


Figure 5.4: ARS55 may have 3 different topologies in micelles. In this schematic water
protected and water exposed regions of ARS5 are shown in black and blue respectively.
The approximate outline of a micelle is denoted by a dashed black line and water
molecules are shown as small blue circles. In (A) ARSS is in one micelle with a hairpin
turn. In (B) ARS55 is shown spanning two different micelle like objects and in (C) ARSS
is shown spanning one micelle with associated water in the solvent exposed region.
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Figure 5.5: A breakdown of per-residue NOE contacts used to calculate the final
ensembles of ARS5 structures. Intraresidue, short (sequential), medium (|i - j| < 4) and
long range NOE interactions shown for AR55 in (A) SDS, (B) DPC, (C) LPPG and (D)
50% HFIP. Note that these plots do not include the ambiguous NOE contacts listed in
Table 5.3.
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Figure 5.6: Through-space contacts observed for ARSS5 solubilized in (A) SDS micelles,
(B) DPC micelles, (C) LPPG micelles and (D) 50% HFIP. Values of CSI (106) as well as
secondary structure predictions using the DANGLE algorithm (201) are shown. This
figure was generated using CCPNMR Analysis (95).
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Figure 5.7: An overview of the convergence of ¢ (A) and ¢ (B) dihedral angles of the 40
members of the ARSS structural ensemble in SDS micelles. Both the deviation (bars) and
order parameter (line) are indicated.
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Figure 5.11: An overview of the structures of AR55 in (A) SDS, (B) DPC and (C) LPPG
micelles as well as in (D) 50% HFIP. All backbone atoms for one representative structure
are shown and for regions that superpose well, all ensemble members are shown. In (A)
residues 13-18 are black, 20-25 are blue, 31-43 are red and 46-58 are green. In (B)
residues 14-19 are black, 20-25 are blue, 29-46 are red and 47-57 are green. In (C)
residues 22-25 are blue, 27-45 are red and 46-58 are green. In (D) residues 13-27 are
black, 30-41 are red and 42-59 are green. Images were produced using Pymol (Delano
Scientific, San Carlos, CA, USA).
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Figure 5.12: The kink of ARS5S5 in LPPG micelles and HFIP is not very flexible. Shown
are structures of AR55 in LPPG micelles (A,B) and 50% HFIP (C,D). In (A) and (C) the
superposed regions are the same as those shown in Figure 5.11. In (B) residues 27-58 are
superposed and in (D) residues 30-59 are superposed. Pymol (Delano Scientific, San
Carlos, CA, USA) was used for visualization.
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Figure 5.13: The per-residue R;, R, and NOE measurements of AR55 in SDS, DPC and

LPPG micelles.
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Figure 5.14: The per-residue calculated values of J(0), J(wx) and J(0.87wy) of ARSS
solubilized in SDS, DPC and LPPG micelles.
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Chapter 6:
Analysis Of Kinks In Membrane
Proteins (Based On My Contribution To

Manuscript (4))

6.1. Introduction

In chapter 4 I discussed how residues present in the kink of ARS5S5 are important for the
function and/or folding of AR. By examining other membrane protein structures, it is
clear that many membrane proteins have disruptions in their helices. It is thought that
kinks in otherwise a-helical TM regions provide points that readily allow for
conformational change and structural variability. This causes helical kinks to often be
functionally important in proteins (126, 244, 245). For these reasons I decided to continue
a project originally initiated by Michal Wieczorek (a former student of Dr. Rainey's) to
computationally find and characterize kinks in protein helices. I then analyzed a large
dataset of membrane protein structures in order to better understand the characteristics

and causes of membrane protein kinks.
6.1.1. Previous Analyses Of Membrane Protein Helix Kinks

Despite the characteristics of an ideal a-helix being well defined, the features of
disruptions in helices are poorly understood. Even though it is well recognized that

membrane-spanning o-helices from mono- or polytopic membrane proteins may be
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kinked (246, 247, 248, 249, 250, 251), there is disagreement in the literature concerning
the nature, amino acid composition, and underlying causes of helical kinks (247, 249,
250). Compounding this issue, helical kinks are often neglected in the discussion and
analysis of membrane protein structures. This neglect goes to the extent of regions of
PDB (200) files for membrane proteins being annotated as helical even through regions
of disruption.

Three analyses of kinking in datasets of a-helical membrane proteins have been carried
out prior to this work. In 2001, Riek et al. examined 119 TM helices from 11 membrane
proteins, with annotation of non-canonical helical character (i.e. m-helices or 3j¢-helices)
as well as kinks (247). This study identified 36 kinks in 31 helices, with ~26% of helices
being kinked, and ~16% of these kinked helices having two kinks. A 2004 study by
Yohannan et al. examined a set of 39 kinks from 10 membrane protein structures (249).
This study had the unique aim of testing the hypothesis that kinks in TM helices can be
traced back through evolution to ancestral proline residues and, as such, did not focus on
kink detection and geometries. Finally, Hall et al. analyzed the positions of kinks in a
larger subset of 405 TM helices (246), determining that 44% of TM helices were kinked,
with only 35% of these kinks being caused by proline.

After the publication of this work two other related studies were published (250, 251).
In both studies a manually annotated dataset was used. Kneissl et al. analyzed 818 helices
and found 44% of them to be kinked. Meruelo et al. analyzed a smaller dataset of 41 non-
homologous proteins but did not give statistics regarding the frequency of kinked helices.
Both of these studies focus on helix kink prediction from protein sequence instead of kink

characterization.
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In this chapter I present an algorithm, implemented in a web-based Python application
named MC-HELAN (Monte Carlo based HELix ANalysis). MC-HELAN uses heuristics
to systematically detect and characterize helical kinks, regardless of whether the helix in
question is an a-helix, m-helix or 3¢ helix. I classify kinks (any change in helix axis) as
either bends (a change in helix axis direction with all residues remaining helical) or
disruptions (change in helix axis direction accompanied by a loss of helical character of
the residues involved in the kink). I have used MC-HELAN to examine (as of Mar. 2010)
all non-redundant a-helical membrane proteins contained in the PDB of Membrane
Proteins (PDB_TM, (252, 253)). I then present general features of bends and disruptions
in membrane proteins and assess the predictive nature of sequence determinants in the

vicinity of kinks.

6.2. Materials And Methods

6.2.1. Dataset Preparation

The PDB_TM extensible markup language (XML) file and transformed PDB files for
all structures identified as helical membrane-spanning proteins in the PDB_TM (252)
were obtained (all depositions to Mar. 4, 2010). The XML file identifies TM polypeptide
chains and the predicted N- and C-terminal boundaries of each TM span for each PDB
entry. The PDB_TM transformed PDB files have atomic coordinates that are rotated and
translated such that the putative membrane is in the xy-plane and centred at z=0 using the
TMDET algorithm (254). The PISCES algorithm (255) was used to cull the set of
PDB_TM entries, keeping only X-ray crystal structures with resolution less than 3.0 A

and an R-factor better than 0.75 (constraints are not placed on NMR derived structures;
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only NMR and X-ray structures were used) and only the highest resolution polypeptide
chain in cases of pairwise sequence identity =95%. For PDB entries consisting of
ensembles of NMR structures, I have limited my analysis to the first model (i.e. that
contained in the PDB_TM) rather than examining all ensemble members. MC-HELAN

analysis was carried out on the data.
6.2.2. Monte Carlo Method For Helical Axis Definition

A residue at position i is denoted as a helix seed if it is not already classified as part of
a helix and the following three empirically derived conditions are met: i) The dihedral
angle pair (¢i, ;) lies within the 99.95% boundary of Lovell et al.’s statistically derived
a- and 3jp-helical region (256); ii) The angles denoted by the triplet of points

@X = (Ca C;l’ctl

i+x° i+1

) for x =2, 3, 4 lie within ranges of 35-50° for ©,, 60-80° for ©, and
45-65°for ©,; and 3) The distances between C;" and C;, for x =2, 3, 4 deviate from the
distances observed in an ideal helix by at most 0.5 A. Similar geometric criteria have
been employed in other studies to locate helix kinks (247, 257). For each identified seed,
a nascent helix including the backbone atoms of residues (i, i+1, ... , i+4) is used to
approximate a helical axis. The helix axis is denoted by the tuple (c,v), where c is a 3D
point and y is a vector. The fit of the axis is minimized by a uniform random sampling in
each of the components of ¢ and y. An empirically determined objective function (£3) is
calculated, and the new parameters are kept only when E, is lower. For the first 800

iterations, £ is defined using:

I
Eh=EE, and E, = (r=2)" ifr=2 6.1
0 ifr<2
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where r is the minimum distance between a given atom and the helix axis and the sum is
carried out over all heavy backbone atoms of the helical segment. Next, 200 further
iterations use the following modified E,:

E =|r-7’ 6.2
where 7 is the average distance of all of the atoms from the helical axis. This procedure
was adequate for proper convergence of an accurate helical axis over as few as 5
residues, as is readily seen in examination of MC-HELAN output files. After definition
of a helix axis, the nascent helix is extended to include a neighbouring residue if the
residue has helical ¢ and ¢ dihedral angles and the backbone atoms of the residue are on
average < 3 A away from the helix axis. The helix axis is then recomputed and the
process repeated until no additional residues can be added. This procedure is applied
from the N-terminus to the C-terminus of a peptide chain and then again from the C-
terminus to the N-terminus.

Identification of disrupted TM helices is trivial based on the definition given above.
Bends are identified in all instances where two helices are adjacent or overlapping. The
precise location of the bend is determined as residue i using a voting procedure according
to the following criteria: 1) The residue with the largest deviation from ideal helical
dihedral angles (¢=-62°, p=-41°, (258)) if the sum of the deviation is larger than 40°. ii)
That residue i1 has helical ®, angles while i-1 and 1-2 do not. iii) That the distance
betweenC;" and C;:, deviates from the distance expected in an ideal helix by more than

0.5 A and either the C?, and C{, distance deviates by > 1 A or the distance between C,

i+3

andC?

i+3

and C?, andC{, both deviate by > 0.5 A from an ideal helix. In the case of ties

i+2

in the voting process, the location of the bend was determined by identifying the residue i
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in the overlapping segments that optimizes the fit of the helical axis for both incident

helices.

6.2.3. Bend Prediction From Primary Structure

The ability to identify bends from sequence information alone was explored using a
machine learning approach. The identification of a bend position was formulated as the
classification for a window of 9 residues to have a bend site in position 5 or not. A
dataset of 471 converged sequences of length 9 that contain a bend in the 5th (middle)
position was compiled. Likewise, a set of 9067 sequences of equal length that do not
contain a bend was compiled. In total, 10 classification replicates were performed using a
10-fold cross-validation on the 471 bent sequences combined with a random sample of
negative examples of equal size. A feature vector for each character was defined with 1
or more numerical values from the set of possible features: hydropathy (259), membrane
helical propensity (260), relative proportion of residue identity (Table 6.1), and a binary
encoding for 6 physicochemical properties (hydrophobic, polar uncharged, cationic,
anionic, glycine or proline). The final feature vector for one sequence instance is the
concatenation of these features for each character in the input sequence. As a measure of
baseline prediction considering only the presence of a proline residue, an alternative
binary feature vector was used for each residue in the bend local sequence being assigned
1 for proline or 0 for non-proline. The performance of the classifiers was evaluated using
precision, recall and the F-score. The classifier used was the support vector machine
(SVM, (261)) using the Radial Basis Function kernel. For each classification experiment,

optimal C and y parameters for prediction were determined using a grid search.
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6.3. Results And Discussion

6.3.1. Dataset Characteristics

After PISCES culling, the membrane protein dataset consisted of 840 TM helices from
205 polypeptide chains in 137 PDB files derived by both X-ray crystallography and
NMR spectroscopy (Table 6.2). Highlighting the under-representation of polytopic
membrane protein structures in the PDB, of the 205 TM polypeptide chains, only 129
(63%) are polytopic (Figure 5.1 (A)). The bitopic proteins were subdivided into
monomeric vs. oligomeric biological assemblies, with 57/74 being structured as

oligomers.

6.3.2. The MC-HELAN Server

For users wishing to analyze helical axes and kinks in a single protein (whether
membrane-spanning or not), the Python program MC-HELAN is available in a web-
mounted format (freely accessible at http://structbio.biochem.dal.ca/jrainey/MC-
HELANY/). A sample MC-HELAN analysis of a protein, showing both the modified PDB
file produced and the resulting membrane protein topology diagram, is provided in Figure
6.2. In this work, all reported statistics were derived using MC-HELAN in a batch script

format.

6.3.3. Convergence Of MC-HELAN

Since the MC-HELAN algorithm relies on a heuristic approach, convergence of kinked

residue identification is not guaranteed. In order to assess the degree of convergence, the
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MC-HELAN analysis was completed 10 times for every protein, to evaluate the standard
deviation values in kink angles and the consistency of kink locations. In this work, a kink
is considered only if all 10 replicate predictions converged to a single solution.

Overall, 598 of the 616 kinks identified by MC-HELAN (>97%) converged to a unique
solution. The presence of non-converged kinks was not due to failure of the algorithm in
defining an accurate helix axis. Failure to converge was attributable in general to either a
small kink (~5-10°) or to the location of a kink being assigned to pairs of neighbouring
residues. The defined kink angles were well converged with the average value of the
standard deviation of all converged kink angles being 0.043° and the largest standard
deviation value being 4.2°. It should be noted that there were only 4 kinks (<0.7%) that
had a standard deviation of > 1°. In these 4 cases, the kinks being analyzed had
geometries that led to difficulty in exact helix axis definition by the MC-HELAN
algorithm. Since both the convergence and the standard deviation for kink angle of a set
of 10 predictions are a part of the standard output of MC-HELAN, lack of convergence or
high standard deviation values, while generally very rare, should be employed by the user

to highlight kinks where manual interpretation may be necessary.

6.3.4. Frequencies Of Kinks

Out of 810 TM segments with 100% convergence analyzed by MC-HELAN, 293
(36%) were an unperturbed helix, 462 (57%) contained a bend, 54 (7%) a disruption and
1 TM segment had no helical sections. The proportion of kinks detected (64%) is
significantly higher than those detected previously in TM helices using other methods

(26% (247) and 44% (246, 251)). MC-HELAN detects more kinks and, unlike
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HELANAL, does not consider “curved” helices as a separate class. In addition, the
extension over dynamic regions of a helix from both N- and C-termini in the MC-
HELAN algorithm improves sensitivity to small deviations in the helical axis that may be
missed by algorithms that rely strictly upon local parameters over fewer residues. The
MC-HELAN algorithm also avoids the issue that least-squares fitting derived helical axes
are dependent upon the number of residues analyzed (247). MC-HELAN analysis files of
the full dataset are available for download at the MC-HELAN website.

The high prevalence of helical kinks in membrane proteins is likely reflective of both
the degree of constraint and the uniqueness of the membrane environment. The physical
presence of the lipid molecules and the anisotropy of a hydrophobic layer sandwiched on
both sides by two potentially dramatically different hydrophilic environments limits the
possible conformations of a protein. Due to this, the architectural toolkit of TM helices of
membrane proteins may be hypothesized to require a high number of bends, disruptions
and orientational diversity to provide functional uniqueness (246, 247, 248, 249). This is
upheld by the fact that even non-kinked TM helices very rarely cross the membrane at an
angle perpendicular to the membrane surface. Rather, they are observed to cross the
membrane at a range of angles, with 10-30° relative to the membrane normal defined by

TMDET being the most common (Figure 6.3).

6.3.5. Comparison Of MC-HELAN To HELANAL And DSSP

The membrane protein dataset was analyzed with both DSSP (262) and HELANAL
(263) using the TM regions defined by the PDB_TM as boundaries for analysis (Table
6.2 and Figure 6.4). Although the ProKink (264) algorithm has been used in the past to

analyze helix kinks (246), this algorithm is designed to calculate kink geometry given
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helical axis information and a postulated kink position, rather than to directly detect or
identify kinks a priori. Therefore, I did not compare ProKink directly to MC-HELAN.
Although MC-HELAN, HELANAL and ProKink all have similar functions, the output
data from each program is unique. HELANAL is able to determine which amino acids
are kinked (at the user’s discretion through parsing of the output data) but does not
calculate a kink angle, while MC-HELAN provides both kinked residues and kink angle.
Conversely, ProKink is optimized to determine kink geometry. ProKink may also be used
to determine the kink location, but unlike HELANAL and MC-HELAN, this must be
carried out in an iterative manner with intensive user analysis (e.g. (246)). Finally, MC-
HELAN analyzes the TM helices and protein as a whole in the context of the plasma
membrane, unlike either HELANAL or ProKink. Although MC-HELAN, HELANAL
and ProKink have all been used to analyze helix kinks, these fundamental differences
between the algorithms and output data must be kept in mind.

To test for differences in regional vs. localized kink detection, pairwise comparison
between methods for kinks detected by each method at a given location was performed.
For this comparison, additional parsing of output data was required. In the case of MC-
HELAN, only converged kinks were considered valid for comparison. In the HELANAL
algorithm, helices are classified as linear, curved and kinked. Because HELANAL does
not determine the location of kinks, any residue that had a local helix axis bend angle >
20° (the cutoff used by HELANAL to categorize a helix as kinked) was considered
kinked. Also, three residues are effectively lost at both the N- and C-termini of each helix
by HELANAL due to the requirements of its helix axis calculation algorithm. For the

DSSP analysis, any residue that did not have helical character was considered kinked. For

186



any of the 3 methods, an identified kink was only counted if there were at least 2 helical
residues between the kink and the N- or C-terminus of the helix and there were at least 3
helical residues between it and the next nearest kink. Putative kinks located less than 3
residues apart were annotated as a single kink. Pairwise comparison was performed over
windows of +0-4 residues (Figures 6.5 and 6.6). Increasing the window size beyond *1
residue led to only a small increase in the number of overlapping kinks observed (Figure
6.5). For consistency, all results are reported with a window size of +4.

MC-HELAN was able to locate ~87% of kinks detected by either HELANAL or DSSP
(Figure 6.5), as well as many additional kinks, demonstrating the effectiveness of the
algorithm. Notably, although there are approximately the same number of regions of
helical disruption located by DSSP and kinks located within TM helices by HELANAL
(Table 6.2) they are largely non-overlapping, with only ~37% of kinks being detected by
both methods. Finally, two kinks were detected by HELANAL with a lack of helical
character as defined by DSSP that were detected at a level of < 100% convergence by
MC-HELAN (Figure 6.4).

It is important to note that while MC-HELAN did locate more kinks than HELANAL,
many of these kinked helices would have been classified as curved by HELANAL. In
fact, out of the 840 helices analyzed, HELANAL only considers 68 helices to be linear
while MC-HELAN identifies 293 converged linear helices. This large discrepancy arises
from fundamental differences in the algorithms used to define helix axes, as HELANAL
will fit some kinked helices to curves, while MC-HELAN will instead fit a kinked helix

to multiple straight axes.

187



6.3.6. Architecture Of Helical Kinks

Examination of the frequency of kinks as a function of depth within the bilayer region
(defined here relative to the center of the lipid membrane as determined by TMDET)
demonstrates that kinks associated with the membrane surface are not overly prevalent
since bend and disruption depths are highly variable (Figure 6.7). Helical disruptions
appear equally probable at any depth, with a surprisingly high frequency of bends located
near the center of the putative membrane bilayer, where the environment should be the
most uniform, versus near the membrane surfaces. When considering bends that occur in
the central 70% of the membrane, thus removing the headgroup associated bends, TM
helix bends are distributed over a range of kink angles (Figure 6.8), with 10-20° being the
most frequently observed. Disruptions show much greater variability in kink angle
(Figure 6.8 (A)) and a reduced preference for small kink angles in comparison to bends.
Surprisingly, some disruptions found by MC-HELAN are >90°. Close examination of
these disruptions (Figure 6.9) indicates that they are not a failure of the algorithm. In all
cases, the protein chain containing the large disruption was part of a larger multimeric
complex, perhaps explaining how such a large deviation in helical character can be
tolerated.

A reasonable a priori hypothesis would be that helical kinks in membrane proteins are
more likely in situations where tertiary structuring could stabilize hydrogen bond donors
and acceptors. Examination of the likelihood of bends or disruptions as a function of
number of TM helices, however, clearly demonstrates that the frequency of helical

kinking is independent of the number of TM helices in a membrane protein (Figure 6.1
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(B)). In other words, regardless of the topology of an a-helical membrane protein, ~2/3

of its TM helices should be expected to be kinked and/or significantly disrupted.

6.3.7. Amino Acid Prevalence At Helical Kinks

The prevalence of amino acids at and in the region of helical bends and disruptions is a
matter of significant literature debate. Proline residues are well recognized as inducing
kinks in helices due to the disruption in hydrogen-bonding arising from the lack of a
backbone amide proton (246, 247, 249). In the work of Yohannan et al., this was taken to
the extreme of hypothesizing that proline residues are at the evolutionary root of all kinks
in TM helices and this hypothesis was tested using a relatively small set of TM helices
(249). Notably, the recent investigation of a much larger set of membrane proteins by
Hall et al. (246) employing ProKink (264), found statistics somewhat at odds to those of
Yohannan et al., with 19% of kinks being due to proline and 16% being associated with
vestigial proline. Other studies have found ~50% (251) and 58% (250) of kinks to be
associated with proline. Beyond proline, glycine is also typically assumed to be helix-
destabilizing (265), although it should be noted that this may not necessarily be a valid
assumption in non-polar environments (260). Since the MC-HELAN algorithm is entirely
independent of amino acid sequence, it provides an ideal tool to investigate the induction
of helical kinks by particular residues or motifs.

Examining the residues identified as being at the bend and within one helical turn
of the 471 converged bends detected in the centre 70% of TM helices, with direct
comparison to the likelihood of finding the same amino acid in a TM helix in general
(Figure 6.10 and Table 6.1), several trends become apparent. First, proline is over 500%

more frequent at both the i+2 and i+3 positions C-terminal to a bend (where the bend
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occurs at position 1) than anywhere else in a helix (Figure 6.10 (A)). However, proline is
less likely to be at the position of the bend itself or N-terminal to it than it is to be in the
rest of the helix. These results mirror previous studies (246, 250, 251) that find proline to
be frequent two residues away from a kink, although the trend detected by MC-HELAN
is much more apparent. Although proline is more frequent near a kink, only 33% of TM
bends actually have a proline within one helical turn (Figure 6.11). Also, only 71% of
TM helix proline residues are found within one turn of a bend or disruption, although
many others appear at the termini of helices. This is a similar trend to Hall et al., who
found 35% of bends to be due to proline (246), but lower than the ~50% of helical kinks
due to proline found in other studies (247, 250, 251). Interestingly, the presence of a
proline residue clearly shifts the distribution of bend angles towards higher values (Figure
6.8 (B)). Previous studies indicated that proline induced kinks in TM helices (247) vs.
globular proteins (247, 258) have a consistent angle of ~ 23-26°, which was not upheld in
this study.

Beyond proline, other residues also show increased frequency in the vicinity of TM
helical bends. Most notably, aspartic acid is over 3 times more frequent at the i-4 position
and lysine is over twice as frequent at the i+1 position. Decreased frequencies are also
clear for a number of residues (Asn, Asp, Cys, Glu, His, Lys and Tyr) at specific
positions surrounding a bend in a TM helix (Figure 6.8 (B)). Considering helical
propensities in a non-polar environment (260), the observed trends of increased and
decreased prevalence do not show a straightforward, direct relationship.

Disruptions in TM helices show a similar trend in amino acid frequencies to those at

bends (Figure 6.12; not plotted as a function of position due to the relatively low number
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of residues involved), with aspartic acid, asparagine, glutamic acid and proline all being
significantly more frequent in a membrane disruption. All of these residues, notably, have
relatively low helical propensities in a non-polar environment (260). Other studies show
acidic and basic amino acids to be associated with kinks, but the specific nature of the
association varies with the study (44, 250, 251). Finally, mirroring its relatively good
helical propensity in non-polar environment (260), glycine is no more likely to be found
in the vicinity of a TM helical kink than elsewhere in the helix. This glycine distribution
is confirmed by Meruelo et al. (250) but not by Kneissl et al. (251). Overall, the polar or
charged amino acids that show greatly increased frequency near kinks (Figures 6.11 and
6.12) may be capable of forming hydrogen-bonds to the backbone of the helix (266). This
would break the typical hydrogen-bonding pattern of a a-helix, destabilizing it and allow
a kink to form. It is important to note that the charged residues that are in proximity to
kinks are themselves quite rare (Table 6.1), meaning that the observed discrepancies in

frequencies may in some part arise from the limited dataset.

6.3.8. Prediction Of Kinks From Sequence Information

Although proline has been advanced as being essential for kink formation (249), this
study and others (246, 247) find instances of proline residues that do not induce a kink
and many kinks in the absence of a proline. With this in mind, I used machine learning
algorithms to attempt to predict kinks in TM helices from the protein sequence. Through
iteration, it was determined that the relative frequency of a residue in the vicinity of a
bend (Table 6.1) for residues i+1 to i+4 was on its own the best feature to train a SVM
classifier (F-score 0.59), versus training sets including side-chain identity or

physicochemical properties (Table 6.3). Predicting from proline residues alone, in a
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position-sensitive manner, achieves a maximum F-score of 0.50. Predicting kinks solely
on the presence of proline provides the highest accuracy at 74%, but consequently the
recall of bend prediction suffers greatly (38%) since most experimentally observed kinks
do not involve a proline at all.

Since the classifier based on machine learning is able to accurately predict bends
to some extent, primary structure definitely plays some role in creating kinks. However,
even the best F-scores over all training sets and window sizes are relatively low (<0.6),
indicating either that sequence information in the vicinity of a kink is only one factor in
inducing bends or that the currently available dataset is still much too small. Other
factors, such as tertiary structure, may therefore play large roles in kink formation.
Recall, however, that bitopic and polytopic TM proteins show an equal prevalence of
kinks (Figure 6.1 (B)), implying that tertiary structure is not exclusively responsible.

More recent studies using a neural network (250) or string kernels for SVM (251) have
had greater success predicting helix kinks from the protein sequence. However, both
studies are unable to predict all kinks successfully and conclude that primary structure is
not the only factor that creates a helix kink. Kneissl et al. suggest that proline induced
kinks may be due to local sequence while non-proline kinks are due to either the
sequence of the helix as a whole, or the tertiary packing of the full length protein. This
suggestion is in line with the results I present here especially considering the strong

association of proline with kinks (Figure 6.10).
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6.4. Summary

At this point in time, the exact factors causing TM helices to kink remain elusive.
Sequence determinants certainly play some role but as of yet are not sufficiently well
defined to accurately predict the presence of a kink. What is clear, however, is that the
standard topology diagram inference that a helical membrane is made up of a bundle of
canonical helices is far from the truth. In reality, topologies should be expected in which
~ 2/3 of TM helices are kinked and the membrane-traversal angles of the helical

segments are highly variable (e.g. Figure 6.2 (C)).
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Table 6.1: The relative frequencies, with respect to the frequency of the given residue in
all TM helices (n = 12,079 residues), of each residue type at or within 4 residues of a TM
helix bend. Only residues and bends located in the central 70% by depth of the putative
membrane are counted. Frequencies of each residue in the analyzed region are given in
brackets.

Residue Location of Residue relative to bend

(frequency) 1-4 1-3 1-2 I-1 | 1+1 1+2 1+3 1+4
Ala (12%) 1.0 1.0 0.8 1.0 0.9 0.8 0.7 0.9 1.0
Arg (1%) 0.7 1.9 0.5 1.5 1.1 0.8 1.8 0.5 0.8
Asn (1%) 0.6 1.6 1.4 1.1 1.0 1.3 0.6 0.3 0.6
Asp (1%) 39 1.5 1.4 1.2 0.3 0.6 0.8 0.6 2.0
Cys (1%) 0.5 1.1 1.0 1.4 1.3 0.4 0.2 1.2 0.8
Gln (1%) 1.3 0.9 1.6 0.4 1.1 0.6 0.7 04 1.3
Glu (1%) 1.1 0.7 1.4 0.7 0.7 0.2 0.7 1.8 1.3
Gly (10%) 0.6 0.9 1.0 1.1 0.9 1.0 0.9 1.4 0.7
His (1%) 1.4 0.3 0.6 0.9 1.1 0.8 0.5 0.5 1.4
Ile (11%) 0.9 1.0 1.0 0.7 1.3 0.9 1.0 0.7 1.0
Leu (17%) 1.2 1.1 1.1 1.1 0.8 1.1 0.9 0.7 0.9
Lys (1%) 2.3 1.6 0.8 1.1 2.2 2.8 0.0 2.0 0.9
Met (4%) 0.9 0.7 1.1 1.2 1.3 0.7 0.9 0.8 0.9
Phe (9%) 1.1 0.9 1.1 1.1 1.1 1.1 0.8 1.2 1.0
Pro (2%) 0.4 0.8 0.6 0.3 0.6 1.5 6.5 5.7 1.5
Ser (5%) 0.9 0.9 1.0 1.8 1.0 1.0 0.7 1.1 1.4
Thr (5%) 0.6 1.1 1.1 0.9 1.0 1.0 1.1 1.0 1.1
Trp (2%) 1.7 1.3 0.9 0.9 1.0 0.5 1.1 0.6 0.5
Tyr (3%) 1.5 0.8 0.7 0.3 1.4 1.7 1.2 1.1 1.1
Val (11%) 0.9 1.0 1.0 0.9 1.0 1.1 1.0 0.7 1.1
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Table 6.2: TM helix characteristics (n=840) as classified by MC-HELAN, HELANAL
and DSSP for the non-redundant set of currently solved protein structures (n = 205)
containing at least one TM helix. (N/A is not applicable.)

MC-HELAN* HELANAL DSSP

Linear helices 293 68 N/A
Curved helices N/A 382 N/A
Kinked helices 516 387 N/A
Bent helices 462 N/A N/A
Disrupted helices 54 N/A 142°
Bends 543 N/A N/A
Disruptions 55 N/A 153°
Kinks used for pairwise 559 158 153

comparisonb

*The reported numbers are only for the converged helices found by MC-HELAN.
®Only kinks detected > 2 residues from the end of a helix. Multiple kinks within 3 residues are merged.
¢ Value obtained by parsing the files as in the pairwise analysis.
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Table 6.3: The ability of classifiers trained using machine learning to predict helix bends
from sequence information using training sets based either on relative frequency of a
residue near a bend (Table 6.1) or on a binary proline/non-proline classification. These
represent the best predictions of a wide variety of training sets and predictive window
ranges that were employed.

Predictor Predictive residues Precision Recall F-Score
Relative frequency i+l to i+4 0.64 0.55 0.59
Relative frequency  i-4 to i+4 0.68 0.45 0.54
Proline 1-4 to 1+4 0.74 0.38 0.50
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Figure 6.1: Composition of the culled helical membrane protein dataset. (A) Number of
polypeptide chains (205 total) with indicated number of TM helices. (B) The proportion
of kinked (i.e. bent or disrupted) helical segments identified by MC-HELAN in TM
proteins of each size. Only TM segments that converged by MC-HELAN analysis
(>97%) are considered in (B). The bitopic proteins have been subdivided into those that
are in a monomeric state (1-m) and those that are part of an oligomeric complex (1-0).
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Figure 6.2: MC-HELAN analysis of the voltage sensor domain from a potassium channel
(PDB entry 10RS; (267)) with four helical TM domains. (A) Cartoon representation of
the entire TM domain of 10ORS, with the residues identified by TMDET (254) as being
membrane-spanning coloured with respect to TM domain. (B) MC-HELAN output
specifically demonstrating the kinks observed in each of the four TM domains of 10RS.
Black residues indicate a membrane disruption or bend found by MC-HELAN. (C) The
topology diagram generated by MC-HELAN for all TM helices of IORS with calculated
bend or disruption angles indicated. The orientations and positions of each TM domain
with respect to the putative membrane normal calculated by TMDET alongside kink
characteristics determined by MC-HELAN are represented in the topology diagram.
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Figure 6.3: Observed distribution of the frequency of helix angles to the membrane
normal for linear TM helices (n = 293) identified by MC-HELAN.
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Figure 6.4: Examples of TM helices classified as kinked. Colours indicate the kinked
residues detected by HELANAL (263) or DSSP (262) (blue); by MC-HELAN (red); or
by MC-HELAN and either HELANAL or DSSP (yellow). Kinks are shown that were
(A,B) detected by all three algorithms; (C,D) detected by HELANAL and DSSP, but did
not have a converged position over 10 replicates of MC-HELAN analysis; and (E,F) by
MC-HELAN only. In the illustrated cases, an overlap window of +4 residues was used to
define a kink between two different algorithms as being overlapped. In (C,D) the kinks
shown by MC-HELAN were not converged, causing the kink to be ‘missed’ by MC-
HELAN.
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Figure 6.5: Comparison of kink detection in TM helices by MC-HELAN, HELANAL
and DSSP. The percentage of overlapping bends for each category is shown for residue
windows of 0-4, representing the overlap leniency. Leniency is defined such that, e.g., if
residue 30 were detected as kinked by MC-HELAN and residue 33 were detected as
kinked by HELANAL, the kink is counted as overlapped only if the overlap leniency is
=3.
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Figure 6.6: Comparison of kink detection in TM helices by MC-HELAN, HELANAL
and DSSP. The residue leniency for this Venn diagram is 4, meaning that if 2 algorithms
each detect a kink, so long as the detected kinks are within 4 residues of each other it is
considered to be the same. The numbers in the circles represent the number of kinks in a
particular class. For example, MC-HELAN detects 341 kinks that the other two
algorithms do not.
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Figure 6.7: The percentage of bends (n = 471) and disruptions (n = 53) in TM helices
located at different distances from the putative centre of the membrane as predicted by
the TMDET algorithm (254). In (A), no distinction has been made for the side of the
membrane that a kink is located. In (B), the TOPDB (268) was used to assign the bends
(n=234) and disruptions (n=20) as either being on the outside (positive values) or the
inside (negative values) of the membrane. The inside face is defined as being the
cytoplasmic face of the membrane using the TOPDB convention. The shown distances
represent the upper limit of histogram bins.
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Figure 6.8: A) The frequency distribution of TM helix kink angles observed in bends (n =
471) and disruptions (n = 55) located in the center 70% by depth of the putative
membrane. B) The bend angles in (A) subdivided into two distinct sets of bends with or
without a proline within a range of +4 residues.

204



Inside
Qutside -
107°
°
Inside
Outside

Figure 6.9: Structures and topology diagrams of all of disruptions found in the dataset
with kink angle > 90°. On the left are images of single chains of the protein with the helix
containing the highly-kinked disruption coloured red. On the right side of the figure are
topology diagrams from MC-HELAN with the angle of the disruption indicated. Shown
are the sodium-dependent aspartate transporter (2nwlA (269)), the molybdate/tungstate
ABC transporter (3d31C (270)), cytochrome B (3¢cx5C (271)) and the formate transporter
FocA (3kcuA (272)). The topology of the proteins are indicated with the cytoplasmic face
of the membrane defined as inside according to the TOPDB (268) convention.
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Figure 6.11: The proportion of TM helix bends (n=471) located within the central 70%
by depth of the putative membrane that are found within one helical turn of each residue
type. Multiple occurrences of a given residue at a given bend are only counted once and
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Figure 6.12: The relative frequencies of residues in or within one turn of a disruption,
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is shown for residues both in and within ~1 helical turn (i.e. 4 residues) of TM helix
disruptions (n = 55) located in the central 70% of the putative membrane.
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Chapter 7:

Conclusion

In this work I have studied the structure of apelin both in solution and when bound to
detergent micelles. I have also studied the structure of ARSS5 in 4 different membrane
mimetics. Through the results I present in the previous chapters and in the context of
other studies, a model of apelin and AR binding can be proposed which follows the

membrane catalysis hypothesis.
7.1. A Model Of Apelin-AR Interactions

The results that I have obtained concerning apelin and AR can be fit to the membrane
catalysis model of ligand-receptor interactions and are shown in Figure 7.1. An
interesting trend that appears is that apelin seems to have two distinct structured regions.
One region occurs in the middle of apelin-17 beginning at R6 and the other in the C-
terminus of the peptide including F17. Both of these regions are required for the final
binding and activation of AR to occur. However, these regions of apelin could have
distinct functions in the steps leading up to receptor activation.

If apelin binds to AR following the membrane catalysis model there are several
relevant states of apelin and AR to consider. When free in solution the central region of
apelin from residues R6-L9 is only weakly structurally converged. However, after
binding to micelles residues R6-K12 of apelin become more structurally converged. This
is likely a direct result of residues R6 and R8 being in contact with the membrane

surface. After interactions with the membrane, apelin would then be free to bind to AR.
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My work also investigates the structure of apelin when bound to AR. The presence of
two structurally converged regions in apelin indicates that these two regions could be
acting independently of each other to allow AR binding and activation. An interesting
observation is that E20 and D23 of AR form an anionic surface and R6 and R8 of apelin
create a cationic surface on apelin. Given that mutation of these residues affects the
binding of apelin to AR, it is a logical suggestion that these residues are partially
responsible for AR activation. With R6 and R8 of apelin being associated with the
extracellular loops of AR, the hydrophobic C-terminus of apelin may then be able to bind
into the TM region of AR and cause signaling. Although from my data the assertion that
the C-terminal phenylalanine binds to the ligand binding site of AR is speculative, other
groups have produced molecular dynamics models where this occurs (128). In addition
this two step mode of a ligand binding to a GPCR has been observed previously with the
CXCR4 receptor (68).

The major portion of the model shown in Figure 7.1 that is not investigated by my
work is the transition of apelin from a membrane-bound to a receptor-bound state. To
analyze this transition is extremely difficult and I have been unable to find any solid
experimental proof of this occurring with other systems. In order to analyze this
transition, I believe that a single molecule technique would be helpful since convolution
of signal from free, membrane bound and receptor bound states of the ligand would be a
significant problem. Although single molecule techniques do exist, they do not have the
resolution necessary to monitor the transition of apelin from the membrane to the
receptor. Furthermore, characterizing the structural changes that apelin undergoes during

this transition would be difficult. Further questions about how apelin transitions from the
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membrane to AR can be postulated. For example, does apelin transition directly from the
membrane to AR or does apelin first dissociate from the membrane, and then bind to AR?
Overall, this portion of the model is very difficult to characterize and can likely only be

investigated through a combination of experimental techniques.

7.2. Future Work

There are several tractable questions that arise out of my work that can be the subject
of future research. Although I approximate the structure of apelin while bound to AR,
more direct evidence of this structure would be helpful. One way to address this would be
through crosslinking studies, where a chemical is used to crosslink apelin to nearby AR
residues. These crosslinking studies could lend support to the hypothesis that R6 and R8
of apelin interact with E20 and D23 of AR.

Another approach to looking at the interaction of apelin with E20 and D23 would be
mutagenesis of these residues. If this initial interaction between apelin and AR is largely
electrostatic, mutation to other charged residues may conserve the activity of the system.
Although mutagenesis may not directly determine the binding site of apelin to AR, it can
provide context for future studies of AR.

I observe conformational sampling occurring from G13-17 in apelin-17 that is due to
the P14 and P16 having a cis-cis or trans-trans conformation. This immediately raises the
question of which conformer of apelin is actually responsible for binding to and/or
activation of AR. The simplest way to address this problem would be peptide synthesis of

apelin analogues which have modified proline residues that are locked into either a cis or
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trans conformation. Completion of these studies would also be immediately application
for drug design to AR.

The main limitation of my structural characterization of AR is that I have characterized
only ARS55 and therefore lose the tertiary structure context of AR55 within AR. Some of
this structural context has been regained through molecular modeling studies but further
structural studies of AR would be beneficial. A long term goal for the structural
characterization of AR could be to solve several overlapping receptor fragments and then

use these to model full length AR, similar to what has been completed for rhodopsin (61).

7.3. Impact

In addition providing details to the model of apelin-AR interactions detailed above my
work has had much more tractable impact. The structural data of apelin that I have
provided was the first high resolution structure of either apelin or AR ever generated.
Indicative of the high level of interest in apelin as a possible therapeutic, in just two years
after the publication of my apelin structure there were AR agonists and antagonists
generated based on my data (273, 274, 275). Even if these agonists and antagonists do not
end up being used as therapeutics, they are useful research tools for studying apelin and
AR.

Currently my work concerning ARS5 has not yet been published, but given the high
level of interest concerning GPCR structures and the apelin-AR system this work will
have significant impact as well. In particular my structure of ARS5S5 puts the functionally
essential E20 and D23 into a structural context. If it is indeed true that apelin interacts

with E20 and D23 as well as with the TM helices of AR, this would suggest that targeting
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drugs to either of these locations could influence AR signaling. In short, in addition to
contributing to our understanding of peptide-GPCR interactions, my structural results

will provide further information for drug design to AR.
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Initial partitioning
of apelin to the
membrane

Binding of apelin to AR
through R6-R8 and the

C-terminus of apelin
Membrane induced

structure of apelin
AR

ER S

Figure 7.1: A model of apelin binding to AR. In this model apelin will first bind to the
plasma membrane instead of AR. This results in increased local concentration of apelin
and structural changes which may help with binding to AR. Apelin will then bind to AR
through a mechanism not detailed in my work. Apelin may bind to AR through a two step
process, with R6 and R8 of apelin interacting with D20 and E23 of AR followed by the
C-terminal phenylalanine of apelin interacting with the TM helices of AR. When
possible, I have shown the structure of apelin-17 in the various stages of this model. For
clarity, I have omitted the structure of ARSS5 from this diagram.
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