5-A: 136-165 (d) 2BS2-C: 76-98 (e) 3EML-A: 6-34

Fig. 11 A comparison of PDB structures of 5 unkinked TM helices
with their best predicted model, including a 1KPL-A:214-234,
b 1KQF-B:256-280, ¢ 1RH5-A:136-165, d 2BS2-C:76-98, and
e 3EML-A:6-34. Here the PDB structures are colored in light blue,
and the predicted models are colored in aquamarine

A comparison of PDB structures of the above 5 unkinked
TM helices with their best predicted model is shown in
Fig. 11, in which the predicted model (light blue) of unk-
inked helices is superimposed on their PDB structure
(aquamarine). In general, our predictions from the four
scenarios are quite consistent. These predicted models of
unkinked helices in PDB are mostly unkinked, or slightly
kinked with an angle less than 15°. In Table 5, we list
various similarity tests (including RMSD, TM score,
MaxSub score [42], GDT-TS score [43]) for structure
comparisons between the PDB structure of unkinked heli-
ces and their best predicted model. The high scores from

various similarity tests for these unkinked helices also back
up our prediction method for helical kinks strongly. We
note that, the MaxSub test aims at identifying the maxi-
mum subset of C, atoms of a model that superimposes well
over the experimental structure, and produces a single
normalized score that represents the quality of the model.
The MaxSub score has a range between 0 and 1, where 1 is
an identical pair of structures. The GDT-TS (global dis-
tance test-total score) test measures the similarity between
the predicted model and the experimental structure by
calculating the largest set of amino acid residues’ C, atoms
in the model structure falling within a defined distance
cutoff of their position in the experimental structure. The
GDT-TS score has a value of 0-100, and a random
superposition between unrelated structures will have a
score of approximately 10-20.

The above results validate our approach for the structure
prediction of kinked helices and can be used to calculate
the kink properties of TM helices. Although the thermostat
relaxation time used in these four simulation scenarios is
very different, the predicted kink properties of TM helices
are quite consistent. This suggests that these kink proper-
ties depend mainly on their primary sequence, not on the
dynamic process of folding (provided that the folding is a
quasi-equilibrium process). In particular, since our pre-
dictions of helical kinks are based on the simulations of an
isolated helix in the absence of the remainder of the pro-
tein, this result strongly suggests that local primary
sequence is mainly responsible for the formation of helical
kinks. The predicted structure from folding a single TM
segment is consistent with its PDB structure. Therefore, the
folding of tertiary structure of helical TM proteins can be
considered to include an initial formation of the secondary
structure of TM segments and a followed packing of these
secondary structures [11, 12]. This observation is consis-
tent with the proposed two-stage model for the folding of
helical TM proteins: Independently stable helices are
formed in lipid bilayers in the first stage, and the helices
interact with others to form a functional MP in the second
stage [44]. The two-stage model is supported by experi-
mental evidences that fragments of bacteriorhodopsin or
helical segments of the shaker K* channel were co-
assembled within lipid bilayers [45, 46]. Note that,

Table 5 A structure comparison of unkinked TM helices with their best predicted model from four simulation scenarios

Similarity tests TM helices

1KPL-A: 214-234 1KQF-B: 256-280 1RH5-A: 136-165 2BS2-C: 76-98 3EML-A: 6-34
RMSD 0.859 A 1.604 A 1401 A 1.181 A 0.592 A
TM score 0.4409 0.5885 0.6453 0.5674 0.8336
MaxSub score 0.9458 0.859 0.8870 0.9188 0.9734
GDT-TS score 94.05 91.00 89.17 93.48 99.14
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however, the folding mechanism of helical TM proteins is
not conclusive, and alternative views on this issue do exist.
For example, Cao and Bowie argued that the helix II of the
P50A mutant of bacteriorhodopsin could adopt different
helical structures in folded and unfolded states [22], indi-
cating that helical kinks could be affected by the packing of
TM helices. Such a packing effect on helical kinks could
partially explain some observed large deviations in the kink
angle of our predictions.

Conclusions

To conclude, we have analyzed statistical properties of
helical kinks for 1,562 TM helices in the PDBTM dataset
using the MC-HELAN algorithm. Furthermore, we have
proposed an approach to predict the position and angle of
these helical kinks by combining a MD simulation program
and a clustering algorithm. In this study, MD simulations
are carried out using AMBER for four simulation scenarios
with different thermostat relaxation time, and the clustering
of decoy structures are performed with the SPICKER fold
identification algorithm. Our principal aim is to examine
the validity of this approach in predicting the structure of
these kinked TM helices.

Our statistical analyses show a large population of helical
kinks in the central region of helices, particularly in the range
of 1-3 residues away from the helix center. Among 1,053
helical kinks analyzed, 88 % of kinks are bends and 12 % are
disruptions. Further analysis shows that proline residues tend
to cause larger kink angles in helical bends, while this effect
is not observed in helical disruptions.

To validate our approach in the structure prediction of
kinked TM helices, we have tested this method for 37
kinked helices in 29 TM proteins and 5 unkinked helices in
5 TM proteins. Most of the tested kink helices are not
associated with proline near the kink position and therefore
are more difficult to predict. Our results show an accuracy
of 95 % in predicting the kink position of TM helices and
an error less than 10° in the angle prediction of 71.4 %
kinked helices. This study suggests that these kinked
properties depend mainly on the primary sequence of an
isolated helix, instead of the dynamic process of folding or
the packing of TM helices. Therefore, the folding of helical
TM proteins can be considered to include an initial for-
mation of the secondary structure of TM segments and a
followed packing of these secondary structures, as sug-
gested by the two-stage model for the folding of helical TM
proteins [44]. However, the packing of TM helices could
affect the value of the kink angle [22]. This method of
structure prediction of TM helices can be integrated with
packing algorithms of TM helices for a more accurate
structure prediction of helix-bundle TM proteins.

@ Springer
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