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Abstract We have combined molecular dynamics simu-
lations and fold identification procedures to investigate the
structure of 696 kinked and 120 unkinked transmembrane
(TM) helices in the PDBTM database. Our main aim of this
study is to understand the formation of helical kinks by
simulating their quasi-equilibrium heating processes,
which might be relevant to the prediction of their structural
features. The simulated structural features of these TM
helices, including the position and the angle of helical
kinks, were analyzed and compared with statistical data
from PDBTM. From quasi-equilibrium heating processes
of TM helices with four very different relaxation time
constants, we found that these processes gave comparable
predictions of the structural features of TM helices.
Overall, 95 % of our best kink position predictions have an
error of no more than two residues and 75 % of our best
angle predictions have an error of less than 15°. Various
structure assessments have been carried out to assess our
predicted models of TM helices in PDBTM. Our results
show that, in 696 predicted kinked helices, 70 % have a
RMSD less than 2 fA, 71 % have a TM-score greater than
0.5, 69 % have a MaxSub score greater than 0.8, 60 %
have a GDT-TS score greater than 85, and 58 % have a
GDT-HA score greater than 70. For unkinked helices, our
predicted models are also highly consistent with their
crystal structure. These results provide strong supports for
our assumption that kink formation of TM helices in quasi-
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equilibrium heating processes is relevant to predicting the
structure of TM helices.
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Introduction

Transmembrane (TM) proteins play a key role in a wide
variety of biological processes; their functions include
cell—cell contact, surface recognition, cytoskeleton contact,
signaling, enzymatic activity, or transporting substances
across the membrane [1]. The biological functions of TM
proteins are strongly related to their three dimensional
structures, which can be categorized into three classes:
those with a B-barrel structure, those that cross the lipid
membrane with a single ao-helix, and those that transverse
the membrane with an o-helix bundle. Bioinformatic
analyses have demonstrated that helix bundles are much
more abundant than B-barrels. The structural features of
TM helices, such as position and angle of kinks, are
dynamic in nature and play important roles in the function
of many TM proteins. For example, TM proteins in the
same superfamily usually have similar three-dimensional
structures but diverse functions stemming from these
multiple structural distortions.

Helical kinks could be classified as bends (change in the
direction of helix axis without loss of helical character) or
disruptions (change in the direction of helix axis and loss of
helical character in the kink region) [2, 3]. TM helices
usually have many more kinks than helices in water-solu-
ble proteins. Proline residues present in TM helices are
known to cause kinks in helices due to steric conflicts with
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the preceding residue and the loss of a backbone hydrogen
bond [4]. Glycine is a known helix breaker in soluble
proteins because it is very mobile and usually occupies
conformations other than the o-helix, due to the lack of Cg
atoms as steric restraint [5]. It has been found that the loss
of helical structure is proportional to the amount of glycine
in synthetic polypeptides [6]. Other amino acids, like serine
and threonine, 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 [7]. This
interaction is similar to the known interaction of OH
moieties of water molecules that hydrogen bond the
backbone carbonyls of a-helices, which might be
accountable for the dished shape of solvent-exposed heli-
ces in soluble globular proteins [8, 9].

There have been several statistical analyses of helical kinks
in datasets of TM proteins. An early analysis by Riek et al.
[10] reported about 26 % of helices being kinked by exam-
ining 119 TM helices of 11 TM proteins. Later on, by ana-
lyzing 405 TM helices, Hall et al. [9] concluded that 44 % of
TM helices are kinked, and one third of them are due to
proline. Notably, a web-based Python application, MC-HE-
LAN, was developed to analyze the kink statistics of 842 TM
helices in the protein data bank of transmembrane proteins
(PDBTM). This study revealed that 64 % of 842 TM helices
have kinks and 33 % of these kinks are in proximity to a
proline [2]. Nonetheless, our recent analysis of 1,562 TM
helices in PDBTM suggested that about 59 % of these helices
have at least one kink and 38 % of these kinks are associated
with proline in a range of £4 residues [3]. The effect of proline
on helical kinks has been further examined by Yohannan et al.
[11] with a set of 39 kinks from 10 TM protein structures to
test 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 protein structure, function, and dynamics [12].

In addition to the statistical analyses of kinks in TM
helices, a more challenging work is to understand the kink
formation in TM helices and to predict the structural fea-
tures of these helical kinks, including kink position and
angle. Most of earlier studies focused on predicting the
kink position of TM helices. Hall et al. [9] performed
molecular dynamics (MD) simulations of isolated helices
to predict the position of helical kinks, which reproduced
79 % of the proline kinks and 18 % of the non-proline
kinks. This study also suggested that it is easier to predict
proline kinks than non-proline kinks in MD simulations,
due to steric conflicts of prolines with the preceding resi-
due. Meruelo et al. [13] proposed a neural network
approach, TMKink, and achieved a result with sensitivity
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and specificity of 0.7 and 0.89, respectively. Kneissl et al.
[14] 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
unkinked. However these methods fail to provide an
understanding of kink formation and a reliable prediction
of helical kink angles. Recently, we proposed an approach
to computationally predict the structure of TM helices by
combining MD simulations of isolated helices and repre-
sentative structure identification from numerous simulated
decoy structures [3]. This approach was tested by investi-
gating 37 kinked helices in 29 TM proteins and 5 unkinked
helices in 5 TM proteins. Most of the tested kinked helices
are not associated with proline near the kink position. For
unkinked helices, the predicted models are highly consis-
tent with their crystal structure based on four different
structural assessments. For kinked helices, the obtained
results show an accuracy of 95 % in kink position pre-
diction and an error less than 10° in the angle prediction of
71 % kinked helices. These results suggest that kink
properties of TM helices depend mainly on the primary
sequence of an isolated helix, instead of the packing
dynamics of TM proteins.

The structural information of TM helices is important in
predicting the structure of TM proteins. According to the
two-stage model of TM protein folding [15], independently
stable helices are formed in the lipid membrane first, and
the helices interact with each other to form a functional
protein in the second stage. Our previous studies based on
the two-stage model showed that the lowest-energy struc-
ture of TM proteins with slightly kinked helices (e.g.
bacteriorhodopsin, halorhodopsin, and sensory rhodopsin
II) is consistent with their PDB structure with a root mean
square deviation (RMSD) of 1-3 A [16-18]. However, for
TM proteins with substantially kinked helices (such as
bovine rhodopsin), the RMSD between predicted structure
and the PDB structure could be as large as 5.5 A when a
kinked helix is approximated by an unkinked helix. 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 struc-
tural models of TM proteins and to understand their effects
on the three-dimensional structure of TM proteins. There-
fore, the structural features of TM helices would be very
useful in constructing a more general model for the struc-
ture prediction of TM proteins. We note that Werner and
Church have recently proposed a knowledge-based
approach to model TM protein structures with improved
kink modeling, which was trained with 102 crystal struc-
tures of TM proteins and tested on 14 GPCR proteins [19].
In spite of the limited data set, the predicted structures of
GPCRs seem to be reasonably consistent with their crystal
structures.
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Methods
Experimental dataset of TM helices

For the purpose of comparing our computational predic-
tions with the experimental results, we downloaded the
crystal structure of TM helices from PDBTM at http://
pdbtm.enzim.hu/. For protein pairs with a sequence identity
greater than 95 %, only the highest resolution polypeptide
chain was considered. Sets of protein sequences (of length
between 40 and 10,000) from PDBTM were sifted with a
protein sequence culling server, PISCES, by criteria of
sequence identity (pairwise sequence identity less than
95 %) and structural quality (X-ray crystal resolution better
than 4 A and the traditional crystallographic R-factor better
than 0.35) [2, 20]. On 30 November 2012, for TM helices
of length 20—40 amino acids, there were 1,393 helices (448
TM chains, 239 PDB entries) in PDBTM satisfying the
above criteria.

To prepare the experimental data (including position and
angle) of helical kinks in PDBTM, as demonstrated in
Fig. 1, a kinked helix (Fig. 1b) was first extracted from a
membrane protein (Fig. 1a) in the database. The identifi-
cation of kinked helices was made using MC-HELAN [2],
a Monte Carlo based algorithm using heuristics to sys-
tematically detect and characterize helical kinks. Among
the 1,393 helices in PDBTM, there are 808 identified
kinked helices and 585 unkinked helices. We note that the
reported number of kinked helices includes only those
kinks converged to a unique solution in MC-HELAN, and
the reported unkinked helices could have small angle kinks
(but failed to converge to a unique solution). For simplic-
ity, we have excluded those kinked helices from our study
if they contain non-standard amino acids or their kinked
residues are found near the two ends of helices. In this
study, we have considered 696 kinked helices and 120
unkinked helices. Since some helices have more than one

Fig. 1 Ribbon diagrams of a TM protein (a) and a kinked helix
extracted from the protein (b). The kink position (filled circle) and
kink angle (0) of the kinked helix are schematically illustrated in b

kink, the total number of kinks analyzed is 769. The
determination of position and angle of helical kinks was
then followed by calculating the intersection of two helical
axes of a kinked helix as shown in Fig. 1b. In the definition
of this study, a residue is considered to be found in the
kinked position if it has no intra-helix hydrogen bonding.

The distribution of amino acids in the kink region was
examined by calculating their normalized occurrence
probability in a range of £4 residues away from the kink
center. For simplicity, here we classified 20 amino acids
into five groups, including charged residues (R, H, K, D,
E), polar residues (S, T, N, Q, C), helix breaking residues
(G, P), aromatic residues (F, Y, W), and other hydrophobic
residues (A, V, I, L, M). The normalized occurrence
probability of type i group to be found at a particular
position away from the kink center is defined as N;M; '/
(> N:M:Y), where N, is the occurrence frequency of
group i residues at that position and M; is its frequency to
appear in kinked helices.

Computational methods for helical kink prediction

For the computational prediction of helical kinks, we have
simulated the structure of 696 kinked helices in PDBTM.
In addition, we have simulated the structure of 120 unk-
inked helices to further validate our method for the struc-
ture prediction of unkinked helices. In our method, the
selected segment sequences are initially constructed as
standard helices using the program Ribosome (see http://
roselab.jhu.edu/ ~ raj/Manuals/ribosome.html). The struc-
tural refinement and simulations of TM helices were per-
formed using Amber 11 [21] with the force field set
leaprc.ff03.r1, and the decoy structures of helices from
their MD simulations were analyzed by SPICKER [22]. A
more detailed description of our computational methods
will be given in the following paragraphs.

The charge of each TM helix was first neutralized to
reduce the influence of electrostatic interaction on the
formation of kinks [9]. The constructed helix was then
refined by an energy minimization with 600 steps of steep
descent method and 600 steps of conjugate gradient
method. For simplicity, our simulations of the entire helical
segment of an isolated helix (including helical sections in
the membrane core, head group, and water regions) were
carried out in a uniform background medium of dielectric
constant 2.5 [16, 23]. A more realistic dielectric constant of
the background is 2.5 in the hydrocarbon core, 10 near the
ester group, 30 near the head group-water interface, and 80
in the water region [3]. Therefore, our predictions would
only be reliable if those helical kinks are found in the core
region. We note that, as a first order approximation, our
simulation of TM protein folding in the simplified lipid
environment has been shown to be able to predict the
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folded structure [16, 17] and folding dynamics [24, 25] of
several TM proteins, as well as the kink properties of 42
TM helices [3].

The configuration space of the helix in equilibrium was
further investigated by MD simulations with Amber. In this
study, four simulation scenarios with different thermostat
relaxation time constants were tested to predict the struc-
tural features of TM helices. In scenarios (a)-(d), we car-
ried out a quasi-equilibrium heating of the system with the
Berendsen thermostat from O to 300 K within 20 ns, in
which the heating process was uniformly divided into
2 x 107 time slots [26]. In each time slot, the system
temperature was slightly increased by 1.5 x 10~ K and
remained stable at the temperature for the rest of time. For
a comparison of various different heating rates, we chose
the value of the thermostat relaxation time (trgr) to be
0.01 ps in scenario (a), 0.5 ps in scenario (b), 5 ps in
scenario (c), and 1,000 ps in scenario (d). Here the Ber-
endsen thermostat relaxation time, trg, determines how
tightly the heat bath and the system are coupled together,
and its value varies drastically in the 4 simulation scenarios
considered. Typical values of trg lie between 0.5 and 5 ps.
In the case of a large trr [scenario (d)], the system is
weakly coupled to the bath, and the run is approximately
sampling a micro-canonical ensemble.

According to Anfinsen’s hypothesis, the native state of a
protein lies at the global minimum in its free energy. In
other words, the native state of a protein is an ensemble of
many similar conformations with a low energy, and the
target of protein structure prediction could be a represen-
tative structure or an average structure of this ensemble. In
our study, we used the SPICKER fold identification algo-
rithm to find their most representative structure from a
large number of decoy structures obtained in our simula-
tions. SPICKER was developed to identify a near-native
structure of a protein from its simulation trajectory [22].
The generality of SPICKER has been assessed by analyz-
ing 1,489 representative benchmark proteins that cover the
PDB at the level of 35 % sequence identity, and the dif-
ference from the best individual decoy to native is below
1 A in RMSD for 78 % proteins tested.

In our analyses, the decoy structures of a protein were
taken from its MD trajectories obtained in simulation
scenarios (a)—(d). Due to computer memory limitation, the
number of decoy structures in SPICKER was limited to
104, and it is crucial to consider mainly those structures
possessing generic features of a kinked helix. Our previous
study found 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

Fig. 2 Number of broken (a)
backbone hydrogen bonds with L el JoTTaTlnT .
N-O distance greater than 4.9 A 61 Tr=0.01ps ts 1 ce
during the simulation of a 5+ - : . e
kinked helix,10KC-A:208-239, - 44 E ] PRSI, ’ 1:
for four quasi-equilibrium Zﬁ 34 . ' § 24 '
heating processes with . ' 1 '
trr = 0.01 ps (a), 0.5 ps (b), 21 i ; U s oo o !
5 ps (¢), and 1,000 ps (d). The 1 --—"»'-\_.‘:'\-.-.a.._,." "'"_,-" ! | . ST '
structure overlap in e contains 0 r . . . ) 0 : . . . i
the PDB structure (black) of this 0 2 4 6 8 10 0 2 4 6 8 10
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N-O distance is sharply peaked at 4.9 A, followed by an
exponential decay with increasing distance. Therefore, in
choosing the decoy structures for SPICKER, we only
considered helical structures with Nyp, < 2, where Ny
stands for the average number of broken hydrogen bonds
with N-O distance greater than 4.9 A. For example, in
Fig. 2, we show the value of Ny, as a function of time
during the four heating processes of the helix 1okc-A:208-
239 for g = 0.01 ps (a), 0.5 ps (b), 5 ps (c), and 1,000 ps
(d). The decoy structures for SPICKER were taken from
the time period of 0-6.1 ns simulation for ttg = 0.01 ps,
0-5.8 ns simulation for Trg = 0.5 ps, 0-8.0 ns simulation
for T =5ps, and 0-6.0ns simulations for
trr = 1,000 ps. Furthermore, the pairwise RMSD cutoff
R.,: (under which two structures are considered as clus-
tered neighbors) in SPICKER was initially set to 7.5 A, and
then iteratively changed based on the interplay of the cutoff
and the ratio of number of decoys in the most populated
cluster to the total number of decoy structures. A flow chart
of the SPICKER algorithm is available in Ref. [3]. In
Fig. 2e, we overlapped the PDB structure of helix lokc-
A:208-239 with its predicted models from MD simulations
in the above four scenarios. The consistency among the
PDB structure and our predicted models suggests that the
trajectory of kink formation during a quasi-equilibrium
heating of an isolated helix does provide a useful
description of the kink properties of TM helices.

A list of the helical features of our predicted models of
lokc-A:208-239 is presented in the supplementary Table
S1, which shows a correctly predicted kink position, 7°—
10° errors in the kink angle prediction, and five quantitative
assessments of our predicted helical structures. These
assessments include root mean square deviation (RMSD),
Template Modeling score (TM-score), MaxSub score,
global distance test-total score (GDT-TS), and global dis-
tance test with high accuracy (GDT-HA) [27]. Both TM-
score and MaxSub score range from O to 1, while the GDT-
TS/HA scores have a value of 0-100. In general, for high
quality structure predictions, the assessment value is
greater than 0.5 for TM-score, 0.8 for MaxSub score, 85 for
GDT-TS score, and 70 for GDT-HA score.

Results and discussion

Previously we have conducted a preliminary test of pre-
dicting the structural features of 42 TM helices (37 kinked
and 5 unkinked) using decoy structures generated from four
simulation scenarios, including three quasi-equilibrium
heating processes as described in scenarios (b)—(d) and one
physical MD simulation process of TM helices with
Langevin dynamics at 300 K [3]. In that test, simulations
with the physical MD process and three quasi-equilibrium

heating processes gave very similar accuracy in predicted
structural features of TM helices, suggesting that the tra-
jectory of kink formation during the quasi-equilibrium
heating process can be used to predict position and angle of
helical kinks. In the present study, we investigated a more
complete set of TM helices (696 kinked and 120 unkinked)
in PDBTM using four quasi-equilibrium heating processes
with trg = 0.01 ps (a), 0.5 ps (b), 5 ps (c), and 1,000 ps
(d). It is found that predicted kink positions of helices are
mostly correct and predicted kink angles of helices are
roughly consistent with their experimental value. The
comparison of kink properties of 8 kinked helices in
PDBTM with those of their predicted models from the four
simulation scenarios is presented in the supplementary
Table S2, and a complete list of our predicted kink prop-
erties for 696 kinked helices can be found in the supple-
mentary Table S3. In this study, we have used 95 %
pairwise sequence identity as a threshold for redundancy
for inclusion in the dataset. Redundancy in a dataset occurs
when several similar/homologous sequences are present in
the same set of data, which will introduce undesirable
biases in statistical analyses and also increase computa-
tional cost. Due to the efficiency of our method and for the
purpose of comparing our computational predictions with
their experimental values, we used this high cutoff to
remove direct replications but keep as many original
structures as possible.

For a comparison of the differences among our structure
predictions from the four quasi-equilibrium heating pro-
cesses considered, we present our predicted kink properties
of 696 kinked helices in Fig. 3: Fig. 3a shows the cumu-
lative distribution of position shift of our predicted kinks
from their actual site calculated from experimental struc-
tures in PDBTM, and Fig. 3b shows the cumulative dis-
tribution of deviation of our predicted kink angles to their
value derived from PDBTM. Here the cumulative distri-
bution function of a real-valued variable X is defined as
Fx(x) = P(X < x), where the right-hand side represents
the probability that the variable X takes on a value less than
or equal to x. The best prediction in Fig. 3 is defined as the
best structural model predicted from the four simulation
scenarios considered. For kink position prediction, our
results demonstrate about 60—70 % accuracy for these four
scenarios (64.7 % for g = 0.01 ps, 66.7 % for
TR = 0.5 ps, 63.6 % for g =5 ps, and 59.1 % for
trr = 1,000 ps) and 88 % accuracy for our best predic-
tion. Overall, 95 % of our best predictions in kink position
have a shift of no more than 2 residues. For our best kink
angle predictions in the 615 kinked helix models with
correctly predicted kink position, 60.2 % of our predictions
have an error less than 10° and 73.3 % of our predictions
have an error less than 15°. It is found that the simulation
scenario with tpg = 0.5 ps usually gives a better
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Fig. 3 Cumulative distributions of kink position shift (a) and kink
angle deviation (b) in our predicted models of 696 kinked helices in
PDBTM. Quasi-equilibrium heating processes of helix folding were
performed with four different thermal relaxation time constants,
trr = 0.01, 0.5, 5, and 1,000 ps. The best prediction is defined as the
best structural model predicted from these four simulation scenarios

prediction in kink properties, but their differences are not
significant. Compared with results of the trg = 0.5 ps
simulations, the defined best prediction leads to a 15 %
improvement in the accuracy of kink position prediction
and a 5 % improvement in the accuracy of kink angle
prediction. Such a trade-off between accuracy and com-
putational cost seems practical for our prediction method,
which is free of parameters and does not rely on the input
of experimental structures. Compared with results of a
previous study in Ref. [3], the results of this study using
solely quasi-equilibrium heating processes seem to be less
accurate in predicting the position and angle of kinks for a
more complete data set. Physical MD simulations of isolate
TM helices for this larger data set are under our current
investigation. We note that, the kink position of TM helices
is more accurately predicted than the kink angle. This
observation might reflect the fact that the kink position of
TM helices is usually not affected by the packing of heli-
ces, while the kink angle is more sensitive to consider-
ations of the packing of helices.
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Fig. 4 Normalized occurrence probability of five residue groups
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in PDBTM (a) or from their best predicted models (b). A white to
black grayscale bar calibrates the probability from 0 to 60 %. The
curves in ¢ are the ratio of the predicted probability in b to the
experimental probability in a for five groups

In Fig. 4, we further examined the distribution of amino
acids in the predicted kink region. Figure 4a shows the
normalized occurrence probability of the five groups of
residues from the experimental structures of helices in
PDBTM, Fig. 4b shows our computational prediction of
the normalized probability, and Fig. 4c compares the above
two normalized probabilities by taking the ratio of the
predicted probability to the experimental probability.
Comparing Fig. 4a with b, our predictions are in general
consistent with the experimental data: (1) there is a high
prevalence of helix breaking residues at the +2 position
(mainly due to proline); (2) charged residues are less likely
to appear in the kink region; and (3) the normalized
occurrence probability of aromatic residues has roughly
similar pattern to that of other hydrophobic residues. The
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consistency between our predictions and the experimental
statistics can also been seen in Fig. 4c. The ratio of our
predicted probability to the experimental one is mostly
within the range of 0.7 and 1.3 for all groups and all
positions. However, our predictions overestimated the
normalized occurrence probability of charged groups at the
positions of 0 and +3. A detailed comparison of the nor-
malized probability of 20 amino acids between our pre-
diction and the associated PDBTM statistics is available in
the supplementary information (Figure S1). We note that
our supplementary information shows a significant differ-
ence in the probability distributions of proline and glycine.
As discussed in the introduction, the probability distribu-
tion of glycine has a small peak at the kink center and is
roughly uniform in other positions, due to the lack of steric
constraints from its side chain in maintaining a helical
structure. On the other hand, the probability distribution of
proline has a sharp peak at the 42 position since the steric
conflicts of its side chain lead to a broken (ith, i 4+ 4th)
backbone hydrogen bond which distorts the helix and is
further stabilized over the next two residues.

In addition to study the occurrence frequency of residue
types in the kink region, it is also important to validate our
prediction in the distribution of kink angles. In Fig. 5a, we
compared the distributions of kink angles for 769 kinks in
PDBTM that were calculated from our best predicted
model of TM helices and from their experimental struc-
tures. In Fig. 5b, ¢, we provided similar comparisons for
kinked helices that are associated with proline or glycine in
the range of 4 residues near the kink center. The solid
curves in Fig. 5 show fitted distribution functions for the
distribution data of calculated or predicted kink angles.
More specifically, the data in Fig. 5a and c were fitted with
the lognormal distribution, while the data in Fig. 5b were
fitted with the Dagum distribution (type I). The angular
distributions of helical kinks calculated from our predicted
models and from experimental structures are highly con-
sistent with each other for comparisons in Fig. 5a and c,
but have a noticeable discrepancy for the comparison in
Fig. 5b. For all helical kinks, the angular distributions peak
at 10°-15°. It is also observed that the distributions of
proline associated kinks peak at 20°-25°, which is larger
than the peak angle of 10°-15° in glycine associated kinks.
For most proline associated kinks, we found that proline
initiates these kinks by breaking the (ith, i + 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. In these cases, the kink
center is often two residues away from proline, as dem-
onstrated in Fig. 4. This result is also consistent with the
observation of Hall et al. [9]. Moreover, a finite portion of
helical kinks are found to have very large kink angles
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Fig. 5 A comparison of the distributions of kink angles that were
calculated from the experimental structures in PDBTM or from our
best predicted models. The distributions in a were calculated for all
769 kinks identified, in b were calculated for proline associated kinks,
and in (c) were calculated for glycine associated kinks. The histogram
bin size is 5°. Solid curves in a and c¢ are fitted lognormal
distributions, and in b are fitted Dagum distributions. The values of
R? (coefficient of determination) for these fitted curves are 0.97
(PDBTM) and 0.96 (Best) in a, 0.94 (PDBTM) and 0.99 (Best) in b,
and 0.97 (PDBTM) and 0.95 (Best) in ¢

(>90°), but our predictions tend to overestimate the amount
of non-proline kinks with large angles. For the test of
predicting unkinked helices in our method, in Fig. 6, we
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Fig. 6 A comparison of the distribution of kink angles for “unk-
inked” helices that were calculated from the experimental structures
or from our predicted models. The histogram bin size is 5°

listed the calculated kink angle distribution of these heli-
ces. As noted in section “Experimental dataset of TM
helices”, the reported “unkinked” helices in PDBTM
could have small angle kinks but failed to converge to a
unique solution in MC-HELAN. According to our kink
angle definition in section “Experimental dataset of TM
helices”, we found that these ‘“unkinked” helices in
PDBTM does have small kink angles. Our best prediction
in the kink angle distribution is found to be consistent with
that of PDBTM, while the prediction solely using
trr = 0.5 ps simulations does have a much higher per-
centage (35 %) for kinks with an angle greater than 15°.
To further test our method, various quantitative structure
assessments, including RMSD, TM-score, MaxSub, GDT-
TS, and GDT-HA, have been applied to verify the accuracy
of our predicted models for 696 kinked helices and 120
unkinked helices. The RMSD of two aligned structures
indicates their divergence from one another, which is
sensitive to outlier regions created by poor modeling of
individual loop regions in a structure that is otherwise
reasonably accurate. The MaxSub test aims at identifying
the maximum subset of C, atoms of a model that super-
imposes well over the experimental structure, and produces
a single normalized score that represents the quality of the
model. The GDT-TS/HA tests measure the similarity
between the predicted model and the experimental struc-
ture 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 struc-
ture. TM-score assesses the accuracy of protein structure
predictions by weighting the close atom pair stronger than
the distant matches. In general, TM, MaxSub and GDT
scores are more sensitive to the topology fold than RMSD.
A complete list of various assessment scores is available in
the supplementary Tables S4 (kinked helices) and S5
(unkinked helices). For simplicity, 2 unkinked helices
[1ul9-A:149-169 in (a) and 2zy9-A:245-264 in (b)] and 3

@ Springer

Fig. 7 A comparison of the PDB structure and our predicted model
for two unkinked helices (1u19-A:149-169 in a and 2zy9-A:245-264
in b) and three kinked helices (2bhw-A:123-144 in ¢, 3org-A:320-351
in d, and 3tui-A:88-113 in e). Here the PDB structures are colored in
light gray, and our best predicted models are colored in dark gray

kinked helices [2bhw-A:123-144 in (c), 3org-A:320-351 in
(d), and 3tui-A:88-113 in (e)] were randomly selected for
discussion, and a comparison of their PDB structures and
our predicted models were shown in Fig. 7. The overlap-
ping structures in Fig. 7 demonstrate the good quality of
our best predicted models of these five helices, whose
RMSD ranges from 0.70 to 1.14 A. The other four
assessments confirm that these predicted models do have
high quality in their structure. The cumulative distributions
of RMSD in our predictions for 696 kinked helices (solid
line) and 120 unkinked helices (dash line) are presented in
Fig. 8a, and the cumulative distributions of TM-score,
MaxSub score, GDT-TS score, and GDT-HA score for 696
kinked helices are shown in Fig. 8b. In Fig. 8a, the per-
centage of our predicted models with a RMSD less than 2A
is about 70 % for kinked helices, and is 95 % for unkinked
helices. In Fig. 8b, 71 % of kinked helices have a TM-
score greater than 0.5, 69 % have a MaxSub score greater
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Fig. 8 Cumulative distributions of RMSD in predictions of 696
kinked helices (solid line) and of 120 unkinked helices (dash line) are
presented in a, and the cumulative distributions of TM-score, MaxSub
score, GDT-TS score, and GDT-HA score for 696 kinked helices are
shown in b. Notice that the cumulative distribution in a is accumu-
lated from large RMSD toward small RMSD

than 0.8, 60 % have a GDT-TS score greater than 85, and
58 % have a GDT-HA score greater than 70. Here we have
adopted criteria for high quality structures in various
quantitative structure assessments. A further verification of
our method on 14 unkinked helices is provided in Table 1,
and the predictions of 120 unkinked helices are listed in the
supplementary Table S5. These unkinked helices were also
simulated for all four scenarios and their best predicted
models were used to calculate the score for various struc-
ture assessments. The high scores from various assessments
for these unkinked helices also strongly back up our
approach for predicting the structure of TM helices.

Conclusion

In this study, we have integrated MD simulations and a fold
identification algorithm to investigate kink formation of

TM helices for which an experimental structure was
available in the PDBTM. Quasi-equilibrium heating pro-
cesses of an isolated TM helix with very different thermal
relaxation time constants have been simulated using
AMBER. From these simulations, decoy structures pos-
sessing generic features of a kinked helix were further
analyzed to find the most representative model using
SPICKER. The aim of this study is to investigate the rel-
evancy of predicted structures of TM helices from these
quasi-equilibrium heating processes to their experimental
structures in PDBTM. Our results showed an accuracy of
88 % in predicting the kink position of TM helices (no kink
position shift), and an error less than 15° (10°) in the angle
prediction of 73 % (60 %) of kinked helices. In addition,
by examining the distribution of amino acids in the pre-
dicted kink region, we found a consistent pattern in the
normalized occurrence probability of five residues groups
(charged, polar, helix breaking, hydrophobic, and aromatic
groups) between our prediction and the experimental data
in PDBTM. For the distribution of kink angles in TM
helices, our predicted distribution profile, including shape
and peak position, resembled the profile calculated from
the experimental structures.

We have also performed various quantitative structure
assessments of our predicted models for 696 kinked helices
and 120 unkinked helices in PDBTM. For 696 kinked
helices, 70 % of our predicted models have a RMSD less
than 2 A, 71 % have a TM-score greater than 0.5, 69 %
have a MaxSub score greater than 0.8, 60 % have a GDT-
TS score greater than 85, and 58 % have a GDT-HA score
greater than 70. These assessment results confirmed the
validity of our integrated approach to predict the structure
of TM helices. More specifically, this study suggest that the
kink properties of TM helices depend mainly on the pri-
mary sequence of an isolated helix, instead of the dynamics
of folding or the packing of TM helices. We believe these
results provide some evidence for the two-stage model of
TM proteins: Independently stable helices are formed in
lipid membrane in the first stage, and the helices interact
with others to form a functional MP in the second stage.
However, as suggested by the observed error in our pre-
dicted kink angles, we note that the kink angle of TM
helices could still be affected by their packing in the sec-
ond stage.

To conclude, this study has achieved several unique
objectives in studying kink properties of TM helices. First,
the helix database in PDBTM we analyzed in this study is
the largest and most up to date. Second, instead of con-
structing another tool for the statistical analysis of the
helical features of experimental structures in PDBTM, we
provide an integrated method based on thermodynamic
principles to investigate the kink formation of TM helices
for which an experimental structure was available in the
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Table 1 Kink angle and five TM helices Assessments Angle (°)
structure assessments of our
best predicted models for 14 RMSD ™ MaxSub GDT-TS GDT-HA PDBTM BEST
unkinked helices randomly (A) score score score score
selected from PDBTM
1bcc-F:52-71 1.1 0.46 0.92 91.3 78.8 33 10.6
1ppj-F:51-71 1.8 0.54 0.91 95.2 86.9 1.3 25.9
1q90-B:35-55 0.7 0.51 0.96 97.6 86.9 7.1 4.1
1ul9-A:149- 0.7 0.52 0.96 97.6 88.1 5.7 2.2
169
2bs2-C:76-98 1.0 0.54 0.94 94.6 83.7 9.5 3.8
2gsm-A:91- 14 0.53 0.89 92.5 83.8 13.2 11.4
110
2wjn-H:11-31 0.9 0.45 0.94 96.4 85.7 6.8 9.5
27y9-A:245- 1.0 0.51 0.94 95.0 83.8 7.6 11.6
264
3ag3-D:76- 0.9 0.73 0.95 95.5 83.9 1.7 8.1
103
3cx5-A:133- 1.5 0.55 0.88 90.2 78.3 6.3 11.0
155
3cx5-E:50-81 0.5 0.88 0.98 99.2 90.6 4.3 2.8
Here unkinked helices refer to 3170-F:51-72 1.3 0.53 0.91 93.2 81.8 4.1 13.6
those helices without a 3sn6-B:2-25 1.3 0.66 0.91 94.8 84.4 0.7 9.3
converged kink angle in MC- 4dx5-A:830 13 0.64 0.91 94.6 88.0 43 6.5

HELAN

PDBTM. Third, this method yields high quality models of
TM helices and the statistical properties of helical kinks in
our predicted models are consistent with those calculated
from experimental structures in PDBTM. Finally, this
study provides an evidence for the validity of the two-stage
model of TM proteins. To go beyond our present results
and as a further validation of the two-stage model, we
would like to extend our study to the packing of TM helices
by combining all-atom MD simulations with coarse-
grained Monte-Carlo simulations. Successful prediction of
the three dimensional structure of TM proteins would be
helpful for us to understand their biological functions and
to design feasible pharmaceutical applications.
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